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Keywords: HEP, High Energy Physics, Si (silicon) radiation detectors, ALICE, A Large lon Collider Experiments, ATLAS, A Toroidal Lhc Apparatus,
LHC, Large Hadron Colliders, double-sided microstrip detectors, fabrication technology, experimental results

Abstract: In the last few years, the Institute for Research, Science and Technology (IRST) has been involved in a research program, supported
by the ltalian Institute of Nuclear Physics (INFN), aimed at setting up the technological capabilities for the production of double-sided silicon
detectors for high energy physics experiments. We report on the most relevant achievements of this R&D activity, with emphasis on some recent
results from the development of detectors oriented to ALICE (A Large lon Collider Experiment) and ATLAS (A Toroidal LHC ApparatuS) experiments

at LHC.

Najnovejsa dognanja pri razvoju silicijevih detektorjev
sevanja v IRST

Kljuéne besede: HEP fizika energij visokih, Si detektorji sevanja silicijevi, ALICE eksperimenti v trkalnikih z ioni velikimi, ATLAS aparati z LHC
toroidnim, LHC trkainiki hadronski veliki, detektorji na osnovi mikrotrakasti dvostranski, tehnologija izdelave, rezuitati eksperimentalni

lzvlecek: V zadnjih nekaj letih je IRST (Institute for Research, Science and Technology) vkljuéen v raziskovalni program, ki ga podpira italijanski
institut za jedrsko fiziko (INFN), katerega cilj je razviti tehnolodke kapacitete za proizvodnjo dvostranskih silicijevih detektorjev sevanja za uporabo
pri fizikalnih poskusih z visokoenergijskimi delci. V tem prispevku podajamo najnovej$a dognanja razvojno-raziskovalnega dela s posebnim
poudarkom na rezultatih, ki smo jih dobili pri razvoju detektorja za eksperimenta ALICE (A Large lon Collider Experiment) in ATLAS (A Toroidal

LHC ApparatuS) pri LHC

1. Introduction

Silicon radiation detectors have been extensively used
as tracking devices in high energy physics experiments
for quite a long time. In the last few years, considerable
efforts have been dedicated by many research groups
to the study and the improvement of the radiation
hardness of these detectors in view of their massive
application at LHC and for other high luminosity appli-
cations /1/. The possibility for these devices to be
efficiently operated in very harsh radiation environ-
ments for the full lifetime of the experiments has re-
quired to cope with new design and processing aspects
12/.

Since 1997, we have been conducting a research pro-
gram, supported by INFN (ltalian National Institute for
Nuclear Physics), aimed at setting up the technological
capabilities for the production of double-sided micros-
trip detectors suitable for the challenging demands of
the future high energy physics experiments. Within this
framework, the main efforts have recently been dedi-
cated to the development of microstrip detectors de-
signed for ALICE, an LHC experiment aimed at the
study of heavy ion collisions. Moreover, IRST has also
been committed to the fabrication of ATLAS pixel de-
tector prototypes.

In this paper the most relevant achievements of these
technological developments will be presented. In par-
ticular, the main design and processing issues will be

discussed and some selected results from the electrical
characterization of microstrip and pixel detectors will be
reported.

2. Development of a double-sided
microstrip detector technology

Some preliminary results have already been reported
at MIDEM Conference /3/, which demonstrated the
feasibility of production of double-sided microstrip de-
tectors at IRST. In fact, in spite of the lack of experience
in double-side wafer processing, the first prototypes
exhibited good electrical characteristics as well as a
reasonably low defect rate, not far from the typical
figures of high-quality double-sided detectors /4/. Fur-
ther work has been going on since then, allowing for
the fabrication process to be improved in many re-
spects. In particular, two batches of double-sided mi-
crostrip detectors (SD2, SD3) were processed, allowing
different technological options and design solutions to
be evaluated.

Most of the technological development work was con-
ducted using a dedicated wafer layout, consisting of
three different microstrip detectors and several test
structures. In particular, in order to have a first-hand
comparison with detectors fabricated by other manu-
facturers, a reference detector was designed adopting
as a model the layer 1 detectors for the Silicon Vertex
Detector of the Babar experiment /5/, which were being
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tested at INFN-Trieste. Although this design was not
intended for operation in extreme radiation environ-
ments, it was deemed appropriate for the evaluation of
the technology. This detector, in the following referred
to as SB, consists of 384 strips, parallel on both sides
of the wafers. The strip length is 5.1 cm, whereas the
strip pitch is 50 um; the strip width is 22 um on the p-side
and 14 um on the n-side. The overall area occupation
of the d stector is 2.12x5.64 cm? (including the scribe-
lines). Strip isolation on the ohmic-side is obtained by
means of individual box-shaped p-stops. Strips are
biased by poly-Si resistors placed at the opposite ends
of alternate strips and all connected to a common metal
bias-line. An implanted guard-ring surrounds the detec-
tor active area in order to properly shape the electric
field and collect the edge leakage current,

Other detector layouts were considered, and several
test structures were also present on the wafer, includ-
ing: (i) standard test structures, intended as general
diagnostic devices, among which a diode with guard-
ring, gated-diodes and MOS capacitors (with both poly-
Si and metal gate), coupling capacitors, Van der Pauw
resistors, etc; (i) dedicated test structures, aimed at the
analysis of some particular aspects of the detector
design and at radiation tolerance studies.

2.1 Fabrication technology

Detectors were processed at IRST on 100 mm-diame-
ter, FZ, 300-um-thick, <111>-oriented, n-type silicon
wafers, with nominal resistivity of 6 kQ-cm. The fabrica-
tion process can be outlined as follows:

— field oxide growth (wetOg, 1 um);

— p* (p-side) and nT (n-side) strip definition and field-
oxide dry etching;

— screen oxide growth (dryOz2, 70 nm);

— pt (p-side) and n* (n-side) strip implantations;

— n-type scribe-line (p-side) definition, field-oxide dry
etching and implantation;

— p-stop (n-side) definition, field-oxide dry etching and
implantation;

— main oxide growth (dryOz, overall thickness
100+130 nm);

— TEOS deposition (100+150 nm) for stacked capaci-
tors;

~ polysilicon deposition (350 nm), doping by ion im-
plantation, patterning and dopant activation;

— annealing (N2, 750°C) and TEOS deposition (800
nm);

— contact opening, metallization and sintering.

Some modifications to the above sequence were imple-
mented as process splits, concerning: (i) the etching of
the implant windows on the field oxide (dry vs. wet); (ii)
additional, high-temperature (1000°C, dry O2) anneal-
ing steps following the main p* and n* implantations;
(iii) different stacking dielectrics for coupling capacitors
(SiO2-TEOS vs. SiO2-SizNa); (iv) different doses and
energies for the implantations; (v) different starting ma-
terials (<111> vs. <100> substrates).

192

Fig. 1 shows a schematic cross section of the double-
sided detector structure: as can be seen, the previously
described process allows integrated coupling capaci-
tors to be obtained having a recessed structure with a
stacked-dielectric insulator (SiO2-TEOS), aimed at pro-
viding both high specific capacitance and good yield
/6/. It is also worth noting that a thick oxide (SiO2-TEOS
stacked layer) covers the p-stop regions; since in many
detector designs a superposition of the metal pads with
the p-stop can occur, this technological feature can be
effective in reducing the risk of metal contacts to the
p-stops.

O

Si0,

&

TEOSI

TEOS2

i8]

poly-Si

metal

J

overglass

Schematic cross section of a double-sided
detector structure (not to scale).

Fig. 1.

2.2 Experimental results

The electrical characterization of the microstrip detec-
tors was carried out with a semi-automatic test equip-
ment by using standard procedures. The following
measurements were performed on each detector: (i)
total leakage current (bias-line & guard-ring); (i) oper-
ating voltage and breakdown voltage; (iii) strip coupling
capacitance and interstrip capacitance; (iv) strip (metal)
series resistance. Finally, the so-called AC and DC
scans were performed by using dedicated probe-cards
and the total number of defects was evaluated on each
detector. The AC scan consists of measuring the cur-
rent on the AC pads, so as to check for shorts between
adjacent metal lines and for the integrity of coupling
capacitors; the DC scan allows to measure other key
parameters of individual strips, including leakage cur-
rent, poly-Si bias resistance and interstrip resistance.
The criteria adopted for detector evaluation are repre-
sentative of the electrical specifications for the detectors
to be used in areal high-energy physics experimentand
are described in detail in Ref. /5/.

The mean value and the standard deviation of the most
relevant electrical parameters measured on the SB
detectors from batches SD2 and SD3 are summarized
in Table 1. The reported values are all within the con-
sidered specifications. A detailed description of the
experimental results can befoundin /7/. As an example,
Fig. 2 shows the distribution of the effective strip bias
resistance for all the tested SB detectors from batch
SD3. The bias resistance value for most of the strips is
included in the range from 6 to 8 MQ, evidence of
adequate process control.

Moreover, the defect rate was considerably reduced
with respect to the first prototypes /4/. In fact, the total
fraction of inefficient strips is in the order of afew %, with
many detectors featuring values close to 1%. It is worth
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noting that the incidence of strips with isolated, proc-
ess-related defects is generally lower than 3 %, whereas
the presence of a higher number of defects is to be
attributed to accidental mechanical damage of the wa-
fers. The detector quality could be further improved by
reducing the number of defects due to lithographical
problems, such as shorts between metal and implant
lines, and interruptions of strips and p-stops, the latter
representing now a significant fraction of the overall
number of defects.

Table 1. Main electrical parameters measured on SB

detectors.
: Mean
Parameter Unit value Std. Dev.
Bias line leakage nA 165.1 38 1
current ' '
Guard ring leakage nA 16.1 34
current : ‘
Breakdown voltage \ 189.0 31.1
Operating voltage Vv 29.5 3.3
Coupling
capacitance {p-side) pF/em 35.1 1.4
Coupling
capacitance (n-side) pF/em 201 1.0
Interstrip
capacitance (p-side) pF/em 113 0.03
Interstrip
capacitance (n-side) pF/em 1.04 0.02
Poly-Si bias
resistance M& 6.7 1.2
Metal resistance Q/cm 32.0 1.2
20 .
20
& s o 1
e :
N T12:
& 2
= 5
@ 8 -
w 10 .
@]
o 0 e 128 192 256 320 384
"g strip number
= 5. _
st
0 _

4 6 8 [0 12 14 16 18 20
poly-Si bias resistance, R, (MQ)

Fig. 2. Distribution of the strip bias resistance for

SB detectors, with a typical scan in the inset.

The stability of the leakage currents was also tested at
room temperature on a few detectors both on wafer and
after dicing. For these measurements, detectors were
kept reverse-biased at 80 V, i.e. well beyond the full
depletion voltage, for 17 hours or longer. All of the
tested detectors exhibited a very stable behavior. As an
example, Fig. 3 shows the bias-line and the guard-ring
current curves as a function of time for an SB detector
after dicing: the variations of the leakage current in the
last 2 hours of the measurement were about 0.12% and
0.9% for bias-line and guard-ring, respectively. Similar
results were obtained for the other tested detectors,
with maximum leakage current variations never ex-
ceeding 2.5% in the last 2 hours of the measure-ments.
Moreover, no appreciable differences could be ob-
served between undiced and diced detectors.

2OO T T { T T [ T T I T T | T T | T T
160 - =
e
= ,
g 120 -
= L .
Q
éﬁ 80 - -
S I guard-ring -
40 1 -
O T T N SRNN TN WY SO S R S N AT W NN
0 3 6 9 12 15 18
time (hours)
Fig. 3. Bias-line current and guard-ring current vs.

time for SB detectors reverse biased at 80V.

3. ALICE microstrip detectors

Within the previously depicted framework, we have
recently focused our attention to the development of
double-sided, AC-coupled, microstrip detectors ori-
ented to ALICE, an LHC experiment aimed at the study
of heavy ion collisions. The Inner Tracking System of
ALICE consists of six cylindrical layers of silicon detec-
tors; in particular, the two outermost layers will be
equipped with double-sided microstrip detectors /8/.

3.1 Detector design and fabrication

A dedicated wafer layout has been designed, contain-
ing the ALICE detector, two “baby” detectors (2.1 x 2.1
mm&) suitable for beam telescope applications, and
several test structures. The layout of the ALICE detector
was designed according to the specifications outlined
inthe TDR /8/. The detector consists of 768 strips, tilted
on both sides to obtain a stereoscopic angle of 35 mrad.
The strip length (projection on the short edge of the
detector) is 40 mm, whereas the strip pitch is 95 um. As
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for the strip width, two different values were adopted on
both detector sides in order to evaluate the impact of
this parameter on the detector performance. Narrow
strips, 30um and 35um wide on the p-side and the
n-side, respectively, are used in one half of the detector,
whereas the other half features wider strips, 50um and
49um wide on the p-side and the n-side, respectively.
Thez’cotal detector area, including scribe-lines, is 75 x 42
mm-.

Since radiation damage is not expected to be of major
concern for ALICE, strips are biased by punch-through
at both ends, thus avoiding exira processing steps
associated to poly-Siresistors. Animplanted guard-ring
surrounds the bias-line. Strip isolation on the chmic-
side is obtained by means of individual box-shaped
p-stops. In the narrow-strip half of the detectors, an
additional individual p-stop implant is inserted inbet-
ween the box-shaped p-stops.

Two batches of ALICE detectors were fabricated at
IRST. A photograph of a processed wafer is shown in
Fig. 4, with the large ALICE detector surrounded by the
two telescope detectors and by several test structures.
The fabrication technology is the same as outlined in
Section 2, apart from the poly-Si related steps, which
were not implemented. The only technological split is
concerned with the coupling capacitors, which were
based on either SiO2-TEOS or SiO2-SisN4 stacked lay-
ers.

Fig. 4.  Photograph of an ALICE microstrip detector

wafer (p-side).

3.2 Experimental results

Preliminary measurements on test structures allowed
to assess the good quality of the fabrication process. In
particular, low leakage current values, in the order of
1nA/cm? at full depletion, were measured on 4-mm?
test diodes with guard-ring: the corresponding values
of bulk generation lifetime are about 30 ms. Diode
breakdown voltage is generally higher than 200 V. The

194

value of the surface generation velocity, extracted by
means of gated diodes, is in the order of 24(3.5) cm/s
on wafers employing TEOS(SigN4) for coupling capaci-
tors, corresponding to a surface leakage current den-
sity of about 40(6) nA/cm?Z,

The electrical characterization of the detectors was
carried out at INFN-Trieste. The total leakage current of
the detectors (bias-line & guard-ring) were measured
first, confirming the low values measured on test struc-
tures: in particular, the bias-line current was typically in
the order of 500 nA at full depletion, whereas the guard-
ring current was lower than 15 nA. The AC and DC
scans were performed at an operating voltage of 40V
by using dedicated probe-cards. The electrical specifi-
cations reported in /8/ were adopted as criteria for the
detector evaluation.

25 L LI S L O L R AR LN BRR
- m 50 pmowidth 4
20 F 0 30 pun width _|
&
£ 15 _
iz
[ F .
©
5 10 | .
L0
E L i
=
= 5+ =
O anl HJI_'IJI, | TN DO IO
0.0 038 1.6 2.4 32 >50
strip leakage current (nA)
Fig. 5. Distribution of the strip leakage current for

ALICE detectors.

Fig. 5 shows the distribution of the strip leakage current
of all the tested detectors; two distinct groups of strips
having different leakage current values can be obser-
ved, corresponding to the two different strip width va-
lues. As a matter of fact, due to a non negligible contri-
bution from surface generation, strips featuring a lower
width/pitch ratio are characterized by a higher leakage
current /7/. The same difference between the two halves
of the detectors in terms of leakage current can also be
observed in Fig. 6, showing a typical scan of this pa-
rameter. However, the average value of the strip leak-
age current is well below 2 nA in both cases (see Table
2, referring to detectors featuring a SiO2-SigNg stacked
insulator for coupling capacitors), and only a small
fraction of the strips, lower than 1%, exceeds the speci-
fication value (5 nA). The interstrip resistance and the
equivalent resistance of the punch-through bias struc-
ture were also exiracted from DC scans, the resulting
values largely exceeding the minimum values required
by the specifications.

Fig. 7 shows a typical scan of coupling capacitors: the
current measured on good capacitors, biased at a
voltage of 20 V across the dielectric, is lower than 100
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Fig. 6. Typical scan of the strip leakage current on

the p-side of an ALICE detector.

Table 2. Main electrical parameters measured on ALICE

detectors.

. Narrow | Wide
Parameter Unit strips strips
Leakage current nA 1.4 0.7
Coupling capacitance
Cac (p-side) pF 171 286
Coupling capacitance
Cac (n-side) pF 153 207
Parasitic capacitance
Cp (p-side) PF |57 7.8
Parasitic capacitance
Cp (n-side) PE |75 93
Ratio Cac/Cp (p-side) 30 36.7
Ratio Cac/Cp (n-side) 20.4 223

pA on the n-side, while it is ranging from about 1 nA to
2 nA on the p-side, accordingly with the strip width.
Such a difference in the current values between the two
sides of the detector is to be attributed only to meas-
urement inaccuracies related to the use of probe-cards.
The average fraction of bad capacitors, exhibiting cur-
rent spikes reaching the upper value on the scale in Fig.
7, is below 1% on both detector sides, according to the
quality of the fabrication process. The total fraction of
inefficient strips in the tested detectors is lower than 3%,
with an average value close to 1%.

Table 2 reports also the average values of the coupling
capacitance and of the strip parasitic capacitance, the
latter comprising both the interstrip and the back-plane
contributions. As can be seen, both these parameters
are higher in the case of wide strips; however, the ratio
of the two capacitance values is higher than the speci-
fication value (20) in both cases. It is worth noting that
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Fig. 7. Typical scan of the coupling capacitor

current on the p-side and the n-side of an
ALICE detector.

the coupling capacitance on the p-side is much higher
than on the n-side, due to the lower thickness of the
thermal oxide on the p-side. Since the intrinsic break-
down voltage of the coupling capacitors is higher than
200V, a value which largely exceeds the one required
by the specifications (100V), the oxide thickness on the
n-side could be reduced in order to enhance the cou-
pling capacitance. Further details on the experimental
results are reported in /9/.

4. ATLAS pixel detectors
4.1 Device description

Pixel sensors were designed by the ATLAS Pixel Col-
laboration to be efficiently operated in very harsh radia-
tion conditions /10/. These detectors are of the n-on-n
type,i.e., nt pixels are obtained on the n-side of wafers,
whereas a large p*-n junction is present on the p-side,
surrounded by a multiguard termination structure. With
respect to the standard p-on-n pixel detectors, these
devices require a more complicated, double-side fabri-
cation technology; moreover, the pixels being of n-type,
an adequate isolation between them is necessary,
which is based on the moderated p-spray technique
/11/. In addition to this, as suggested by recent studies
on the radiation hardening of silicon, silicon substrates
require to be oxygen enriched /12/.

Several batches of ATLAS pixel sensor prototypes have
been processed at IRST starting from fall 1998 /13/.
With respect to the formerly available microstrip detec-
tor process, featuring p-stop blocking implants in be-
tween nt strips on the detector ohmic side, the
fabrication of ATLAS pixel sensor prototypes, requiring
p-spray isolation, has imposed a different technological
approach. Moreover, the pixel detector design was not
fully compatible with IRST layout rules, particularly in
the punch-through bias structures placed at one end of
the pixels in order to allow for the sensor testing before
bump-bonding /10/.
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Fig. 8. Schematic cross section of an ATLAS pixel

detector structure (not to scale).

Detectors were processed on 100 mm-diameter, FZ,
250-um-thick, <111>-oriented, n-type silicon wafers,
with nominal resistivity of 5 kQ- cm. At the beginning of
the processing sequence, half of the wafers has under-
gone a preliminary thermal treatment, consisting of a
24 hour oxidation-diffusion process at 1150°C /12/, in
order to enrich the oxygen content up to a concentra-
tion of about 1017 cm-3 for radiation hardness purposes.
With reference to the schematic cross-section of a
single pixel, shown in Fig. 8, the fabrication process can
be outlined as follows:

— screen oxide growth (wetOz, 200 nm); n-side: p-
spray implantation (B, 4.5x10'2 cm™, 70 keV), mo-
derated p-spray definiton and implantation (B,
45x10'2cm™2, 70 keV);

— TEOS deposition (800 nm); p-side: p* diode defini-
tion, TEOS dry etching, screen oxide growth (dryOz,
40 nm), p* implantation (B, 5x10'* cm™, 70 keV);

— n-side: n™ pixel definition, TEOS dry etching, reoxi-
dation (p* drive-in), n* implantation (P, 5x10'% cm-
2 120 keV), reoxidation (n* drive-in);

— TEOS deposition (300 nm), segregation annealing
(N2, 6 hours, 750°C), contact definition and opening;

— metal deposition, definition and dry etching; LPCVD-
Low Temperature Oxide (LTO) deposition, passiva-
tion layer definition and dry etching; contact sintering
in forming gas.

4.2 Experimental results

In the following, experimental results will be reported
which refer to the second pixel prototypes. The wafer
layout for these devices (see photograph in Fig. 9)
contains: (i) 3 large sensors (16 cm?), called tiles,
differing 'n the design and dimensions of the punch-
though biasing structures (in the following they will be
referred to as SMD, LAD and NOD); (i) 12 smaller
sensors (1 cm?), called single-chips; (iii) several test
structures, including diodes with guard-ring, gated di-
odes and MOS capacitors.

Preliminary measurements were carried out at IRST to
assess the process quality before delivering wafers to
the interested groups of the ATLAS Collaboration. Test
structures were measured first; all the technological
parameters evaluated from the characterization of
these devices indicated that the fabrication process is
adequa’» for good quality detectors. Moreover, only
minor differences could be observed between oxyge-
nated and standard wafers in terms of both bulk and
surface properties.

196

Fig. 9.

Photograph of an ATLAS pixel detector wafer
(p-side).
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Fig. 10. Typical leakage current curves of SMD and
LAD single chips.

The |-V curves of all the single-chips and tiles were then
measured using the single-side set-up described in
/14/. As an example, Fig. 10 shows some typical leak-
age current curves for SMD and LAD single-chips: the
leakage current values at 150V are normally ranging
from 10 to 100 nA. In spite of the non saturating behav-
iour of the curves, due to a non negligible surface
current contribution from the n-side interpixel regions,
these leakage current values would comply with the
technical specifications of the ATLAS pixel prototype
sensors /11/. Fig. 11 shows the breakdown voltage
distribution, defined as the voltage at which the meas-
ured current exceed 1 uA, for all the single-chips. As
can be seen, while the distribution for SMD and LAD
detectors is similar, with a low number of early failures
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Fig. 12. Distribution of the breakdown voltage of the
three types of tiles.

and with most of the chips featuring a breakdown
voltage higher than 200V, NOD detectors exhibit a
distribution peaked at about 100 V, with no detector
reaching 150 V. The weakness of NOD detectors, which
was also reported by other manufacturers, although not
fully understood, is probably to be attributed to a layout
problem.

Fig. 12 shows the breakdown voltage distribution, de-
fined as the voltage at which the measured current
exceed 10uA, for all the tiles. As expected from single-
chip results, no tile of the NOD type exceeds 100 V of
breakdown voltage. On the contrary, the behaviour of
SMD and LAD detectors is generally worse than that of
the corresponding single-chips, with many detectors

suffering early breakdown problems as the full deple-
tion voltage is reached and only a few tiles exhibiting a
breakdown voltage higher than 150 V. The reason for
this considerable degradation in the characteristics of
tiles with respect to the corresponding single-chips is
not easy to understand, although it is likely to be attrib-
uted to the presence of defects on the n-side of the
wafers. On one hand, on a statistical basis, the number
of defects encountered on 1-cm? single-chips can jus-
tify the low yield on 16-cm? tiles; on the other hand,
these defects could not be cbserved by means of
optical inspection of the wafers and, moreover, the
measurement of the total leakage current alone does
not allow to identify the type of defects and their posi-
tion. Light emission microscopy measure-ments are
currently being carried out in order to gain deeper
insight into the cause of early breakdown events.

5. Conclusions

We have reported on the most recent results from an
R&D program on radiation detector technologies at
IRST Laboratory. In particular, a fabrication process for
double-sided, AC-coupled microstrip detectors has
been developed and several batches of good quality
detectors with a low defect rate have been manufac-
tured. Within this framework, ALICE detector prototypes
have been fabricated and succesfully tested. Moreover,
a few spares for the layer 1 and 2 detectors for the
Silicon Vertex Detector of the Babar experiment are
currently being fabricated.

More recently, IRST has also been committed to the
fabrication of ATLAS pixel detector prototypes. Results
from the electrical characterization of detectors and
related test structures have evidenced that, in spite of
the lack of specific experience in the p-spray isoclation
technique, IRST technology is potentially adequate for
the fabrication of these detectors. Nevertheless, the
number of process-related defects should be de-
creased in order to fulfill the detector specifications (in
particular in terms of breakdown voltage) with a satis-
factory fabrication yield.
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Abstract: There are two groups of methods used for diagnostics of materials and components: methods, which are focused on investigation of
macrophysical properties (stch as resistance, dielectric constant etc.) and methods, which reflect microphysical properties (such as nonlinearity
or noise). The goal of this paper is to show the use of nonlinearity as a diagnostic tool for evaluation of quality of materials and their changes.
Instrumentation, theory and examples of applications of this diagnostics are presented.

Diagnosticiranje nelinearnosti tokovno-napetostne
karakteristike - teorija in uporaba

Klju¢ne besede: Materiali, deli sestavni, diagnostika materialov, diagnostika delov sestavnih, diagnostika nelinearnosti karakteristik tok - napetost
elektricna, vrednotenje kakovosti
Izvie€ek: V splosnem obstajata dve skupini metod, ki ju uporabljamo za diagnosticiranje materialov in komponent: metode, ki temeljijo na

preudevaniu njihovih makroskopskih lastnosti (kot sta upornost, dielektri¢na konstanta ipd.) in metode, ki odsevajo mikroskopske lastnosti vzorca
(kot sta nelinearnost in um). Namen tega prispevka je pokazati uporabo nelinearnosti kot diagnosti¢nega orodja za vrednotenje kvalitete

materialov in njihovih sprememb. Predstavijamo opremo, teorijo in primere uporabe tovrstne diagnostiéne tehnike.

1. introduction

Quality is a parameter, which appertains among basic
parameters of technical components and equipment
(and not technical only). Therefore a great effort is paid
to development of methods, which make investigation
and evaluation of quality possible with the simplest,
easiest, cheapest and most reliable way.

The measurement of nonlinearity has been developed
for investigation of influence of manufacturing technol-
ogy on properties of thin metal fiims prepared by vac-
uum evaporation /1/. Later it has been also used for
investigation of quality of production of capacitors, for
testing of thick resistive films, quality of joints manufac-
tured of electrically conductive adhesives and their
aging and for evaluation of quality of technology for
preparation of conductive lines with very low width.

Nonlinearity measurement has also been used for
analysis of changes in electrically conductive adhesives
after their thermal aging /2/ and for investigation of
changes in thick film resistive structures caused by
laser trimming. It seems that nonlinearity analysis has
continuously growing significance in electronics diag-
nostics.

2. Principles of Measurement and
Measuring Equipment

Two measuring principles are currently used for inves-
tigation of nonlinearity of current vs. voltage charac-
teristics. The first principle is shown in Fig. 1. A
measured component with the nonlinear |-V charac-
teristics is powered with the sinusoidal current. As a
consequence of the nonlinear shape of the |-V charac-
teristics the voltage across the componentis periodical,
but it is not sinusoidal. Such the signal can be decom-
posed in a series of harmonics and the value of third
harmonics is measured. The equipment for such the
measurement is very simple and consists of three parts:
a generator of the sinusoidal current, a selective volt-
meter for the measurement of the first harmonics volt-
age and a selective voltmeter for the measurement of
the third harmonics voltage. The generator must have
minimum distortion of the signal and iow noise (the
signal to noise ratio must be higher than 150 dB). lis
distortion must not change with different impedance of
the measured samples. Filters of the selective voltme-
ters must have high quality to achieve sufficient selec-
tivity. Therefore the equipment based on this principle
is usable for one measuring frequency only; the basic
frequency is usually 10 kHz the frequency of the third
harmonics is 30 kHz.
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Fig. 2.  Schematic diagram of an equipment for

measurement of I-V characteristics
nonlinearity based on modulation principle

The second principle, which has been used for design
of an equipment realized at the Department of Electro-
technology ofthe CTU in Prague, is based on powering
of the sample with two sinusoidal signals (see Fig. 2).
Modulation products of third order, which are caused
by nonlinearity of the |-V characteristics, are measured
with a spectral analyzer. The advantage of this equip-
ment in comparison with the previously mentioned one
is ability to measure nonlinearity at the wide frequency
range. The equipment has been designed with respect
to minimum own noise and nonlinearitry. Therefore
capacitors with very low own nonlinearity have been
used (it is necessary to avoid to ceramic capacitors,
which are mostly manufactured of feroelectric ceram-
ics). As for resistors, it is not possible to use film resis-
tors because of their high nonlinearity and noise. Wire
resistors are mostly manufactured of nichrome or man-
ganine alloys. These alloys are feromagnetic and de-
pendence of theirimpedance on frequency is not linear.
Therefore the wire resistors manufactured of platinum
wire have been used.
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3. Theory of nonlinearity

Nonlinearity of the current vs. voltage characteristics of
nominally linear components is often explained by pres-
ence of nonlinear mechanisms of conductivity such as
tunneling or Shottky emission, which complete the
linear mechanism of phonon-electron interaction,
which is the dominant one. However, according to the
other theory, the main reason of nonlinearity is an
increase of temperature of microscopic areas, e.g. of
boundaries of grains, when the current flows through
the component. Nonlinearity is also explained by mag-
netic properties of a material s or by thermal diffusion
of vacancies.

Nonlinearity is usually joined with inhomogenities,
which cause origin of potential barriers spread through-
out the material. Therefore its value is substantially
higher in multicomponent materials such as thick resis-
tive films than in metals. Very often theory of potential
barriers is also used for the description of nonlinearity.

Let us present short description of this theory /4/. The
current l;, which flows through the barrier, can be, in
general, described by an equation:

h :A~exp(—§—(—b~')

kT (1)

Where A ... constant of the material, € ... charge of the
electron, @ ... height of the potential barrier, k ...
Boltzman constant, T ... temperature in K.

When the voltage U will be applied in a positive direc-
tion, the value of the current will be:

I =A- exp(—_e(bk'; eU)

(2)

When the voltage will be applied in an opposite direc-
tion, the value of the current will be:

I =A. exp(——--—~—ﬁ“eq)k'_r~ eU)

(3)

Thetotal current I7 is calculated as a sum of the currents
flowing through all barriers. It is possible, after short
mathematical processing, to express IT by the equation:

Il =2N Aexp[—ﬁ) ﬁ’f‘ O + U +
T KT )| KT " 3iwT)®  sikT)®

(4)

As follows from equation (4), potential barriers (number
of these barriers is Nt} cause nonlinearity of the odd
type. If the number of the barriers will increase, non-
linearity will alsc increase. If the hight of the potential
barriers will increase, the resistance of the sample will
increase (see Fig. 3).
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Fig. 3.  Possible changes of potential barrier during
the time

When the system with the barriers is arranged as shown
in Fig. 3 A, there is a potential barrier ®@j between areas
1 and 2. If we will assume, for simplicity that contacts
between areas 1,3 and 2,4 have very high resistance,
the total resistance of this system can be expressed as
the resistance of two parallel connected resistors R’ and
R. The resistor R’ represents the resistance of the
course from the left electrode through the area 1, po-
tential barrier ¢ and area 2 to the right electrode and
the resistor R the resistance of the course from the left
electrode through the areas 3 and 4 to the right elec-
trode. After some time the system will have configura-
tion according to Fig. 3B or 3C. Ifthe system will change
its configuration according to Fig. 3B, the potential
barrier will increase and the total resistance of the
system will also increase. If the resistance R’ increases
to e, the total resistance will be equal to R. If the
configuration will change as shown in Fig. 3C, the total
resistance will decrease and will be equal to R/2.

For description of dependence of the number of the
barriers Nt on the temperature T the Arrhenius equation
is usually used.

N; =Ny exp{% exp(— %ﬂ )

Here K ... constant of the material, 1 ... reaction expec-
tancy, Ea ... energy, which is necessary for reconfigu-
ration (activation energy), No ... number of barriers in
balance.

Another theory of nonlinearity is based on an assump-
tion of diffusion of vacancies /3/, which is caused by
increase of the sample temperature. The current flow-
ing through the sample causes this increase. For a
rectangular thin film resistor with the length L, width b,
thickness h and resistivity pf, which is powered with the
sinusoidal current l1sin{wt), the temperature of the sam-
ple increases by AT:

R:Kip .
AT=T-T, =RP=-T"TF25in2(p .t
0 T h 1 (0‘)1) (6)

AT << T,

Here T ... temperature of the sample when the sample
is powered by the sinusoidal current, To ... temperature
of the surroundings, Rt ... thermal resistance of the
layer, K1 = L/(b.h).

According to the Matthiessen rule the total resistivity of
the layer pi can be written as:

Pt =pL(T)+pPp +ps (7)

Here pi(T) ... the part of resistivity caused by dispersion
of electrons on phonons, the dependence of this part
on the temperature is linear, pp ... the part of the
resistivity caused by dispersion of the electrons on
vacancies and on other volume imperfectances, ps ...
the part of the resistivity caused by dispersion of the
electrons on the surface of the thin film.,

The change of the temperature will cause the periodical
change of vacancies concentration. If it will be assumed
that the increase of resistivity will be influenced by the
vacancies with the energy of activation Ey only, then
dependence of pfon the temperature can be expressed
as follows:

_ Ey
Pe(T) = por(1+BAT) + AA, exp[ T, + AT]] o)

Here po1 ... part of the total resistivity, which is caused
with dispersion of electrons on phonons and with inter-
action of electrons with the surface of the layer, § ...
thermal coefficient of the resistivity of the layer, A ...
coefficient of proportionality, Av ... coefficient of en-
tropy, Ev ... energy of activation of vacancies.

In equation (8) the first part represents a component,
with linear dependence of resistivity on the tempera-
ture, the exponential part represents a nonlinear com-
ponent. This part can be expressed as a series of
harmonics. When the sample will be powered with the
sinusoidal current lysin(wt), third harmonics can be
expressed as:

AAE
U, :O.25RTK12po1p{B+ - L exp[—-—ﬂ

4. Applications of nonlinearity
measurements '

Diagnostics of nonlinearity of I-V characteristics has
been used in many cases. Two of them are presented
in this paper.

The use of nonlinearity evaluation for optimization of
manufacturing technology of the lines with very low
width is shown in Fig. 4. The lines of the width of 50 um
have been prepared by thick film technology of special
photosensitive conductive pastes on alumina sub-
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NONLINEARITY of 50 um LINES
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Fig. 4  Nonlinearity (expressed as THI in dB) of 50 um lines manufactured of photosensitive thick film pastes
Hibridas and Fodel in different factories on alumina substrates
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Third harmonic index (THI in dB) of joints prepared of adhesives Alpha Metals 171 (A), Alpha Metals 181

(B) and ECA 3 (C) on Cu surface before and after aging at 200 °C

strates. The quality of the lines has been evaluated
according to their resistance and nonlinearity.

Diagnostics of quality of conductive joints manufac-
tured of electrically conductive adhesives has also been
carried out by the measurement of nonlinearity of these
joints. After manufacturing the joints have been meas-
ured, then at the higher temperature, measured again,
and the changes of their nonlinearity have been evalu-
ated. According to these changes the changes of a
structure of the adhesives have been analyzed. The
small part of these measurements is shown in Fig. 5.

5. Conclusions

It has been found that the diagnostics based on the
evaluation of nonlinearity of I-V characteristics could be
a very useful tool for evaluation of quality of technology
and materials.

Main advantage of this type of diagnostics is its simplic-
ity and very high sensitivity on changes in materials.
These properties state it to spreading among advanced
types of diagnostic methods.
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Abstract: Depth profiling by ion sputtering in combination with Auger electron spectroscopy (AES) has become a valuable analytical tool in
microelectronics and those areas of research and technology where the chemical composition of surfaces, interfaces and thin films is of
importance. Its application range from fundamental surface and interface studies to thin-film structures for electronic and microelectronic devices,
wear-and corrosion-resistant coatings, surfaces modified by plasma technigue or ion implantation, etc. Reactions at surfaces as well as the
resulting electrical and mechanical properties can only be understood if the relevant chemical and structural changes in the investigated thin-film
structures are known. This requires a quantitative spatially resolved analysis and in-depth distribution of chemical composition with a high depth
resolution. However, ion sputtering is not an ideal layer-by-layer erosion but is the result of a complex ion beam-sample interaction process.
Various phenomena, the most important of which are due to ion beam induced changes of surface roughness and composition, limit the
experimentally achievable resolution. The principles of the method and its fundamental capabilities and limitations will be discussed. The
applicability of the AES depth profiling in microelectronics and some other technical fields will be illustrated by depth profiles of the characteristic
samples.

Karakterizacija materialov z Augerjevo
elektronsko-spektroskopsko (AES) profilno analizo

Kljune besede: IBS naprdevanije s curki ionskimi, karakterizacija materialov, lastnosti materialov, IBS naprsevanje s curki ionskimi, AES Auger
spektroskopija elektronska-profiliranje globinsko, polprevodniki, mikroelektronika, MBE rast molekularna Zarkovna epitaksiaina, MOCVD nanosi
kemicni s paro kovina-snov organska, plasti tanke, strukture vedéplastne

Izviecek: Profilna analiza v kombinaciji ionskega jedkanja s spektroskopijo Augerjevih elektronov je postala zelo uporabno analitsko orodje v
mikroelekironiki in na tistih podrogjih preiskav in tehnologij, kjer je pomembna kemi¢na sestava povréin, faznih mej in tankih plasti. Uporablja se
zatemeljne preiskave povrsin in faznih mej, kakor tudi za preiskavo tankoplastnih struktur za elektronske in mikroelektronske naprave, za obrabno
in korozijsko obstojne previeke, povrsine obdelane s plazemsko tehniko ali implantacijo, itd. Reakcije na povrsinah in z njimi povezane elektriéne
in mehanske lastnosti lahko razumemo samo, &e so poznane ustrezne kemi¢ne in strukturne spremembe v tankoplastnih strukturah. To zahteva
kvantitativno prostorsko locljivo analizo in globinsko porazdelitev kemiéne sestave z veliko globinsko logljivost. Pri tem moramo vedeti, da ionsko
jedkanje ne predstavija idealnega primera odstranjevanja plasti za plastjo, ampak je to rezultat kompleksne interakcije ionskega curka s
preiskovanim vzorcem. RazliCni pojavi, od katerih sta najpomembnej$a sprememba hrapavosti in sestave, povzrodena z ionskim curkom,
omejujejo eksperimentaino dobljeno fodljivost. V delu so obravnavani principi metode in njena zmogljivost ter omejitve. Uporabnost AES profilne
analize v mikroelektroniki in na nekaterih drugih tehni¢nih podrogjih je ilustrirana z globinskimi profili karakteristiénih vzorcev.

in-depth distribution of chemical composition with high
resolution is of primary importance. Numerous nonde-
structive and destructive methods have been devel-
oped for this purpose /2,3/. Among the various
techniques, surface analysis methods in combination

1. Introduction

Advanced thin-films and composite materials based on
progress in thin films and interface science /1/. Proper-
ties of materials interfaces on the nanometer scale

influence on a great number of materials properties and
macroscopic phenomena. The resuiting properties as
well as reactions at surfaces and interfaces, such as
oxidation, corrosion, interdiffusion and segregation can
only be understood if the relevant changes of the
chemical composition at the interfaces and of regions
around them are known. The rapid advancement of
semiconductor material growth technologies such as
molecular-beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD) has greatly im-
proved the microelectronic devices with atomically
abrupt interfaces and ultra-shallow doping profiles. In
view of the planar structure of thin films, analysis of the

with ion sputtering are most frequently applied because
they are applicable to almost any kind of solid material
and allow the attainment of concentration depth profiles
over a wide depth range from atomic thin films up to
several micrometers. The combination of microsection-
ing by ion sputtering with surface analysis techniques
based on Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS), is most frequently
applied /4/. The main reason is the small depth of
information of these techniques of the order of 1 nm,
which is a prerequisite for obtaining depth profiles with
a high depth resolution. However, ion sputtering is not
an ideal layer-by-layer erosion but is the result of a
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complex ion beam-sample interaction process. Various
phenomena, the most important of which are due to ion
beam induced changes of surface roughness and com-
position, limit the experimentally achievable depth reso-
lution /5,6/. In this work the principles of the AES depth
profiling and its fundamental capabilities and limitations
will be discussed and illustrated by depth profiles of the
characteristic samples.

2. AES depth profiling: instrumentation
and experimental procedure

Any commercial equipment for AES depth profiling
comprises an electron energy analyser, an electron
source, an ion gun and the sample stage all mounted
in a stainless steel chamber in which an ultra-high
vacuum (UHV <1077 Pa) can be maintained (Fig. 1). The
regime of UHV prevents the contamination of the sam-
ple surface during analysis with reactive gases such as
CO, H20 and CxHy. Inert gases (e.g. argon, xenon)
showing no chemisorption can be tolerated up to pres-
sures that my be several orders of magnitude higher
than those of reactive gases /5/.

Radiation source
electron-AES
X-ray-XPS
EIeCh‘Of}ic
lon gun for Prrocessing
depth profiling
Computer
Programme
4
Quantitative
Depthr-Profile
Analysis
UHV
Racipient
Fig. 1. Schematic showing the arrangement of

instrumental parts of a typical AES (XPS)
depth-profile analysis instrument (adapted
from Ref. [7}).

Instrumentation for AES depth profiing requires a
source of energetic ions impinging on the sample sur-
face and an AES analysis of the residual surface after a
certain sputtering time. Auger analysis can be done
either discontinuously after subsequent sputtering
steps or by continuous sputtering and simultaneous
electron spectroscopy.

The most frequently used ion guns in AES instruments
are simple electrostatic devices where the inert Ar ions
are generated by collisional excitation with electrons
from a hot filament. The positive ions are accelerated to
energies between 0,2 and 5 keV and are focused on the
sample surface, creating a sputtering spot of typically
1-5 mm in diameter. The pressure in the ion formation
chamber should be about 4x10-8 Pa. For precise depth
profiling, an ion gun with x/y beam deflection capability
should be used. This enables the exact matching of
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analysed and sputtered areas. Rastering of the well-fo-
cused ion beam over an area up to 10 x 10 mm greatly
improves the uniformity of the ion density and leads to
a flat bottom of the sputtering crater which is necessary
for optimum depth profiles. To optimize the sputtering
conditions with respect to a specific sample topogra-
phy, a sample stage with both tilt and rotation capabili-
ties was introduced.

3. Evaluation of depth profiles

In AES depth profiling a continuous sputtering and
simultaneous electron spectroscopy is most frequently
used together with multiplexing of different element
peaks and a display of the respective Auger peak-to-
peak heights (APPH) as a function of the sputtering
time. Sputter erosion and surface analysis are complex
processes and a variety of experimental factors gener-
ally impede a straightforward data evaluation /5/.

The raw data of a depth profiling experiment consists
of an elemental signal intensity, |, as a function of the
sputtering time, t. The aim of the quantification of a
depth profile is to obtain the original in-depth distribu-
tion of the compaosition, ¢(z), from the measured data,
I(t). Therefore the following three fundamental proce-
dures are necessary /7/: (a) conversion of the measured
sputtering time t into sputtered depth, z=1(t), (b) con-
version of the measured elemental intensity | to the
elemental concentration, ¢ = f (I), (c) deconvolution of
the measured profile by means of a depth-resoiution
function (DRF).

4. Depth resolution

The aim of any AES depth profiling is to get a depth
profile which can be comparable as closely as possible
to the original elemental distribution with depth. A
measured depth profile generally differs from the true
in-depth distribution of composition owing to a large
number of distortional effects /5-7/. The factors which
contribute to the broadening of the interfaces can be
roughly categorized as instrumental factors, effects de-
pending an sample characteristics and the effects of ion
beam-sample interactions. The mostimportant causes
of profile distortions include original surface roughness
and sputtering-induced roughness, atomic mixing, in-
formation depth, preferential sputtering and nonuni-
form ion beam intensity.

A measure of profile broadening is the depth resolution
Az. By convention, the depth resolution corresponds to
the distance over which a 16% to 84% (or 84% to 16%)
change in signal is measured /5,8/. The generally ac-
cepted definition for the depth resolution is Az = 2¢,
where ¢ is the standard deviation of the corresponding
Gaussian resolution function /5/. The depth resolution,
Az, can be directly determined in the depth profile of a
sharp A/B interface as shown schematically in Fig. 2.

Alt contributions Azj from different physical phenomena
mentioned so far caused the profile broadening. As-
suming depth resolution functions of approximately
Gaussian shape and mutual independence, these con-
tributions add up in quadrature /5,7/: Az = [ (Az)?]V2.
For the single sandwich layers (A/B/A) and multilayer
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Fig. 2.  Broadening of the measured profile and

definition of the depth resolution,

Az (84-16%) = 20, for a Gaussian resolution
function; ¢ = the standard deviation
(adapted from Ref. /5/).

structures (A/B/A/B...), Az can be extracted from the
amplitude of the concentration profiles /5/.

The depth resolution of the multilayered samples with
atomically flat interfaces is mainly determined by the
influence of the following three fundamental parame-
ters: atomic mixing (M), roughness (R) and information
depth (l). Recently, this influence is quantitatively de-
scribed by the so-called mixing-roughness-information
depth model (MRI-model) /9/. Optimized depth profiling
with Az = 2 nm can only be achieved if these three
parameters are minimized /11/.
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5. AES depth profiles of selected samples

Multilayer structures are of great importance in the
fabrication of semiconductor devices and also have
become indispensable as reference materials in depth
profiling, partticularly for the determination of depth
resolution Az as a function of the sputtered depth /10-
12/, Quite often, Az is degraded mainly by the sample
surface roughness, and this occurs both on samples
with an initial roughness of the surface /13,14/ and on
originally smooth samples with roughness induced by
ion sputtering during depth profiling /15,16/. It was
shown that the decisive parameter influencing the de-
pendence of Az on surface roughness is the angular
distribution of the differently oriented microplanes
/17,18/. Sputtering induced surface roughening is gen-
erally caused by local differences in the sputtering rate,
because the sputtering vield is dependent on the ion
incidence angle with respect to the crystallographic
orientation of polycrystalline metallic materials /19/.
However, even for homogeneous samples with smooth
surfaces, the dependence of the sputtering yield on the
angle of ion incidence remains a distortional effect.

The effect of an initial roughness on Az was studied on
two different multilayer structures sputter deposited on
polished single-crystal (111) silicon substrates /20/. The
first sample (No. 1) consisted of an Ni/Cr multilayer with
a total of 16 alternating Ni and Cr layers with a single
layer thickness of 30 nm. The second sample (No. 2)
had on the top of the Ni/Cr multilayer, an additional
crystalliine Allayer with an average thickness of ~40 nm.

Figure 3 shows the AES depth profiles of two different
multilayer structures obtained by ion sputtering of sta-
tionary samples by using two symetrically inclined ion

AUNI/Cr, Stationary, 6 = 47°
1004

T T T T ‘
60 90 120 150

Sputter Time (min)

Ra= 215 nm

Dy O30

Fig. 3 a,b,c,d. AES depth profiles (a) of the Ni/Cr and (b) AlINi/Cr multilayers obtained by ion sputtering of
stationary samples with 1 keV Ar™ jons at an incidence angle of 47°. Atomic force microscopy images
showing the surface features of (c) as-deposited Ni and (d) Al surface layers lying on the top of two Ni/Cr

multilayer samples /20/.
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Fig. 4 a, b. Geometry of the experimental arrangement in rectangular x, y, z coordinates in a plane perpendicular
(left) and parallel (right) to the electron beam, respectively; (a) stationary sample, 6 = 47° and (b) sample

rotation and grazing incidence fon beams, 6 = 80°.

guns at an incidence angle of 47° (Fig. 4a); note 6 = arc
cos(cos 15° x cos 45°) = 47°. The AES depth profile of
the uncovered Ni/Cr multilayer (Fig. 3a) shows relatively
sharp interfaces. In contrast, the depth profile in Fig. 3b
obtained on the Ni/Cr sample covered with the crystal-
line Al layer shows a strong broadening of the inter-
faces. The surface topography of both as deposited
mutltilayers (No. 1 and No. 2) was examined by atomic
force microscopy (AFM). The AFM data reveled that the
Ni/Cr multilayer has a smooth surface with a roughness
amplitude Ra = 0,79 nm (Fig. 3c) and the Ni/Cr multi-
layer covered with a crystalline Al layer exhibited a
rough surface with Ra = 21,5 nm (Fig. 3d). Obviously,
the rough crystalline Al surface layer caused in-depth
topographical changes of the Ni/Cr multilayer and
strongly deteriorated the depth resolution of the origi-
nally sharp internal interfaces.

The degradation of the depth resolution due to angle-
dependent effects like surface roughness and crystai-
line orientation can be reduced by multidirectional ion
bombardment which is achieved by sample rotation
during depth profiling /21/. For the Al/Ni/Cr sample the
optimized depth profile similarly to that shown in Fig. 3a
was reached only with rotational depth profiling at a
grazing incidence angle of about 80° (Fig. 4b). Mukidi-
rectionalion bombardment during rotational AES depth
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profiling at grazing incidence angle removes the crys-
talline orientation effect, promotes the smoothing effect
and decreases the microroughness of the initially rough
AI/Ni/Cr sample surface /20/.

It is often necessary to determine the layer composition
or interfacial contamination within metallization struc-
tures such as vias and contacts during semiconductor
device characterization or failure analysis. Compucen-
tric rotation of the sample during ion sputtering allows
the acquisition of depth profiles on specific features
which do not reside directly over the stage rotation axis
122].

Aluminum, a common conductor used in semiconduc-
tor devices, is particularly prone to cone formation
during sputter etching. Fig. 5a shows as-received circuit
and Fig. 5b shows an Al via before AES depth profiling.
Figs. 5¢,d show the topographies obtained at the Al vias
after depth profiling without (Fig. 5¢) and with sample
rotation (Fig. 5d) during sputter etching. In Fig. 5 are
shown the corresponding AES depth profiles obtained
without (S) and with (R) sample rotation. The sample
rotation prevent the cone formation (Fig. 5¢) and the
depth profile (R) has a much sharper Al/Si interface,
which permits a better estimation of possible interdiffu-
sion or reaction between layers.
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Fig. 5 a, b, ¢, d. Secondary electron images show: (a) as-received circuit, (b) an Al via before ion etching, (c) an Al
via after sputter depth profiling without and (d) with sample rotation. AES sputter depth profiles obtained
without (S) and with (R) rotation of the sample are shown too /22/.

The sample rotation during depth profiling was intro-
duced also in other surface analytical techniques such
as photoelectron X-ray spectroscopy (XPS) and secon-
dary ion mass spectroscopy (SIMS). The desire to
provide hard disk media with higher storage density has
caused the development of magnetic media with more
complex multilayer structures with different individual
layer thicknesses. In Fig. 6 are shown the components
of atypical hard disk /23/. XPS depth profiling has been
routinely applied to thin film systems up to a few hun-
dred nanometers in thickness. The modern ion guns

and the ability to change sputter rates, under computer
control, during a depth profiling make it possible to
efficiently depth profile thicker films. In Fig. 7 is shown
a sputter depth profile through all the layers on the hard
disk, approximately 14 um in thickness /23/. During
depth profiling of the thinner layers the ion gun was
set at 2 kV and the sputter rate was approximately 6
nm/minute. For the thicker layers, the ion gun was set
to 4 kV and adjusted for a sputter rate of 46 nm/minute.
This type of flexibility allowed one depth profile to be
used to collect detailed information from the thin mag-
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netic layers and the thick NiP layer in a reasonable
amount of time. Additionally, the spectra from the de-
tailed depth profile made it possible to examine the
chemistry at interfaces and within layers /23/.

«— Lubricant (<2nmj}
<+— Protective Overcoat (<50nm)

-+ Magnetic Media (<150nm)

+— Under-layers (<15pm}

| «—— Substrate

Fig. 6.

The scheme of the multilayer structure of a
typical hard disk [23].

The preparation of well-characterized silicide thin films
for microelectronics needs a control of interfacial reac-
tions and diffusion processes during heat treatment of
metal semiconductor systems. The precise observation
of AES depth profiles at interfaces and quantification of
the interface width of heat treated samples enables the
determination of the main moving species in the early
stage of reactions, the calculation of the effective inter-
diffusivity and the characterization of the new formed
reaction products /24,25/.
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Fig. 7. Sputter depth profile of the thin lubricant
film, the thin magnetic layers and the thick
underlayers obtained by programming a
change in etch rate and sputtering time

during the depth profiling /23/.
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Figure 8a shows the sandwich structure of Si(33
nm)/Ni{(50 nm)/Si(33 nmy), with a total thickness of 116
nm which was sputter deposited onto smooth silicon
(111) substrate. The reaction of Ni with amorphous
silicon thin films was activated in a differential scanning
calorimeter (DSC), at heating rate of 40 °C min™!. Al-
ready with a heating of the Si/Ni/Si sample from room
temperature to 320 °C the reaction between Si and Ni
layers is almost accomplished (Fig. 8b), and the reac-
tion product shows a composition close to NigSiz. How-
ever, the selected area diffraction pattern of this
cross-sectioned sample showed the presence of two
polycrystalline and amorphous phases, namely Ni2Si
and NiSi /24/. The mixture of these two phases is in
agreement with an Ni/Si ratio of 3:2, recognized in the
AES depth profile in Fig. 8b. The results show the
importance of compositional and structural data ob-
tained with different analytical techniques for the pre-
cise characterization of reaction products.
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Fig. 8 a, b. AES depth profiles of Si/Ni/Si sandwich
layer: (a) as-deposited and (b) after dynamic
heating in a DSC instrument at a rate of
40 °C min™' from room temperature
to 320 °C.

7. Conclusions

Compositional depth profiling of thin films and multi-
layer structures by AES in combination with ion sputter-
ing is the most frequently applied method to obtain the
in-depth elemental distribution. A precise quantitative
depth profiling requires a quantification of both the
analysed elemental signal intensities in concentration
units, and the sputtering time in a depth coordinate. The
large number of physical parameters, depending on
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sample characteristics, ion beam-sample interactions,
and instrumental factors, lead to a broadening of a
measured profile. A measure of profile broadening is
the depth resolution Az. By convention, the depth reso-
lution is Az = 2c, which corresponds to the difference
of the depth coordinate between 84 and 16 % of the
intensity change at an interface. Depth resolution in
depth profiling of the multilayer structures with atomi-
cally flat interfaces is determined by three parameters:
atomic mixing, surface roughness and information
depth and their influence is quantitatively described by
the MRI-model. Optimized depth profiling with Az = 2
nm can only be achieved if these three parameters are
minimized /11/. Quite often, on technological samples
Az is degraded mainly by the sample surface rough-
ness. The degradation of the depth resolution due to
angle-dependent effects like surface roughness and
crystalline orientation can be reduced by multidirec-
tional ion bombardment. As illustrated by AES depth
profiling of the Ni/Cr and Al/Ni/Cr multilayer samples,
and by the Al/Si metallization structure of a semicon-
ductor device, the sputtering of the rotated sample at
large ion incidence angle and relative low ion beam
energy (< 1 keV), promotes the smoothing effect and
decreases the microroughness of the initially rough
sample surface, thus enabling us to achieve the im-
proved depth resolution. Further, the applicability of the
depth profiling is illustrated by the depth profile of the
multilayer structure of a typical hard disk and by the
characterization of reaction products in the heat treated
Si/Ni/Si thin-film structure.
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Abstract: Ultra sharp needles are commonly used as electron sources in transmission electron and as probes in several scanning tunneling
microscopies to characterize the atomic structure of surfaces and to probe local electronic properties. The physical basis for such measurements
has evolved from much earlier research on field electron emission, which continues to this day. Recent attempts to develop miniature field emission
based devices (i.e. Vacuum Microelectronics) have led to studies of thin dielectric coatings, which were found to considerably improve both the
emissive properties and “ruggedness” of the emitters. Intrying to understand the underlying Physics, extensive measurements have beenreported
on the ertergy distribution of the field emitted electrons (FEED), as well as the nanostructure of the coatings and their underlying interfaces with
the needle shaped substrates (HREM). In turn, these techniques can also be employed more widely as an analytical strategy to determine the
correlation between electrical properties and structure of nanometer scale films and particles deposited onto the tips of needle-shaped emitters.
Further information on the same specimens can be also obtained by field emission microscopy (FEM), by using such probes in an STM mode,
by studying the controlled effects of high electric fields on chemical reactions,or on the structure of ferroelectric or magnetic coatings, etc.
Controlled deposits of either nanoparticles or films also offer a unigue opportunity to directly probe property changes of a given material during
the transition from classical to quantum An important advantage is the ability to achieve truly direct correlation between properties and
nanostructure, since no further specimen preparation is required for HREM studies and specimens may be easily transferred from one instrument
to another. Examples will be given of the information obtained from thin films & particle deposits of: nanodiamond, aluminum and boron nitride.,
and aluminum oxide.

Vrednotenje dielektricnih materialov na merilnih konicah

Kljuéne besede: AFM spektroskopija sile atomske, upodabljanje molekul, logljivost atomska, SPM mikroskopija s sondo skanirno, AP sonde
atomske, konice igel, spektrum povréine, FEM mikroskopi emisije polja, FIM Mikroskopi z ioni polja

lzvleéek: Ultra ostre konice danes pogosto uporabljamo kot izvore elektronov v transmisijskih elektronskih mikroskopih ali pa kot merilne konice
v razli¢nih rasterskih tunelskin mikroskopih z namenom vrednotiti atomsko strukturo povr$in ali meriti lokalne elektronske lastnosti vzorca.
Fizikalne osnove tovrstnih meritev so se razvile iz zgodnjin raziskav poljske emisije elektronov, ki se nadaljuje 3e danes. Najnovejsi poskusi razviti
miniaturne elektronske komponente na osnovi poljske emisije (novo podrodje imenovano vakuumska mikroelektronika) so privedli do raziskav
tankih dielektridnih previek, za katere se je ugotovilo, da bistveno izboljdajo emisijske lastnosti in robustnost emiterjev. Z namenom razumeti
fizikalno ozadje tega pojava, je bilo opravijeno veliko Stevilo meritev energijske porazdelitve emitiranih elektronov (FEED), kakor tudi nanostrukture
previek in powrsin pod njimi oz. podiag v obliki konic (HREM).Opisane tehnike lahko uporabimo tudi Sirse kot neko vrsto analiticne strategije za
ugotavijanje korelacij med elektriénimi lastnostmi in strukturo filmov in delcev na nanometrskem nivoju nanesenih na emiterje v obliki konic.
Dodatno informacijo o vzorcih lahko dobimo z uporabo poliske emisijske mikroskopije (FEM), z uporabo istih konic v STM nacinu dela, ko lahko
studiramo kentrolirane vplive visokih elektriénih polj na kemijske reakcije ali celo na strukturo feroelektricnih ali magnetnih previek. Kontrolirani
nanosi bodisi nanodelcev ali filmov ravno tako ponujajo enkratno priloznost direkine meritve sprememb lastnosti materiala pri prehodu iz
Klasi¢nega v kvantno stanje. Zelo pomembna prednost je moznost dosedi resniéno direktno korelacijo med lastnostmi in nanostrukturo, saj ni
potrebna nobena dodatna priprava vzorca za HREM preiskave, vzorci pa se tudi ziahka prenasajo iz enega instrumenta v drugega. V prispevku
50 podani primeri preiskav in dobljene informacije na nanesenih filmih in delcinh in sicer nanodiamanta, aluiminija, borovega nitrida in aluminijevega
oksida.

Introduction scopic techniques (SEM, TEM, HREM, ELS, EDS) have
Since the mid 1980’s, ultra sharp needles have been been frequently combined with the FIM &/or AP on
used as probes for a variety of scanning probe tech- studies of the tips of needles. Infact, itis very desirable
niques primarily to study a spectrum of surface or near to combine the strengths of the above methods into &
surface features. A seemingly endless variety of such powerful analytical strategy that offers unique pros-
techniques is constantly being invented. Their attrac- pects in studies of thin dielectric films or nanoparticles.

tiveness includes: simplicity, high resolution, adaptabil- The present paper will briefly review some of the fea-
ity to a variety of environments, etc. Only rarely is the tures of each relevant technique, describe examples

probe itself employed as the object of analysis, and where several modes of analysis have been combined
then usually to aid in the interpretation of some surface to advantage, give recent results from extensions of this
feature. On the other hand, the tips of sharp needles approach, and finally suggest prospects for further
have been the primary object of FEM, FIM, and Atom extensions, particularly for nm scale dielectric films and
Probe (AP) studies for many decades. Electron micro- particles.

210



J.J. Hren, V.V. Zhirmov, Z. Sitar, G. Wojak:
Characterization of dielectrics on the "tips of needles"

Informacije MIDEM 30(2000)4, str. 210-215

Field Emission, Field lonization, and the
Atom Probe

Field electron emission was the basis for very early
attempts to develop a point projection electron micro-
scope or Field Emission Microscope /1/. Attempts to
image molecules were made very early and had some
success, but the resolution was limited by the trans-
verse spread of the emitted electrons to ~2nm and the
high electric fields (~109 V/m) affected the molecular
deposits. A point projection microscope with higher
resolution was soon developed by E. W. Mueller, by
simply reversing the bias on the needle, cooling the
specimen to cryogenic temperatures, and field ionizing
an inert gas, e.g. He or Ne, leaked in as a background
gas at pressures of ~10 Torr. Mueller thus achieved
true atomic resolution for the first time (Figid) with a
Field lon Microscope (FIM) /2/. But the electric fields
required were another order of magnitude higher
(~1010V/m), so high that the tip of the needle could be
made to field evaporate. The bulk and shear stresses
induced by these electric fields were correspondingly
high (~1/10 the bulk modulus) and could distort or
eliminate features of interest (e.g. point defects, dislo-
cations, boundaries, etc) /3/. However, field evapo-ra-
tion could be employed in a pulsed mode (using
voltage or laser pulses) to make the needle a controlled
source of ions for a time-of-flight (TOF) mass spectro-
meter that achieved single ion sensitivity and became
known as an Atom Probe /4/. If a heavy liquid on the
surface of a needle was desorbed by field evaporation,
it became the source for a focused ion beam or FIB. By
substituting a sensitive two dimensional detector, such
as a channel plate, just in front of a phosphor screen,
the features of both atomic imaging and TOF spec-
trometry could be achieved. Such a combined instru-
ment became known as an Imaging Atom Probe /5/.

Surface Studies using Field Electron
Emission

Once it became clear that the field emission electron
microscope (strictly FEEM but almost always abbrevi-
ated FEM) had physically insuperable limita-tions on its
resolution (~2nm) and specimen configuration (the tip
of a needle of radius <106 m), it was only infrequently
used for its original purpose. But at the same time it
became obvious that the FEM was a powerful tool to
study the surfaces of conductors and semiconductors
/9/. Surface studies, however, required vacuums of
~10"" Torr to permit a sufficient interval to conduct
useful experiments and UHV conditions were (and are)
not easy to achieve and maintain. But once achieved,
such vacuums permitted studies of the properties of
truly clean surfaces of most metals and some semicon-
ductors for the first time. The practical consequence
was the development of the first experimental tool of the
new field of Surface Science and the incentive to de-
velop an entire array of new techniques for surface
characterization (e.g. AES, SIMS, etc).

Attempts to clean the (approximately) hemispherical tip
of the needle-shaped specimens by heating in UHV
conditions, yielded surfaces that were not smooth at the
atomic level, but developed flat facets dominated by the
closest packed (or lowest energy) planes. The FEM
images from such specimens gave a magnified image
of the relative probability for electron emission over a
range of orientations. The relative size of these facets
reflected their relative surface energy, detailed speci-
men geometry, the applied field during heating, the
ultimate temperature and time, background gases &
pressures (even at <10'" Torr), etc. By placing a
moveable aperture placed near the magnified FEM
image and measuring only those electrons that passed
through, the Fowler-Nordheim equation could be ap-
plied to deduce the work functions of different crystal-
line orientations and the effects of adsorbates, atomic
order, defects, etc. Significantly different values were
obtained for different orientations and surface effects,
so that the very meaning of the work function became
an object of scientific study. Adsorbates, not surpris-
ingly, were found to also react anisotropically; indeed
they could alter the measured work function, quite
dramatically Atomic and molecular adsorbates could
also be viewed directly by the FEM, even as they
migrated on specimen surfaces, even at cryogenic
temperatures. Thus as many questions as answers
emerged. Were these effects due to the experimental
conditions or were they fundamental properties? It be-
came obvious that even more data was required from
the tips of needles, under closely controlled conditions.
But in addition, independent data from the other char-
acterization tools of surface science now became es-
sential.

The Field Emission Energy Distribution
(FEED)

Significant new data came first from an obvious exten-
sion of the evolving methods of FEM. A more compre-
hensive theory of the energy distribution of the field
emitted electrons was developed and applied to the
methods already well known for measuring data for
Fowler-Nordheim plots. Adding an electron spectro-
meter behind a phosphor viewing screen with an aper-
ture and the capability of translating the image (e.g. by
deflection) permitted the measurement of both |-V data
and the emitted energy distribution of the emitted elec-
trons. With this capability, theory could truly be tested
against experimental data. Not only could an under-
standing of the fundamental physics thus be improved,
but the distribution of the electron supply (i.e. the band
structure) of the efectron source could be measured
directly. And the influence of crystaliographic orienta-
tion, adsorbates, disorder, alloying, defects, etc could
now be investigated independently and quantitatively.
This experimental approach became known as the
Field Emission Energy Distribution (FEED) and has
continued to evolve until the present. However, FEED
has remained noncommercial; that is, FEED systems
have not become very common surface science tools
and each remains custom made for the needs of a
specific researcher /6/.
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Scanning, Transmission and Analytical
Electron Microscopy

Researchers conducting Material Science studies of
grain boundaries, defects, or precipitates by FEM, FIM
and FEED techniques soon recognized that both the
Scanning Electron Microscope and Transmission Elec-
tron Microscopes (SEM and TEM) were invaluable an-
cillary tools /7/. This coupling was especially fortuitous
for TEM users, since the tips of needles de facto made
excellent specimens which required no further prepa-
ration. The preparation of representative TEM speci-
mens has always been a fundamental barrier to the
correlation between the microstructures and proper-
ties. How could you be certain that the microstructural
features you observed in a TEM specimen were directly
related to the phenomena under investigation, when by
the very act of preparing the specimen you were forced
to remove most of the material surrounding features of
interest? Is the volume of material remaining repre-
sentative of the bulk specimen properties? By using a
needle as the specimen, FEM and/or FIM related ana-
lytical methods could be applied first, then viewing the
very same specimen in a TEM and/or SEM with no
preparation steps between, you can be quite confident
of the relationship and relevance of the two sets of data.
Of course, all of the ancillary analytical techniques
available with TEM or SEM (e.g. EDS, ELS, SE or BSE,
etc) can be also brought to bear. A pertinent example
comes from some recent studies of oxide films on Al
needles . A controlled electric field, inherent to the
needle shape, was used to first damage the oxide. The
damaged oxide was later exposed to a corrosive envi-
ronment, which led to the initiation of corrosion at the
damaged site. These corrosion products were then
analyzed by TEM and ELS. Earlier studies by FIM, IAP,
and TEM of the structure and composition of grain
boundaries, precipitates, and interfaces, effectively
demonstrated the advantages and simplicity of obtain-
ing combined information from specific sites /7/.

Scanned Probe Techniques

Scanning tunneling microscopy, STM evolved quite
naturally as variations on the utility of FEM continued to
develop. Since the current of emitted electrons was
exponentially sensitive to the electric field, which in turn
was determined by the applied potential and specimen
geometry, why not vary one while keeping the other
fixed as a sensing device? Indeed, several kinds of
sensors with impressive sensitivity were shown to con-
firm this as a viable approach. Why not then a device
where a sharp needle at constant potential could be
used as a probe to slowly scan very near a roughened
surface, which should yield large variations in current
that could be used to map surface topography? Or as
a variation, a constant current is maintained, while the
varying potential would reflecttopography? These were
the kinds of thinking that went into early versions of the
development of a Topografiner, as it was called. But this
concept did not work as well as hoped because of
complications arising from the sensitivity to external
vibrations, which then affected the needle to surface
spacing. Indeed overcoming this vibrational barrier led
to the development of the first STM and a Nobel prize
in the mid 1980s. The pleasantest surprise from this
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achievement was the excellent lateral resolution ob-
tained with the STM, a capablity of resolving the dimen-
sions of a single atom! Indeed this development
opened the floodgates to the emergence of many vari-
ations onthe STM, which are still emerging and referred
to as Scanning Probe Microscopes (SPMs).

But common to all SPMs is a probe comprised of the
tip of a needle and many are compatible with studies
by FEM, FIM, AP and consequently the TEM, SEM, and
AEM in combination. It is this formidable combination
of techniques, that rely upon or can easily be used to
analyze the tips of needles that we direct this paper. We
argue that this combination of analytical techniques is
unique in special abilities to characterize thin films and
nanoparticles, especially dielectrics, which are major
objects of modern research in Materials Science. Fur-
thermore, coated needles have the potential for signifi-
cant direct and indirect applications, e.g. in Vacuum
Microelectronics or Nanolithography, or as intense
electron sources for microwave communication. Also
because of their very scale, the resuits obtained from
their study are applicable to a wide spectrum of novel
nanoelectronic devices now under intense develop-
ment.

Examples of combined studies on the
tips of field emitters

Some examples of the analytical approach promoted
here are presented to illustrate its power and potential.
The objectives of these studies were not to develop
analytical tools, but rather to better understand field
emission and thereby develop stable, intense electron
sources for Vacuum Microelectronic applications. Field
emission sources suitable for all such applications are
required to operate at vacuum levels much poorer than
those required for FEM studies (e.g.at ~10 Torr rather
than 10-11 Torr). In addition, such emitters should be
easy to fabricate, uniform in their properties, inexpen-
sive, and highly reliable. Considerable progress has
been made to achieve these aims in the last decade,
most of which has come from understanding why coat-
ing needle-shaped emitters of silicon and molybdenum
with carbon-based films and fine particles, as well as
those of several other wide band gap dielectrics, sub-
stantially enhances and stabilizes emission, even under
these very modest vacuum conditions. Some examples
of the analytical methods employed for these studies
and some of the pertinent results are summarized in the
following.

Diamond and Amorphous Carbon
Coatings on Si and Mo Emitters

The tips of needle-shaped silicon field emitters were
coated with nanocrystalline diamond using “biased-en-
hanced” microwave plasma CVD /8/. Field emission
from these emitters was enhanced by several orders of
magnitude and the emission stability was significantly
improved, as compared to uncoated silicon emitters.
Transmission electron microscopy of the interfaces be-
tween the diamond deposits and the silicon substrate
(Fig. 1) revealed that a thin (5-10 nm) silicon carbide
phase formed, even though the maximum temperature
during the deposition was limited to 500-600°C.
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Figure 1 TEM of SiC nucleated at Si-diamond
interface.

An attempt was made to achieve similar improvements
in emission using what was thought to be “diamond-
like” amorphous carbon deposits on silicon needles.
The deposits were smooth and were deposited near
ambient temperature. However, it became obvious that
the emission currents were actually reduced. A TEM
study of the coatings using ELS of the coating/silicon
interfaces showed the coating to be comprised mainly
of sp2 bonded C rather than the sp3 bonding. TEM (Fig
2) and ELS also revealed another unexpected result.
There were ~10-20 nm sized crystals of Au present at
the film-silicon interface /9/. The presence of these Au
nanoparticles appeared to be a result of the method by
which the silicon needles were originally grown and
then precipitated during their storage and deposition
treatments.

Parallel studies on needle-shaped Mo field emitters,
examined several methods of depositing coatings. It
was discovered that thin, extremely adherent layers of
crystalline diamond powder could be deposited onto
the tips of needles by dielectrophoresis, an especially
simple and inexpensive, ambient coating technique
/10/. Surprisingly, emission was further enhanced, even
without thermal treatment; however, a low temperature
{(~400 °C) anneal in a hydrogen ambient, yielded even
better emission and improved the emission stability.
The thickness and uniformity of the deposits could be
quickly checked by the SEM (Fig 3a) and the interface
between the diamond deposits and the Mo substrate
was observed by TEM to be surprisingly intimate (Fig
3b), but could be further improved by a low temperature
anneal, which nucleated a nm scale molybdenum car-
bide interface layer.

The energy distribution of the field emitted electrons
(FEED) from the dielectrophoretic diamond coatings on
Mo also gave valuable information about the mecha-
nism of the observed enhancement in emission /11/.
FEED measurements were taken before and after
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Figure 2. (a) TEM Au precipitates in amorphous C
deposit (b) EELS spectra at apex and shank
of amorphous C deposit.

deposition and spectra then compared. These meas-
urements revealed that the emitted electrons originated
from the diamond/vacuum interface after tunneling
from the conduction band minimum of the diamond, but
the nature of the Mo/diamond interface also played a
significant since role, since it affected the electron sup-
ply to the diamond conduction band. A series of FEED
studies (Figs 4a and 4b) of BN powders depo-sited by
dielectrophoresis onto Mo needles, illustrates its effec-
tiveness in helping to deduce the mechanisms of emis-
sion and the basis for the enhancement in emission /6/.

More recently, we have been depositing nanodiamond
particles by dielectrophoresis onto Mo emitters, varying
the deposition conditions widely. Typical results at very
short deposition times are given in Fig. 5. There is a
marked preference top deposit at the very tip of the
needle, where emission is greatly enhanced.
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Figure 3. (a) SEM of diamond particles deposited by dielectrophoresis onto Mo needle (b) TEM of the particle-Mo

interface of same needle.
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Figure 4. (a) Shift in BN FEED maximum relative to Mo as a function of applied potential, (b) band diagram

illustrating emission mechanism.

The potential to study nanoparticles and
thin films

No one has reported results from a single material
characterized extensively from nanoscale dimension,
where “quantum effects” dominate, up to dimensions
where the measured properties are identical with those
obtained from “bulk” samples. The present methods

214

could achieve this and the experimental data obtained
atthe “quantum scale” could then be directly compared
with first principle theoretical calculation. What other
combination of techniques can claim to obtain a com-
parable result? We suggest that the tip of a needle
makes an ideal specimen to achieve such a break-
through.
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Figure 5 TEM of nanodiamond deposit on Mo needle

by dielectrophoresis.
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Abstract: The focused ion beam (FIB) technique is an important tool for failure analysis studies on electronic devices. Examples are discussed
of the identification by cross-section imaging of failure sites previously localized ex-situ by optical or emission microscopy or in-situ by means of
voltage contrast in the FIB system. Ex-situ chemical analysis by Auger electron spectroscopy on FIB prepared cross-sections allows detailed
interpretation of the FIB images.

Uporaba curka fokusiranih ionov pri analizi odpovedi

Kljuéne besede: naprave elektronske, analize odpovedi, FIB curek ionov fokusiran, polprevodniki, FIB tehnika curka ionov fokusiranega,
upodabljanje povrsine
lzviecek: Curek fokusiranih ionov (FIB - Focused lon Beam) je pomembna tehnika za analizo odpovedi elektronskin komponent. V prispevku

obravnavamo primere prepoznavanja mest odpovedi na slikah presekov, katera so bila prvotno identificirana s pomocjo ex-situ tehnik, kot sta
optiéna ali emisijska spektroskopija, oz. in-situ tehnike, kot je napetostni kontrast v FIB sistemu. Ex-situ kemicna analiza s spektroskopijo

Augerjevih elektronov na presekih vzorcev pripravijenih s FIB tehniko omogoca natanéno analizo in tolmacenije FIB slik.

1. Introduction

The focused ion beam system is an indispensable
technique for the semiconductor industry. Its major
applications are: circuit modification by cutting metal
lines and deposition of new metal tracks for optimizing
the circuit design /1-3/; cross-section imaging for proc-
ess development and control /2, 4/; failure analysis /5-7/
of devices by cross-section imaging through suspicious
structures and voltage contrast to localize open con-
tacts; preparation for in-situ or ex-situ chemical analy-
sis; preparation of specimens for transmission electron
microscopy /8, 9/; mask repair; milling and layer depo-
sition for MEMS structures.

In this paper the technique is briefly introduced and a
number of applications of the FIB technigue for failure
analysis are discussed.

2. The FIB technique

In the FIB system a focused 30-50 keV Ga™ ion beam
is rastered over the sample in a similar way as the
electron beam in a scanning electron microscope
(SEM). The secondary electrons or ions generated by
the interaction of the ion beam with the material are
collected synchronously with the rastering of the pri-
mary beam and are used to image the surface of the
sample.

The contrast in the secondary electron FIB images /10,
11/ is different from the contrast in secondary electron
SEM images. As the primary beam is positively
charged, isolators will charge positively and will show
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alow secondary electron yield. Hence, they will be dark
ontheimages. Onthe other hand, conducting materials
will be bright if they are connected to the substrate
holder of the system so that the current induced by the
primary beam can flow away. If this is not the case, i.e.
if the metal tracks are floating, they will also have a dark
contrast. This allows the localization of failure sites by
voltage contrast /12, 13/ as will be discussed in next
section. An important image characteristic is also the
channeling contrast in polycrystalline metal layers. In
poly crystalline silicon this contrast is however not pre-
sent due to the immediate amorphization of the top
layer (~60 nm deep) ofthe silicon which suppressesthe
channeling of the ion beam. The border between con-
ductive and non-conductive materials always shows a
bright line, which is a result of the lateral field on the
surface between both regions. The different contrast
effects are illustrated on figure 1.

Except of the application for imaging, the high energy
ion beam can also be used to remove the material
locally by milling trenches in the material. This allows
after tilting of the sample, the imaging of the cross-sec-
tional structure of the device on the sidewall of these
trenches. As the position of the trenches can be local-
ized accurately from the top view image, very site-spe-
cific cross-section analysis is possible.

Another important application of the milling with the ion
beam is the cutting of metal lines in prototype IC’s to
study possible design errors. Generally this is done in
combination with the inlet of specific gases. This gas
assisted etching (GAE) strongly reduces the redeposi-
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Cross-section FIB images through a HIMOS memory cell illustrating the different contrast mechanisms
on the FIB images: the isolators are dark; the conductors (Al, TiN, Si) are bright; the Al shows channeling
contrast; the poly-Si shows no channeling contrast; bright lines mark the border between the dielectrica
and the conductors. This bright line also reveals the presence on a thin oxide between the poly lines and
the silicon substrate and between the two poly lines. In image (b) a further slice of the device was milled

Fig. 1:

away so that the poly-Si line is now on top of a thick field oxide and is therefore floating with respect to

the substrate and now shows a dark contrast.

tion of the removed material, results in an enhanced
milling rate, and allows the selective removal of certain
types of materials. E.g. Al is etched with |2 or other
halogen gases, passivation layers with XeF2> and C-
based materials with H20. Specific gases can also be
used to deposit metal lines (Pt or W) or dielectrica
(8i02). Only where the beam is rastered, the gas mole-
cules are cracked and deposition occurs. The combi-
nation of deposition of new metal tracks and the cutting
of metal lines allows the local rewiring of the metal
interconnects in the devices.

The selective etching of dielectrica with the XeF2is also
used for the local depassivation of devices for e-beam
testing. Organic passivation layers (e.g. polyimide) can
be removed very selectively with the H20 milling (Fig.2).

7 um thick polyimide passivation layer by
application of gas assisted milling with the
H20 gas. Due to the high selectivity the
milling stops at the nitride passivation layer
on the device.

Fig. 3:

3. Applications for failure analysis

The focused ion beam technique can be used to char-
acterize the nature of failure sites in device structures.
The localization of the defect sites can be done ex-situ
by e.g. the liquid crystal method, optical microscopy or
emission microscopy, or in-situ by means of voltage
contrast.

3.1 Failures localized by optical microscopy

Figure 3 shows FiB cross-section images through poly-
resistor structures. Fig. 3aillustrates a device before the
electrical testing, showing the Al metal tracks, the W
plugs and the polycrystalline silicon line. After electrical
testing a dark spot could be seen by optical microscopy

FIB cross-section images through an
untested poly-resistor (a) and after electrical
testing (b).
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through the passivation layer. Fig. 3b shows that the
device structure is severely damaged by the testing: the
Al and poly line have a sponge-like structure, a large
void is formed at the position of the W plug which has
totally disappeared, and also in the metal line on the
right hand side a void is formed. The damage clearly
indicates that a strong overheating occurred due to a
too high current flowing through the device.

3.2 Failures localized by emission microscopy

Failure sites can be localized in devices by emission
microscopy /14/. While electrically biasing the devices
the local heating at failures will result in the emission of
IR light. FIB cross-sectioning can subsequently be done
at these positions to study the nature of the failure.

Fig. 4 shows an example where the defect could be
seen already in the top view FIB image so that the exact
localization of the defect in the FIB was very easy. The
cross-section image (Fig. 4b) reveals a crater-like struc-
ture. The lower metal track is broken and shows a short
with the upper metal line. Resist residues or a particle
might have been on the origin of this defect.

Fig. 4:

Top view (a) and cross-section (b) FIB
images of a large defect localized by
emission microscopy.

The exact localization of the defect in the FIB is gener-
ally not so trivial as in the previous case because mostly
no unusual topography is present on the surface. Also,
the light spot seen with the emission microscope is
larger than the actual defect so that some uncertainty
exists on the defect position. Therefore the FIB investi-
gation will often need a procedure consisting of the
gradual milling of the crater through the failure site and
the intermediate imaging on the crater sidewall. Figure
5 illustrates a conductive residue between two Al lines
which is revealed in this way.
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Fig. 5:

FIB cross-section showing a conductive
path between two Al lines at a failure
position which is revealed by emission
microscopy. (Because the poly line is
floating, it shows a dark contrast).

Light emission in the emission microscope can also be
due to failure mechanisms which cannot be revealed
by cross-section FIB imaging. E.g. gate oxide pinholes
cannot be seen on the FIB images because of its limited
image resolution. To fully characterize such defects,
investigation by transmission electron microscopy is
necessary. For the site-specific preparation of the thin
TEM specimens, the FIB specimen preparation tech-
nigue is indispensable /8,9/.

3.3 Failures localized by voltage contrast

Electrical testing can be used to localize open contacts
or vias. In unpassivated devices, i.e. test structures or
devices which are depassivated, voltage contrast /12,
13/ can directly reveal the position of open contacts.

Figure 6 illustrates the technique for a large contact
chain. The different probe pads above the chain are
connected to different nodes in the chain and allow the
electrical testing of parts of the chain. On the initial
image (Fig. 6a) part of the probe pads and ofthe Al lines
are dark, indicating that they are connected to open
contact plugs in the chain and are hence floating with
respect to the silicon substrate. The higher magnifica-
tion image (Fig. 6b) shows also the presence of dark Al
interconnections in the chain. The cross-section image
(Fig. 6¢) confirms that for these dark Al interconnects
both contact plugs are open due to a very irregular
etching of the contact holes. Because of the bad etch-
ing also the W filling of the contact holes is very poor.
The Al interconnect on the left of the cross-section
image has only one open contact and was therefore still
bright on the top view image. Therefore the voltage
contrast technigue on such contact chains is not very
sensitive to reveal opens because this requires that
both contacts are simultaneously open, i.e it will work
only well on rather bad chains.
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Fig. 6:

Voltage contrast experiment on a contact chain test structure: (a) the initial top view image of the chain,

(b) detail of the chain at higher magnification and (c) FIB cross-section image through the contacts

encircled in (b).

Fig. 7:

Initial top view FIB image of part of a via chain (a), and (b) the full chain after contacting the marked pad

to the substrate so that the open via position can be revealed.

This limitation of the voltage contrast sensitivity does
not hold for via chains. Such chains are fully isclated
from the silicon substrate. Figure 7 shows the initial FIB
image of part of such a chain. All Al shows initially a
brighter contrast than the dielectrics. This is actually
only a transient effect. Due to the charge build-up also

the Al will become dark after a few image scans. Sub-
sequently a probe pad which is connected to the start
(or end) of the chain is contacted to the substrate. This
is done by milling a small hole through the pad into the
substrate. Generally the redeposited material will al-
ready result in a sufficient contact between the pad and
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the substrate. To ensure better contact the hole can
also be filled with some Pt deposition. Due to this
connection the pad becomes bright and also the Al line
and the chain until the open contact will now show a
bright contrast (Fig. 7b). Cross-section imaging can
then be done at the position of the open contact (Fig.
8). The bright line at the bottom of the open viaindicates
the presence of an isolating material between the W
filling and the lower metal. Most probably this is due to
a too undeep etching of the via.

The use of a low charge dose during the localization of
the failure site is essential. A too high charge can result
in a discharge during the FIB imaging of the charge
build-up on the floating metal so that the original failure
cause is destroyed (Figure 9). This risk is particularly
high for single vias connected to large Al areas. In such
cases the discharge often occurs during the milling of
the crater for the cross-section imaging for which a
rather high beam current must be used. Therefore the
connection to the substrate through neighboring metal
tracks or by ex-situ deposition of a conductive gold
layer should be considered before milling the crater.

Depending on the nature of the bad contact, a too high
current during the localization can result in leakage
through the failure site so that the voltage contrast is
lost. Therefore moderately bad contacts are generally
difficult to reveal.

It should also be remarked that once a cross-section is
made the voltage contrastis generally lost (see e.g. Fig.
6¢). This is due to the redeposition of the sputtered
material between the small Al lines so that a conductive
path to the substrate is formed.

Fig. 8:

Higher magnification (a) of the position of
the open contact in the via chain shown in
fig. 7, and (b) cross-section image through
the open via revealing the presence of an
isolating material at the bottom of the via.

Fig. 9:  FIB cross-section image through M1-M2 Kelvin structures in which the vias are open due to too undeep
etching: (a) the upper metal was contacted to the substrate prior to the preparation of the cross-section,
the cause of the open is clearly seen; (b) the upper metal was not contacted resulting in a discharge of
the charge build-up on the large M2 plate during the milling of the cross-section so that the real cause of

the open is destroyed.
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Fig. 10

FIB cross-section image (a) through a two metal metalllisation structure which was heated to 575°C and

(b) Al, Ti and Si Auger mappings of the area marked in (a).

3.4 Chemical analysis by Auger spectroscopy

Chemical analysis at the failure sites is often required
to fully understand the nature of the defect. This is
possible in-situ if a secondary ion mass spectrometer
(SIMS) is available or by energy dispersive X-ray spec-
troscopy (EDX) in dual-beam FIB systems (i.e. combin-
ing a FIB and a SEM column). Ex-situ analysis is
possible by e.g. Auger electron spectroscopy.

Fig. 10 shows Auger mappings of Al, Tiand Sion a FIB
cross-section through an Al interconnect structure
which was heated to 575°C for 30 min /15/. The forma-
tion of Al-Ti-Si inclusions in the Al and the diffusion of
the Al in the dielectric layer can be seen.

4. Conclusions

The focused ion beam technigue has a wide range of
applications for failure analysis studies of electronic
devices. Except of the discussed topics other possible
applications are, e.g., local depassivation for e-beam
testing, deposition of probe pads for electrical testing,
or investigation of electromigration test structures /16/.
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Abstract: Since the invention of the Scanning Tunneling Microscope (STM), a number of related surface probing techniques have been developed,
capable of resolving single atoms or molecules at a free surface. In particular, the Atomic Force Microscopy (AFM) is well recognized as a
promising tool for observing nanometer-scale structures of non-conductive surfaces, soft matter objects like single organic molecules, polymers,
biological tissues, etc. Basic principles of operation of various Surface Probe Microscopy techniques application in various fields are discussed.
Application of AFM Force Spectroscopy on polymer-coated surfaces is described.

Mikroskopija na atomsko silo

Klju¢ne besede: STM mikroskopija skanirna tunelna, sila atomska, AFM mikroskopija sile atomske, spektroskopija sile, AFM spektroskopija,
topografija povrsine, SPM mikroskopija s sondo skanirmo, EFM mikroskopi s silo elektriéno, MFM mikroskopi s silo magnetno, SNOM mikroskopi
skanirni optiéni s poljem bliznjim, PWB plo$¢e oziCenja tiskane

Izvlecek: V letih po odkritju vrsticnega tunelskega mikroskopa (Scanning Tunneling Microscope, STM) je bilo razvitih veliko podobnih tehnik
mikroskopiranja povrsine, katerih logljivost je velikostnega reda dimenzij posameznega atoma ali molekule. Med njimi posebno mesto zavzema
mikroskop na atomsko silo (Atomic Force Microscope, AFM), ki je zaradi enostavnosti delovanja in visoke locljivosti postal nepogresljivo orodje
pri analizi topografije neprevodnih povrsin, mehke snovi, polimerov in biolodkih snovi. V ¢lanku bom opisal osnove delovanja STM in AFM, njuno
uporabo na razliénih raziskovalnih podrogjih in $e posebej predstavil spekiroskopijo sile na polimernih povréinah.

1. Introduction 2. Principles of operation of surface

The Atomic Force Microscope (AFM), as first described probe microscopes

by Binnig et al. /1/in 1986, is by now a well established The principle of operation of a Surface Probe Micro-
tool for the studies of surface topography and surface scope (SPM) is simple: a small (i.e. submicron) probe
forces in a variety of condensed matter systems, such is scanned across the surface and is held in close
as solid crystals, polymers, biological systems, molecu- proximity to the surface by a feedback-loop electronics,
lar crystals, etc. The principle of operation of an AFM as shown in Fig. 1. The close proximity between the
/2] is based upon the measurement of the attractive or probe andthe surface is sensed by a specific interaction
repulsive forces between the nanometer-sharpened tip between the probe and the surface. Regarding to the
and the substrate. This allows for the observation of type of this interaction, the class of SPM devices can be
either (i) the surface topography, or (i) the distance- divided as follows:

dependence of the forces between the tip and the (i) Scanning Tunneling Microscope (STM). In this
surface. In combination with different materials for the instrument, an electron tunneling current is meas-
surface-sensing tip (metal, isolator, ferromagnet, etc.) ured between a very sharp metallic tip with a
one can test and observe a wide variety of interfacial radius of curvature of less than 10 nm and a
forces acting between the tip and the substrate and can metallic surface. When the separation between the
therefore extract a qualitatively different information on metallic tip and a conductive surface is less than
the surface structure. These two basic modes of Opera- 1nm, a quantum electron tunne“ng current ap-
tion of an AFM can be used in very different environ- pears across the gap. As the tunne[ing current
ments, as we can perform the AFM experiments at increases exponentially with decreasing separa-
ambient conditions, in vacuum and even in the pres- tion, one can position the tip very accurately. As a
ence of liquids. This makes an AFM a powerful experi- consequence of the exponential dependence of
mental tool for very different fields of surface science. the tunneling current, the electrons are tunneling
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to the surface via the orbital of the atom, that is
closest to the surface. This results in extremely
high lateral resolution of an STM, which can rou-
tinely image single atoms or molecules. The dis-
advantage of an STM is the inability to image
non-conductive surfaces.
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Fig.1. In an SPM, a small probe is scanned across
the surface and is held in the close proximity
to the surface. The distance between the
probe and the surface is sensed and this
information is sent to the feedback
electronics. A piezoelectric scanner is used
to position the sample, and the electronics
adjusts in real time the vertical position of
the sample, as the probe is scanned across
the surface. The positioning signal is
recorded as a function of the lateral position
of the sample and this is a record of the
sample topography in a single scanning line.

(i) Atomic Force Microscope (AFM). In this instru-
ment, the forces between a sharp tip and a surface
are monitored as a function of the separation
between a tip and a surface /3/. The AFM can
therefore be used to image both conductive and
non-conductive surfaces. Atlarge separations, the
force is zero. By approaching, we always reach a
regime of some attractive (i.e. van der Waals) or
repulsive (i.e. electrostatic) forces on the tip. The
tip is mounted on a flexible micro-cantilever (see
Fig. 2), and the bending of the cantilever is moni-
tored by means of a deflection of a focused laser
light (see Fig. 3). The force on the tip is calculated
from the deflection of the cantilever, once we know
the elastic constant of the cantilever. By further
approaching the surface, a repulsive regime is
reached, where the tip is in “hard contact” with the
surface and Pauli exclusion principle gives rise to
strong repulsion. The AFM can operate in two
regimes; contact and non-contact. In the contact
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Fig. 2. AFMtip is mounted to a flexible cantilever

(courtesy Park Scientific Instruments). The
curvature radijus of the tip is 10-20 nm
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Fig. 3.  The bending of the AFM cantilever is

monitored via the deflection of a focused
laser beam. A four-quadrant photodiode can
monitor the deflection of the cantilever with
an atomic resolution.

regime, the tip is in hard contact with the surface.
The resolution of the AFM is in this case very high,
although somewhat lower than in STM and one
can routinely image flat surfaces with an atomic
resolution (see Fig.4.). The non-contact regime is
more suitable for soft surfaces. Here, the forces on
the surface are smaller, but also the resolution is
lower.

Electric and Magnetic Force Microscope (EFM
and MFM). In this version of the AFM, the tip is
made or coated either by conductive (i.e. highly
doped Si) or ferromagnetic (Fe, Co) material. In
the EFM, the voltage is applied to the conductive
tip and one can measure the electrostatic forces
due to charges on the surface. This particular
technigue is very suitable in the studies of fer-
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Atomic resolution of an AFM on a freshly
cleaved surface of NbSez. Dimensions of the
image are 4.5nm x 4.5nm. One can clearly
see Se atoms. The image has not been
filtered or modified graphically.

Fig. 4.

roelectric and piezoelectric materials and one can
image ferroelectric and piezoelectric properties of
these surfaces with submicron resolution. The
technique can also be used in testing electrical
connections in microelectronic circuits. In the
MFM, magnetic forces are measured between the
ferromagnetic tip and the magnetic surface. The
technique allows for submicron detection of ferro-
magnetic domains. We should also mention the
Magnetic Resonance Force Microscope (MRFM)
/4/ which was developed with the aim to spatially
resolve chemical constitution of the surface. Here,
the magnetic force is mediated by nuclear mag-
netization of specific nuclei, which is induced by
NMR technique.

(iv)Scanning Near-Field Optical Microscope
(SNOM) /5/. Here, a very sharp tip of an optical
fiber is scanned at a close proximity to the surface.
Optical signal from a transparent sample is col-
lected by some mechanism, as for example near
total internal reflection at a surface of the sample.
One can therefore monitor variations of the dielec-
tric constant of the surface with submicron resolu-
tion.

Whereas the mechanism of surface detection is differ-
ent for the above mentioned microscopes, all of them
reconstruct the image of the surface from data coliected
during regular scanning of the probe above the sur-
faces underimaging. Usually, the probe transverses the
sample in a “zigzag” fashion, and the data are collected
at regular time intervals. The scan rate (i.e. the inverse
time for a single scan) can vary from 1 s to 1/100 of a
second in commercial microscopes. In some cases,
real-time imaging can be performed with a rate of

several frames per second. The number of points, col-
lected during a single scan is typically 512, so that an
image can be taken typically in a time of one to several
minutes.

3. Force spectroscopy in colloidal
systems

Whereas imaging of surfaces is of prime importance for
the monitoring of surface quality and topography, an
Atomic Force Microscope is a powerful tool for meas-
uring forces between surfaces in the presence of lig-
uids. As an example, | shall here describe the
application of AFM force spectroscopy to the forces in
colloidal systems and to the study of mechanism of
deposition of nano and microparticles from colloidal
solution to the polymer surface. The technological
problem is the production of conductive layers on
printed wiring board (PWB) laminates, which are used
during the through-hole metallization process in printed
wiring board (PWB) laminates. The primary conductive
coatings are usually chemically deposited and result in
substantial production of hazardous waste. Water-
based deposition of conductive coatings formed by
densely packed mesoscopic particles of carbon black
or graphite onto printed wiring board (PWB) laminates
is a promising candidate for environment-friendly tech-
nology of PWB mass production /6,7/. There are two
competing physical mechanism that have to be control-
led in the process of deposition: (i) On one hand, the
water dispersion of mesoscopic conductive particles
has to be stable. For this purpose, surfactants are used,
which adsorb onto the surfaces of particles. Due to
dissociation, these surfactants become charged in
aqueous solution and the resulting electrostatic repul-
sive forces between equally charged surfaces leads to
stabilization of dispersion against van der Waals attrac-
tion. (i) On the other hand, the electrostatic properties
of particles in dispersion have to be near the point
where the particles can approach the polymer surface
to a certain minimum distance, so that coagulation and
adsorption onto a surface can occur. This point is

Fig. 5.

For the study of colloidal forces, glass
microspheres are attached on the AFM
cantilever. The surface of the glass spheres
can be coated or chemically modified.
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The forces between gelatin-coated 15 um
glass sphere mica surface in pure water.

(A} When full approach of the two surfaces is
performed, one can observe electrostatic
attractive double-layer force.

(B) In the “fly fishing mode”, approach of the
two surfaces is stopped at a separation of
50-100 nm. When retracting, one can
observe irregular, saw-tooth-like molecular
bridging force between the two surfaces,
mediated by the gelatin molecules.

controlled by the appropriate addition of a salt (i.e.
charged ions), which screens the electric field of the
surfaces and allows particles to approach to shorter
distances during their Brownian motion.

In the studies of forces in colloidal systems, the forces
to the AFM tip are far too small o be measured very
accurately. For this purpose, a microsphere made of
glass or some other material is attached onto the can-
tilever (see Fig. 5) and the forces on this microscopic
object are measured as a function of separation be-
tween the sphere and the surface. Fig. 6. shows the
force between a 15 um soda-lime glass sphere, at-
tached to a AFM tip and a freshly cleaved mica surface
in the presence of pure water. The force is electrostatic
repulsive and decays exponentially with increasing
separation. The surfaces of glass and mica are both
negatively charged in pure water and the correspond-
ing electrostatic force is repulsive. In the next step, a
thin layer of gelatin was adsorbed onto the glass
sphere. The interaction forces between a freshly
cleaved mica surface and gelatin-coated sphere in pure.
water are shown in Fig. 7. Here, the so-called “fly fishing
mode” approach of the sphere was applied, where the
approaching was stopped at a given separation to the
surface and the AFM probe was then retracted. Al-
though the two surfaces obviously did not come into a
hard contact, there is some small attractive force be-
tween the two surfaces, when the sphere is moved
away. This force is interpreted as a molecular bridging
force, mediated by the gelatin macromolecules. The
gelatin layer onthe glass surface is “hairy” and expands
with randomly coiled loops and tails deep into water.
When this “hairy” interface is brought into a certain
minimum distance from the bare mica surface, gelatin
molecules are adhered to the mica surface and create
molecular bridges between a sphere and a surface.
These bridges are observed upon retracting the sphere
from the surface, as they are irreversibly broken by the
external pulling force and the heat is dissipated at the
interface. In spite of relative weakness of this molecular
bridging force, the range of the force is as large as
several hundreds of nanometers, and a binding energy
for a micrometer sphere is several thousands of kgT.

This simple example clearly shows the power of force
spectroscopy in colloidal systems. In my opinion, many
interesting applications of force spectroscopy will be
developed in near future. In particular, molecular-spe-
cific interaction and molecular recognition on the basis
of force spectroscopy will play a very important role in
biosensors and molecular-specific devices /8/.

4. Conclusions

[t is not easy to give any conclusions in the field, which
is so rapidly developing, as the SPM community over
the pastten years. However, itis more or less clear, that
several important fields are emerging, that would play
substantial role in tomorrow high technology: (i) SPM
methods in micro and nancelectronics will play the role
of abasic tool for testing and controlling the technologi-
cal parameters. (i) piconewton and sub-piconewton
force-oriented devices and sensors will play an impor-
tant role in molecular recognition, detection and imag-
ing. (iiiy SPM oriented devices and methods will play an
important role in nanotechnology. Molecular structures



I. Musevi¢: Atomic Force Microscopy

Informacije MIDEM 30(2000)4, str. 223-227

will be tailored, produced and analyzed with sub-
nanometer precision. (iv) SPM based nanodevices for
high density information storage will be developed. For
more specific information, the reader is advised to visit:
http://www.di.com/;

http://www.nanonics.co.il/fs _products.html;
http://www.pacificscanning.com/;
http://www.molec.com/.

5. ACKNOWLEDGMENT

The author would like to thank M. Kocevar, M. Bele and
S. Pejovnik for their substantial contribution to the pro-
gram of the AFM Force Spectroscopy at the “J. Stefan”
Institute over the past several years.

References:
/1] G.Binnig, C.F.Quate, C.Gerber, Phys.Rev.Lett. 56, 930(1986).

/2/ T.Thundat, R.J.Warmack, G.Y.Chen, and D.P.Allison,
Appl.Phys.Lett. 64, 2894(1994).

/3/ M.Radmacher, J.P.Cleveland, P.K.Hansma, Scanning 17,
117(1995)

/4/ J.ASidles, J.L.Garbini, K.J.Bruland, D.Rugar, O.Zueger,
S.Hoen, C.S.Yannoni, Rev.Mod.Phys 67, 249(1995).

/5/ R.Wiesendanger, Ed., Scanning Probe Microscopy, Springer,
1998.

/6/ J.O.Besenhard, O. Clau3en, H.P. Gausmann, H. Meyer, GER
Patent No. 41 41 416, 1991;
J. O. Besenhard, H. Meyer, H. P. Gausman and H. Mahlkow,
GER Patent No. 41 41 744, 1991, and US Patent 5 705 219,
1998.

/7/ M.Bele, S. Pejovnik, J. O. Besenhard, V. Ribitsch, Colioid.
Surf. A143, (1998);
M.Bele, S. Pejovnik, J. Mater. Sci. Lett. 18,1941(1999).

/8/ J.Fritz, MKBaller, H.P.Lang, H.Rothuizen, P.Vettiger,
E.Meyer, H.-J.Guentherodt, Ch.Gerber, J.K. Gimzewski,
Science 288, 316(2000).

I.Musevic

Faculty of mathematics and physics,
University of Ljubljana,

Jadranska 19,

Ljubljana, Slovenia

and

J.Stefan Institute,

Jamova 39,

Ljubljana, Slovenia
igor.musevic@ijs.si

Prispelo (Arrived): 1.10.2000 Sprejeto (Accepted): 25.11.2000

227



Informacije MIDEM 30(2000)4,Ljubljana UDK621.3:(53+54+621+66), ISSN0352-9045

THE APPLICATION OF ELECTRON MICROSCOPY
METHODS IN THE STUDY OF INVERSION BOUNDARIES
IN ZnO-BASED VARISTORS

Nina Daneu, Aleksander Rec¢nik and Slavko Bernik
Jozef Stefan Institute, Ljubljana, Slovenia

TUTORIAL INVITED PAPER
MIDEM 2000 CONFERENCE - Workshop on ANALYTICAL METHODS IN
MICROELECTRONICS AND ELECTRONIC MATERIALS
18.10.00- 20.10.00, Postojna, Slovenia

Keywords: ZnO varistors, Zinc Oxide varistors, ZnO ceramics, Zinc Oxide ceramics, IBs, Inversion Boundaries, electron microscopy methods,
electronic microscopy, crystallography, SEM, Scanning Electron Microscopy, CTEM, Conventional Transmission Electron Microscopy, CBED,
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Abstract: inversion boundaries in ZnO-based varistor ceramics were studied by various electron microscopy techniques. Scanning electron
microscopy observations disclose a flat internal boundary in every ZnO grain. Etched cross-sections reveal the inversion of crystal domains over
the fault plane. Microdiffraction experiments using a conventional transmission electron microscope proved that the faults are inversion
boundaries, lying in basal planes of the hexagonal ZnO structure. The local structure was assessed by high-resolution transmission electron
microscopy and chemistry of the fault was interrogated by energy dispersive spectroscopy. Regardless the type of the dopant (Sb, Sn, Ti, In, Fe,
Ga, etc.) inversion boundaries possess a local cubic structure comprising a mixed close-packed cationic layer of octahedral coordination.

Uporaba metod elektronske mikroskopije za studij
inverznih mej v varistorski keramiki na osnovi ZnO

Klju¢ne besede: ZnO varistorji cink oksidni, ZnO keramika cink oksidna, IBs meje inverzne, metode spektroskopije elektronske, mikroskopija
elektronska, kristalografija, SEM mikroskopija elektronska skanirna, CTEM mikroskopija elektronska konvencionalna, CBED difrakcija curka
elektronskega konvergentnega, HRTEM mikroskopija elektronska z lo&ljivostjo visoko, HAADF-STEM mikroskopija elektronska skanirna s poljem
temnim obrocastim kota velikega, Z-kontrast upodabljanje, EDS spektroskopija z energijo razpréeno

Povzetek: Inverzne meje v varistorski keramiki na osnovi ZnO smo preiskovali z razlicnimi metodami elektronske mikroskopije. Opazovanje
mikrostrukture na vrsti¢nem elektronskem mikroskopu pokaze ravno mejo vvsakem zrnu ZnO. Na inverzijo kristalnih domen preko ravnine defekta
kaze Ze jedkana povrsina mikrostrukture. Z mikrodifrakcijskimi eksperimenti na konvencionalnem transmisijskem elektronskem mikroskopu smo
dokazali, da so te napake inverzne meje in da leZijo v bazalnih ravninah heksagonalnega ZnO. Lokalno strukturo napak smo preiskali z
visokolodljivostno transmisijsko elektronsko mikroskopijo, njihovo kemijsko sestavo pa smo analizirali z energijsko disperzijsko spektroskopijo.
Ne glede na vrsto dopanta (Sb, Sn, Ti, In, Fe, Ga,) imajo inverzne meje lokalno kubiéno strukturo, ki se sestoji iz oktaederske plasti kationov.

of small amounts of Sb203 are fine-grained and the final
grain size gets even smaller with increasing addition of
Sbho03/10/. Therefore, SboO3 is reported as an inhibitor
of ZnO grain growth /11/. On the contrary, the addition
of TiO2to ZnO ceramics results in a large final grain size
and is typically added when coarse-grained microstruc-
ture is required. TiOz is believed to be a grain growth

1 Introduction

Inversion boundaries (IBs) play an important role in
microstructure development /1/, as well as they are
believed to affect the electrical properties /2/ of ZnO-
based varistor ceramics. Inversion boundaries develop
in ZnO grains only when ZnO is doped with specific

metal oxides such as SnOg2 /1/, Sb203 /3-5/, TiO2 /6/,
Ino0s 7/, Fex0s /8/, Gaz03 /9/, among others. The
addition of SnO2 to ZnO significantly influences the
grain growth via the inversion boundary induced grain
growth mechanism/1/. ZnO grains with IBs startto grow
anisotropically along the direction of the fault plane until
they collide. With the increasing amount of SnO2 more
Zn0O grains initially contain IBs and the final grain size
gets smaller. The most extensively studied system that
exhibits IBs Is certainly Sb203 doped ZnO because
Sb203 is an essential dopant of varistor ceramics when
fine-grained microstructure is required. It is believed
that Sbo0O3 influences the grain growth through the
formation of secondary spinel grains and IBs inthe ZnO
grains. Final microstructures, obtained with the addition
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promoter /12/. Because of their influence to the final
microstructure Sb203 is used in high-voltage, while
TiOg is added for low-voltage varistor applications.

To understand the influence of these planar faults to
ZnO grain growth we have to understand their nuclea-
tion mechanism and therefore the knowledge about
their exact structural and chemical characterisation is
required. In order to determine the local structure and
chemistry of planar fault one should employ appropri-
ate methods which enable its direct observation. To
assess the information from sub-nanometer regions of
the specimen we have to produce probes of that order
of magnitude. Here electron microscopy provides a
unique capability to retrieve a local structural informa-
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tion that can not be recovered by statistical information
obtained with X-ray crystallography. Apart from struc-
tural information, electrons and their energy dissipation
products are bearing a valuable chemical information
of the local structure owing to a wide variety of elec-
tronic transitions. In this paper the identification of inver-
sion boundaries is given beginning with scanning
electron microscope observations down to the detailed
structural and chemical characterisation of these faults
with the methods of analytical and phase contrast trans-
mission electron microscopy.

2 Crystallography of inversion boundaries

ZnQ crystallises in hexagonal wurtzite structure, in
which the close-packed zinc and oxygen layers are
exchanging in a ...cABB... manner, where o and B are
zing, while A and B are oxygen atoms. Unit cell parame-
ters are a=0,3253 nm and ¢=0,5213 nm /13/. Another
parameter, typical for this structure is u, which is the
atomic shift between oxygen and zinc atomic layers and
amounts to 0.382 in hexagonal ZnO. Because of this,
the structure does not poses a centre of symmetry in
the direction of the c-axis, which is hence called the
polar axis of the structure. According to the direction of
the polar c-axis two basic types of planar faults can be
distinguished in hexagonal ZnQO: (a) stacking faults
...0A-fB | vC-BB..., where the direction of the polar axis
over the faultis preserved and (b) inversion boundaries,
where the direction of the polar axis is reversed across
the fault plane. IBs can be of two configurations, head-
to-head if the polar axes point toward the boundary or
tail-to-tail if they point away from the boundary.

Tis
Fig. 1:  Atomic structures of (a) stacking fault and
(b) head-to-head inversion boundary.

Qur recent studies of the crystallography of IBs in
Sb203 doped ZnO indicate that the stacking across the
fault plane is o A-PiB~ai A-BiB [Boct] Cyii—-BBi—Cyi-Bpi)
... while the transfation produced by such head-to-head
B is (1-2u)-[0001] + 1/3:[1010]. The IB plane itself
comprises a close-packed layer of cations located at
the octahedral interstices of this interface structure /14/.

The schematic drawings of basal plane stacking fault
and head-to-head inversion boundary are illustrated in
Figure 1.

3 Methods of investigation

Unlike the X-rays, lenses for electrons are readily made,
allowing to produce electronprobes down to 0.2 nm in
diameter. There are several reasons why electrons are
more convenient as a probe for the studies of local
structures in solids. They are strongly scattered by
sclids, allowing scattering and imaging experiments to
be performed with a high information level. In general,
structural information is obtained from elastically scat-
tered electrons, whereas the information about the
chemistry of the specimen is recovered from inelasti-
cally scattered electrons and electron decay products.
In past few decades numerous methods exploiting
different properties of electrons were developed, allow-
ing the local structures of crystal defects to be studied.

The information about the structural and compositional
properties of planar faults can be obtained employing
a high-resolution transmission electron microscopy
(HRTEM) combined with the energy dispersive X-ray
spectroscopy (EDS) in the vicinity of the interface.
Quantification of HRTEM and EDS data results in a
detailed information about the orientation of the host
crystal blocks, atomic-column positions along the inter-
face in the selected projections, rough atomic-column
displacements, chemical composition of the fault plane,
and in some favourable cases also the oxidation state
of the investigated atoms. It is important to note that
non-periodic structural features, like point defects, hap-
pen to be beyond the capabilities of this approach.

3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is the most widely used
tool for general microstructural characterisation of the
samples. Depending on the detected electron signals,
either topographic or chemical information can be ob-
tained. Typically, for the grain size and morphology
observations, the samples are etched thermally or
chemically. Chemical etching with dilute hydrochloric
acid results in dissolving of the intergranular material
and therefore ZnO grains are easily observed. Addition-
ally we observe that ZnO grains are etched differently
depending on crystallographic orientation of the ex-
posed surface. This phenomenon is characteristic also
for other compounds having sphalerite or wurtzite
structure /15/. Consequently planar faults, such as IBs
become clearly visible after chemical etching. Another
interesting feature produced by etching are the charac-
teristic triangular etch pits on the surfaces of the ZnO
grains. These etch-pits are always oriented in one di-
rection in a single crystal domain. In ZnQ grains contain
planar faults the etch-figures always point towards the
fault plane, and over the fault their orientation is re-
versed (Figure 2). These observations provide an indi-
cation, that the crystal orientation is reversed over the
boundary, however the exact crystallographic plane of
the fault can be assessed by a detailed investigations
using transmission electron microscopy.
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Fig. 2:
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SEM image of ZnO ceramics, doped with
0.1 mol% Sb203 and sintered at 1200°C for
16 hours. IBs intersecting ZnO grains are
clearly visible. Triangular etch-pits in ZnO
grains always point in the same direction
within one crystal domain. In the grains with
planar faults etch-pits always point towards
the boundary, while over the fault their
orientation is reversed, indicating the
reversal of the polar c-axis.

(a) TEM image of a ZnO grain in the [1120]
orientation, shows that the fault lies in the
basal planes of the ZnQ structure. Above are
the (b) experimental and (c) simulated
CBED patterns for the upper ZnO crystal
domain while in the lower domain the
pattern is mirrored (not shown here)
indicating a head-to-head configuration of

the inversion boundary.

3.2 Conventional transmission electron
microscopy (CTEM)

Conventional transmission electron microscopy is the
next step for identification and characterisation of the
observed planar faults. TEM image in Figure 3 shows a
planar fault intersecting the ZnQO grain in the middle.
According to the diffraction pattern, the fault lies in the
basal planes of ZnO crystal. To determine the absolute
orientation of the c-axis on both sides of the boundary
we used a direct method, proposed by Mader and
Recnik /16/. Owing to non-centrosymmetric crystal
structure, the scattering factors for g and -g reflections
are different. The difference can be observed in a con-
vergent beam electron diffraction (CBED) pattern, ob-
tained with as small condenser aperture, that the
diffraction disks do not overlap. Microdiffraction pat-
terns on both sides of the boundary suggest a reversal
of the polar c-axes. The absolute orientation of the
crystal domains can be determined by matching the
experimental microdiffraction patterns to calculated
CBED patterns /17/ for a thin crystal regime.

3.3 High-resolution transmission electron
microscopy (HRTEM)

In high-resolution transmission electron microscopy
there are some instrumental and crystallographic limi-
tations that have to be taken into account when choos-
ing the appropriate zone axis for observation. The main
obstacle is the resolution limit of the microscope and
only in a few low-index crystallographic projections the
fault can be aligned parallel to the electron beam. To
study the basal plane IBs in ZnO this reduces the
possibilities to {1120] and [1010] projections with a
required resolution of 0.2817 nm in first and 0.1627 nm
in the second instance. To cobtain a 3D information
about the local structure of the fault, and moreover to
acquire the information on the atomic arrangement in
the IB plane, lattice images in both projections were
recorded under different defocusing conditions. Lattice
images of IBs in Sb203 doped samples in the {1120]
and [1010] projections have revealed the presence of
heavy atoms in the boundary plane obeying an ...AB-
BABB... linear repeating sequence /14/. The transla-
tional state and coordination of the boundary plane
could also be deduced from experimental HRTEM im-
ages. A lateral expansion of the IB observed in the
lattice images allowed to differentiate this fault from
stacking faults which are also abundant in ZnO /14/.

Our studies of IBs produced by doping ZnO with SnO2
and In20g resulted in similar translation state across the
fault plane and identical crystallography as determined
for Sb203 doped samples. The only obvious difference
was the linear repeating sequence in the boundary
plane when viewed along the [1010] projection, which
indicates that the distribution of dopant ions in the
boundary plane is different for Sb203, SnO2 and In20a3.
While the linear repeating sequence for Sb-rich 1B was
...ABBABB... /14/ this was in the case of Sn-rich IB
.AABBAABB... /16/ and ..AAA... /17/ for In-rich IB.
Figure 4 shows typical lattice images of IBs viewed
along the [1010] projection in SnO2 and Sb203 doped
ZnO. HRTEM results for different IBs show that the
atomic arrangement of the 1B octahedral plane and the
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Fig. 4:

(b)

HRTEM images of IBs in (a) SnO2 doped ZnO and (b) Sb203 doped ZnQ in [70?0] projection; note the

periodicity of ...AABBAABB... and ...ABBABB... respectively.

amount of the dopant atoms mainly depend on the
oxidation state of the dopant element. Therefore, to
establish the content of the dopantin the fault plane one
must obtain analytical information from IB.

3.4 Z-contrast scanning transmission
electron microscopy (HAADF-STEM)

The correlation between the atomic structure and
chemistry of solids became available by the atomic
resolution high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), known
as Z-contrast. The Z-contrast imaging can be per-
formed using a field emission gun electron micro-scope
equipped with a high-angle annular detector. HAADF-
STEM in principle provides incoherent images that can
be directly inverted to the object. While this is generally
applicable for perfect crystal structures, image simula-
tions are necessary for a quantitative elemental analysis
/18/. To obtain the information on the local atomic
arrangement in the IB octahedral plane we employed
Z-contrast imaging of IBs in the [1010] zone axis. In the
case of Sb-rich IBs we observed similar linear peri-
odicity as from HRTEM images /19/. The intense white
dots in the boundary plane produced by pure Sb col-
umns are in the Z-contrast images separated by two
dots of lower intensity, implying a boundary composi-
tion of SbZna.

3.5 Chemical analysis with energy dispersive
spectroscopy (EDS)

HRTEM anc Z-contrast imaging of IBs, formed with
different dopants showed, that (a) inversion boundaries
are single layers within the inverted ZnO crystal do-
mains and (b) the phase contrast of different IBs is
different. These observations indicate that IBs, formed
with different dopants have different chemical compo-
sition and local structure. To quantitatively determine
the chemical composition of different types of IBs one
should employ energy dispersive spectroscopy (EDS),
however, because of the very low dopant content (less

than one monolayer) in the IB plane an appropriate
method of exact dopant content in the boundary must
be used. A single EDS analysis shows qualitatively that
inversion boundaries formed with different dopants,
contain only the IB forming element. To quantitatively
determine the dopant level on IBs we used a method
where dopant content in a boundary is estimated from
a series of EDS analyses using different beam diame-
ters. A series of EDS analyses on the IB plane with
different beam diameters is performed, where the cen-
tre of the beam must be kept exactly the same in all
measurements. From the dependency of the measured
intensity ratio between the Zn-K, line and a charac-
teristic dopant line vs. the beam diameter, the integral
amount of the dopant in the boundary layer can be
calculated, assuming a straight boundary plane within
a cylindrical volume of analysis /14/. Using this method
we determined about 1/3 of a monolayer of Sb, 1/2 of
a monolayer of Sn, and one full monolayer of In on
inversion boundaries in ZnO doped with Sbo03, SnO»
and In20g, respectively.

4 Summary

We have shown that a combination of various imaging
and analytical techniques using scanning and trans-
mission electron microscopy provides a powerful tool
to study inversion boundaries in ZnO. The first evidence
for the presence of inversion boundaries was given in
SEM by observation of triangular etch-pits on both sides
of planar faults intersecting the ZnO grains. The mi-
crodiffraction method performed in a CTEM on both
sides of the boundary confirmed this presumption. To
study the local structure and chemistry of iBs we used
atomic resolution microscopy techniques. The struc-
tural information was obtained by studying the fault of
interest in different zone axes by phase contrast
HRTEM. The interpretation of experimental images is
possible by the comparison with simulated ones. On
the other hand the images obtained with HAADF-STEM
method are incoherent and can be directly inverted to
the object, which makes this technique a very promis-
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ing tool for the studies where we need to correlate
structure and chemistry of the fault. The combination of
imaging methods combined with Z-contrast and EDS
analysis of IBs showed, that different dopants form [Bs
with different local structure and chemistry.
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KONFERENCA MIDEM 2000 - POROCILO
MIDEM 2000 CONFERENCE REPORT

36t" INTERNATIONAL CONFERENCE ON MICROELECTRONICS, DEVICES
AND MATERIALS WITH THE WORKSHOP ON ANALYTICAL METHODS IN
MICROELECTRONICS AND ELECTRONIC MATERIALS

The 36! International Conference on Microelectronics,
Devices and Materials MIDEM 2000 was organised by
MIDEM - The Society for Microelectronic, Electronic
Components and Materials. The conference took place
from 18 to 20 October 2000 at the Hotel Jama in
Postojna. Conference sponsors were the Ministry of
Science and Technology, Republic of Slovenia, Iskra
Emeco, Kranj, Jozef Stefan Institute, Ljubljana, the Fac-
ulty of Electrical Engineering, University of Ljubljana,
IMAPS, Slovenian Section and |EEE, Slovenian Sec-
tion. The conference continued the tradition of the
annual international conferences organised by the
MIDEM Society. These conferences have always at-
tracted a large number of Slovene and foreign experts
working in these fields. The Conference was opened by
short welcoming addresses from the conference chair-
man Dr. Marko Hrovat, Jozef Stefan Institute and Prof.
Dr. Anton Jegli¢, State Secretary for Science of the
Ministry of Science and Technology of Slovenia.

The topics covered by the conference were quite di-
verse. 51 papers were presented in six sessions over
three days: Integrated Circuits; Sensors; Thick Films;
Optoelectronics; Ceramics, Metals and Composites;
and Device Physics and Modelling. Sessions on Inte-
grated Circuits and Thick Films were ntroduced by a
distinguished invited speakers giving an overview pres-
entation on related fields. The following invited papers
were presented:

* G. Pignatel, University of Trento, Italy
“Recent Developments in Silicon Radiation
Detectors at IRST”

¢ P. Mach, Czech Technical University in Prague
“Diagnostics of Nonlinearity of Current vs. Voltage
Characteristics - Theory and Application®

Since 1998, workshops dedicated to each year's se-
lected special topic have been added to the pro-
gramme of the MIDEM Conferences. In the framework
of the workshop, four to six invited speakers presentthe
chosen topics from different points of view, thus offering
the audience a variety of valuable information. Time for
thorough discussions is provided between the invited
presentations, and the Conference attendees are en-
couraged to present their research results in the Con-
ference session dealing with the same topic. During
MIDEM’2000, the Workshop on Analytical Methods in
Microelectronics and Electronic Materials was organ-
ized by Ceramics Dept., Jozef Stefan Institute. Selected
topics associated with advanced analytical methods

like AFM, SEM, TEM, EDX, AES, ESCA, XPS etc. were
presented, covering the basic physical principles, as
well as actual and possible applications of these meth-
ods in microelectronics and in the analysis of electronic
materials. In the framework of the workshop six invited
speaker presented the chosen topic from different as-
pects, thus offering the audience valuable information.
Time for extended discussion was provided between
invited presentations. The following invited papers were
presented;

* | MuSevi¢, Jozef Stefan Institute, Ljubljana
“Atomic Force Microscopy”

* A Zalar, ITPO, Ljubljana, Slovenia
“Materials Characterization by Auger Electron
Spectroscopy Sputter Depth Profiling”

* S. Bernik et.al., IJS, Ljubljana
“The Application of Electron Microscopy Methods
in the Study of Inversion Boundaries in ZnO
Varistors™

¢ H. Bender, IMEC, Belgium
“Application of Focused lon Beam for Failure
Analysis”

* J Hren, North Carolina State University, USA
“Characterisation of Dielectrics on the "Tip of
Needles”

* H. P. Karnthaler, University of Vienna, Austria
“High TEM Analysis of Atomic Structures of
Metals, Alloys and Ceramic Materials”

Some statistical data:

— Number of participants: total 64, 12 from abroad

— Number of papers published in the Proceedings:
total 51, 11 from abroad

- Participant countries: Slovenia, ltaly, Austria, Ger-
many, Czech Republic, Belgium, USA and Croatia

— The Conference Proceedings were published prior
to the Conference and contain 336 pages.

Ljubljana, Nov. 2000 Marko Hrovat

233



Inormacije MIDEM 30(2000)4, Ljubljana

KONFERENCA MIDEM 2000
SEZNAM UDELEZENCEV

LIST OF PARTICIPANTS

MIDEM 2000

NAME COMPANY - INSTITUTION ADDRESS P.CODE CITY
1IALJANCIC UROS FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
2|AMON SLAVKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
3/ARCON IZTOK POLITEHNIKA NOVA GORICA VIPAVSKA 13 5001 NOVA GORICA| SLO
4]AUSSERLECHNER UDO INFINEON TECHNOLOGIES SIEMENSTRASSE 2 9500  |VILLACH A
5|BELAVIC DARKO HIPOT-HYB TRUBARJEVA 7 8310 [SENTJERNEJ SLO
6/BENCAN ANDREJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
7|BENDER RUGO IMEC KAPELDREEF 79 LEUVEN B
8|BERNIK SLAVKO INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
9{BRECL KRISTIJAN FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
10]CAKARE LAILA INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
11|DRAZIC GORAN INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
SVEUCILISTE U RIJECI, FAKULTET ZA
12| GRADISNIK VERA TURISTICI | HOTELSKI MENADZMENT IKA, PRIMURSKA 42 51410 |OPATIJA CRO
13[HOMOLKA HEINZ TU-WIEN GIUSSHAUSSTRASSE 27-29 1040 [WIEN A
14/HREN JOHN NORTH CAROLINA STATE UNIVERSITY  |RALEIGH, NC27695 7907  |RALEIGH USA
15|HROVAT MARKQO INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
16| JANKOVEC MARKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
17[JAVORIC SASA INSTITUT JOZEF STEFAN JAMOVA 39 1000 |LJUBLJANA SLO
18|JEGLIC ANTON MINISTRY OF SIT OF THE RS TRG OF 13 1000 [LJUBLJANA SLO
19[KARNTHALER PETER UNIVERSITY OF WIENNA BOLTZMANNG. 5 1090 |WIENNA A
20{KEK DARJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
71 |[KLANJSEK-GUNDE MARTA _ |NATIONAL INSTITUTE OF CHEMISTRY HAJDRIHOVA 19 1000 [LJUBLJANA SLO
22|KOKALJ MATEJA MIDEM DUNAJSKA 10 1000 {LJUBLJANA SLO
23{KOLLE CHRISTIAN INFINEON TECHNOLOGIES SIEMENSTRASSE 2 9500 |VILLACH A
24|KOMAC MILOS MZT TRG OF 13 1000 [LJUBLJANA SLO
25{KOMELJ MATEJ INSTITUT JOZEF STEFAN JAMOVA 39 1000 {LJUBLJANA SLO
26[KOROSAK DEAN FAKULTETA ZA GRADBENISTVO SMETANOVA 17 1000 |LJUBLJANA SLO
271KOSEC MARIJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 JLJUBLJANA SLO
28/KRC JANEZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
29{LEVSTEK ANDREJ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
30|LIMPEL META MIDEM STEGNE 11 1521 [LJUBLJANA SLO
31|MACH PAVEL CHECK. TECH, UNIVERSITY TECHNICKA 2 16627 |PRAGUE CZE
32|MACEK MARIJAN FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
33|MACEK SRECKO INSTITUT JOZEF STEFAN JAMOVA 38 1000 [LJUBLJANA SLO
34|MALIC BARBARA INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
35|MOZETIC MIRAN ITPO TESLOVA 30 1000 |LJUBLJANA SLO
36|MOZEK MATEJ FAKULTETA ZA ELEKTROTERNIKO TRZASKA 25 1000  |LJUBLJANA SLO
37|MURKO DARJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 |LJUBLJANA SLO
38|MUSEVIC IGOR FAKULTETA ZA MATEMATIKO INFIZIKO  |[JADRANSKA 19 1000 |LJUBLJANA SLO
39{PAIRITCSH HERBERT INFINEON TECHNOLOGIES SIEMENSTRASSE 2 9500  [VILLACH A
40|PANJAN PETER INSTITUT JOZEF STEFAN JAMOVA 39 1000 |LJUBLJANA SLO
41|PELICON PRIMOZ INSTITUT JOZEF STEFAN JAMOVA 39 1000 |LJUBLJANA SLO
42|PEVEC ALBIN FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 JLJUBLJANA SLO
43|PIGNATEL GIORGIO UNIVERSITY OF TRENTO MESIANO 77 38050 |TRENTO }
44|PLETERSEK ANTON FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
45/POMPE IGOR TC SEMTO STEGNE 25 1000 |LJUBLJANA SLO
46!RAIC DUSAN FAKULTETA ZA ELEKTROTEHNIKO . TRZASKA 25 1000 TLJUBLJANA SLO
47|REICHMANN KLAUS TU-GRAZ STREMAYRG. 16/3 8010 |GRAZ A
48{RESNIK DRAGO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
49|ROCAK DUBRAVKA INSTITUT JOZEF STEFAN JAMOVA 39 1000 |LJUBLJANA SLO
50|SAMARDZIJA ZORAN INSTITUT JOZEF STEFAN JAMOVA 39 1000 [LJUBLJANA SLO
51| SANTO-ZARNIK MARINA HIPOT-HYB TRUBARJEVA 7 8310 |SENTJERNEJ SLO
INST. OF INDUSTRIAL ELECTRONICS &
52|SMETANA WALTER MATERIAL SCIENCE GURHAUSSTRASSE 27-29 1040  |WIEN A
53[STARASINIC SLAVKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
54| STRLE DRAGO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
55/SORLI IZTOK MIDEM DUNAJSKA 10 1000 [LJUBLJANA SLO
56/ STERN ANTON FAKULTETA ZA GRADBENISTVO TRZASKA 25 1000 [LJUBLJANA SLO
57| TASEVSKI MILAN SIPO-MZT KOTNIKOVA 6 1000 [LJUBLJANA SLO
58| TRONTELJ JANEZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
59| TRONTELJ JANEZ Jr. FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 [LJUBLJANA SLO
60| TROST ANDREJ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 {LJUBLJANA SLO
61]VRTACNIK DANILO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
62]VUKABINOVIC MISO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 |LJUBLJANA SLO
63|ZALAR ANTON ITPO TESLOVA 30 1000 |LJUBLJANA SLO
64|Z0ORKO SAMO ISKRA EMECO SAVSKA LOKA 4 4000  |KRANJ SLO
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ZOISOVA PRIZNANJA - ZOIS PRIZES

Docent dr. Marko Topi¢

ZOISOVO PRIZNANJE
za pomembne znanstvene dosezke na
podroé¢ju tankoplastnih polprevodniskih
struktur

Med &tirimi dobitniki Zoisovih priznanj za leto 2000 za
pomembne znanstvene dosezke na podrocju temeljnih
in aplikativnih znanosti je tudi docent dr. Marko Topi€,
univ. dipl. inz. el., ki je priznanje prejel za objave vec
studij in rezultatov svojega raziskovalnega dela na po-
drocju tankoplastnih polprevodnikov.

Docent Topié raziskuje tankoplastne polprevodnike, ki
imajo kot novejsi polprevodniski materiali pomembno
mesto v Stevilnih aplikacijah na podroéju tankoplastnih
tehnologij, a so hkrati zaradi izjemne zapletenosti
zgradbe Se vedno v fazi intenzivnih raziskav. Rezultati
raziskav so pomemben prispevek k razumevanju
notranjih lastnosti amorfnega silicija in veéplastnih
amorfnosilicijevih heterostruktur, mikrokristainih silici-
jevih heterostruktur in struktur iz polikristalnih heteroa-
tomnih Dolprevodniskih materialov, kot so npr. CdS,
CulnSe2 in Cu(in,Ga)Sex.

Dr. Topi¢ pri raziskavah zdruzuje eksperimentalno delo
z rac¢unalniskimi simulacijami s simulatorjem ASPIN, ki
je bil razvit na Fakulteti za elektrotehniko in ga je dr.
Topi¢ posodcbil in izpopolnil do te mere, da predstavija
nepogresljiv pripomocek pri nacrtovanju in optimizaciji
amorfnosilicijevih in drugih tankoplastnih polprevod-
niskih struktur, ki so sestavljene iz amorfnih, mikrokris-
talnih in drugih plasti. Privpogledu v fizikalna dogajanja
znotraj struktur, vkljuéno z dogajanji na mejah med
razlicnimi materiali, ima kvalitetna racunalniska simu-
lacija nadvse pomembno viogo.

Rezultate raziskovalnega dela s podrocja tankoplastnih
polprevodniskih tehnologij je mogoce uporabiti tudi v
mikroelektroniki, kjer se pogosto pojavijajo povsem
sorodni problemi (npr. obravnava defektnih stanj, het-
erospojev ipd.).

Aktualnost raziskav potrjuje dejstvo, da proizvodnja
soncnih celic strmo narasc¢a. Razpolozijiva moé v letu
2000 proizvedenih celic naj bi dosegla ze 100 MW, V
proizvodnji zavzemajo vedno vedji delez tehnologije
tankoplastnih sonénih celic. lzboljsanje izkoristka tan-
koplastnih sonénih celic (Cu(in,Ga)Sez, a-Si:H, ...) v
zadnjih letih je dalo raziskavam nov zagon. Naraséa tudi
uporaba tankoplastnih polprevodniskih tehnologij v
elektronixi.

Dr. Topi¢ nadaljuje tudi raziskave senzorja barv v sode-
lovanju s Forschungszentrum Julich, v Jllichu,
Nemcija. Zaradi odmevnosti svojih dosedanjih objav je
marca letos prejel raziskovalno Stipendijo Fondacije
Alexander von Humboldt, ki jo je v ¢asu od maja do
novembra 2000 izkoristil za raziskave tankoplastnih
polprevodnikov z veliko energijsko reZzo in moznostjo
njihove uporabe kot UV detektorjev.

lzvirnost in kvaliteto njegovih dosezkov potrjujejo tudi
odline ocene tujih recenzentov za ¢lanke, poslane v
objavo v mednarodne znanstvene revije. V obdobju
1994-2000 je objavil kot prvi avtor oz. soavtor preko 40
referatov v zbornikih specializiranih mednarodnih kon-
ferenc in 20 ¢lankov v serijskih mednarodnih znan-
stvenih publikacijah. Skoraj vsi Clanki (19) so v revijah,
ki so uvrd¢ene v SCI. Med njimi jih je kar 15 v najugled-
nejsih revijah za to znanstveno podrodje, v katerih
nastopa Marko Topi¢ 12-krat kot prvi oz. vodilni avtor.

Rezultati in dosezki, ki so bili na mednarodnih konfe-
rencah delezni velike pozornosti, so pripemogli k in-
tenzivnejSemu sodelovanju in navezovanju novih
sodelovanj z uglednimi institucijami po svetu.

S svojimi odmevnimi raziskavami je pomembno prispe-
val k razumevanju lastnosti amorfnega silicija, ve¢plast-
nih  amorfnih  in  mikrokristalinicnin  silicijevih
heterostruktur in struktur iz heteroatomnih materialov.

V imenu clanov MIDEM in v svojem imenu iskrene
Cestitke.

Predsednica Drustva MIDEM
Marija Kosec

PS:Ne tako davno nazaj smo dr. Topicu Cestitali za Zlati
znak Jozefa Stefana, sedaj za Zoisovo priznanje. Kaj bo
naslednje?
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Dr. Goran Drazic¢

ZOISOVO PRIZNANJE
za pomembne znanstvene dosezke na
podroéju elektronske mikroskopije

Dr. Goran Drazi¢ se ze vrsto let ukvarja z metodami
elektronske mikroskopije in mikroanalize, v zadnjih letin
$e pravintenzivno z analitsko elektronsko mikroskopijo,
podro¢jem, ki je postalo nepogresljiivo pri Studiju so-
dobnih anorganskih materialov.

Delo dr. Gorana Drazi¢a obsega uporabo in razvoj
metod analitske elektronske mikroskopije pri Studiju
razliénih sodobnih keramicnih in kovinskih materialov.
Na podro¢ju kvantitativne energijske spektroskopije
rentgenskinh zarkov se je dr. Drazi¢ doma in v tujini
uveljavil kot strokovnjak za analizo nanometrskih po-
drodij. S prilagoditvijo analitskih metod je dolocil stop-
njo kemijske homogenosti na nanometrskih podrocjih
v kerami¢nih materialin na osnovi svinCevega cirk-
onata-titanata. Poznavanje kemijske homogenostivteh
materialih lahko bistveno pripomore k boljSemu
razumevanju procesov, ki nastopajo ob sinteziin s tem
k izboljsanju lastnosti in uporabnosti materialov. Pred-
lagal je tudi nadin za dolo¢anje kemijske sestave trdne
topnosti v primerih, ko pride do izlo¢anja nanometrskih
precipitatov v matrici trdne raztopine in nacin za
dolo¢anje kemijske sestave nanometrskih amorfnih fil-
mov na mejah med zrni z uporabo analitskih elekiron-
skih mikroskopov nizje lo¢ljivosti.

Za vedino objav nagrajenca, ki nedvomno vsebujejo
izvirne dosezke, ki pomembno prispevajo k podrocju,
s katerim se ukvarja, je znadilno, da so rezultat skup-
nega dela z razli¢nimi strokovnjaki s podrocja sinteze
materialov, pri ¢emer je dr. Drazi¢ pokrival mikrostruk-
turno karakterizacijo. Pri mnogih novih materialih so se
pojavljali tevilni analitski problemi, ki niso bili resljivi z
rutinsko uporabo metod analitske mikroskopije, pa¢ pa
Z izvirnim pristopom k vsakemu problemu posebe;.

Dr. Drazi¢ je tako v zadnjih letih plodno sodeloval z
znanstveniki iz razliénih slovenskih institucij (Kemijski
institut, Fakulteta za kemijo in kemijsko tehnologijo,
Naravoslovno tehni¢na fakulteta, Strojna fakulteta, itd.)
in s strokovnjaki iz Nemdéije, Svice, Francije, Spanije in
Amerike (univerze oziroma instituti v Jdlichu, Lulei,
Laussani, Toulousu, Madridu, Dresdnu, Gaithersburgu,
itd.).
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Rezultati njegovega dela, vpetega v Stevilne domace in
mednarodne znanstveno-raziskovalne projekte, so bili
od leta 1993 objavljeni v 27 izvirnih znanstvenih ¢lankih
od katerih je 11 &lankov objavljenih v revijah z nad-
povpreénim IF in 28 objavljenih predavanjih na znan-
stvenih konferencah, od tega 5 vablijenih predavanjih.
Kandidatova dela, objavijena v zadnjih sedmih letih, so
bila citirana v bazi IS| (podatki iz novembra 1999) 69
krat, od tega posamezna dela tudi do 15 krat.

V imenu c¢lanov MIDEM in v svojem imenu iskrene
Cestitke.

Predsednica Drustva MIDEM
Marija Kosec
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VESTI - NEWS

News from European Semiconductor, October - November 2000

Glasgow opto spin-off

COMPOUND SEMICONDUCTOCR Technologies (CST)
has been opened as a £7.5m optoelectronics foundry
for devices built on lll-V materials. Based in the West of
Scotland Science Park, Glasgow, the company has
been formed to pioneer and commercialise new opto
technology.

Local government and educational agencies are hop-
ing to position Scotland at the forefront of the optoelec-
tronics revolution through the start-up. The venture has
been set up by Scottish Enterprise, Glasgow University,
Strathclyde University, Scottish Enterprise Glasgow
and the Strathclyde European Partnership, to act as a
“hub” linking academia with the optoelectronics indus-
try. Researchers from both Glasgow and Strathclyde
University will work together within the facility.

Unveiling a plague at the official opening of the facility,
Sir lain Vallance, British Telecom's chairman, said: “In
the coming decade optoelectronics will supersede
electronics as the engine which will drive e-commerce,
the internet and the global telecommunications indus-
try. The new and imposing research and foundry facility
which we have seen here today will go a long way
towards making this possible.”

CST’s chief executive, Neil Martin, reports: “With major
‘incubation’ contracts for two photonics start-up com-
panies - and others in negotiation - we should be well
ahead of target by the end of the year. As part of our
commitment to playing a leading role in this global
market, plans are now nearing completion to establish
a presence on the East and West Coasts of the US."

Quick switch

ISRAELI COMPANY -Trellis Photonics has achieved
submicrosecond photonic switching speeds, claimed
as the fastest optical speed to date. Other techniques
typically deliver switching in the millisecond range. The
Trellis device uses “electroholography” - wavelength
specific holograms written into potassium lithium tan-
talate niobate (KLTN) crystals, turned on by applied
electric fields.

“The inherent speed of electroholography makes our
Intelligent Lambda Switch the fastest photonic switch in
the world,” says Tim Cahall, Trellis Photonics’ CEO.

“The solid state nature of electroholography maximises
switching speed,” says Prof. Agranat, Trellis’ director
and founder. “While a sub-microsecond switching time
is impressive, when compared to other technologies,
we expect to achieve faster switching times soon.”

The Intelligent Lambda Switch is due to be available in
Q2 next year.

Circular LCDs

SONY PLANS to build a 300 mm semiconductor plant
in Kumamoto, Japan, to expand manufacturing capac-
ity of small-size high-temperature poly-silicon LCDs and
CCD image sensors. These devices are currently pro-
duced at a facility in Kokubu, Japan. Construction for
the new plant will begin in November with production
due to start in October next year.

The small-size high-temperature poly-silicon LCDs pro-
duced by Sony use a special process called HT p-Si
TFT (thin-film transistor). Unlike “normal” LCDs (a-Si
TFT) produced on square glass plates, these are pro-
duced on circular quartz wafers. Sony has realised
UXGA resolution on its 1.8" LCDs.

The new plant (cleanroom 20,000 m?) will be the first
Sony 300 mm plant and will also house new manufac-
turing technologies such as localised cleanroom tech-
nology, a mini-production line and “zero-emission”
recycling of cleansing fluids.

initial capital expenditure is estimated at ¥ 10 bn in the
current financial year. Cumulative investment is fore-
cast at ¥100 bn by the end of 2005.

The plant will employ approximately 300 people at
start-up, 140 of whom will be new recruits. Mass pro-
duction of LCDs is planned to begin in 2002 at 3000
wafers per month, and CCDs in 2003 at 2000 wafers per
month. Within the 2005 time frame, production will be
increased to 12,000 wafers per month, which will dou-
ble the current monthly production of LCDs and CCDs.

Atmel expands in Europe

The fate of the mothballed Siemens fab on North Tyne-
side is finally secured, as Atmel agrees to move in and
start ramping microcontrollers and flash memory by
next April. With the help of a regional support grant of
£ 27.8 m, Stephen Byers, the trade and industry secre-
tary said he was confident Atmel's arrival would give
fresh impetus to the area.

The deal will create 1300 jobs in the area and bring
Atmel’s total manufacturing capacity to 60% in Europe.
Atmel now has five manufacturing facilities, and 14
design centres in Europe.

The facility is equipped, except for the lithography tools.
George Perlegos, Atmel’s CEO said early production
would be on relaxed geometry 0.35 um and 0.25 um
CMOS devices. “We are buying all our lithography tools
from ASML (not scanners) and we expect to migrate
down to 0.18 um by 2002.”

Donald Colvin, Atmel’s CFO defended the company's
knock down price of less than £100 mfor the plant. “This
is no slash and burn operation, we're here for the
duration. We are going to invest $ 800 m in this fab to
bring it up to full capacity,” he said.
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Organic LED

AN ACTIVE matrix-driven organic LED is claimed as the
first to obtain high resolution by its developers, Japan’s
Semiconductor Energy Laboratory (SEL) and Ger-
many's Covion Organic Semiconductors.

An experimental VGA organic electroluminescent (EL)
display panel has its primary organic EL emission in
white. The peripheral circuits are driven by integrated
polysilicon thin film transistors (TFTs), and the contrast
ratio of the panel is >100.

SEL’s role in the co-operation has been development
of the OLED device and the polysilicon TFT driver.
Covion contributed the white OLED with thermally sta-
ble spiro materials used in the device.

Smooth grey scales were obtained by controlling the
OLED light emitting time using voltage applied time
control. The driving method derives from SEL's estab-
lished core active matrix driver manufacturing technol-

ogy.

Covion claims to be the first company to offer small
molecule and polymer OLED materials on a commer-
cial scale for the flat panel display and optoelectronics
markets.

Bluetooth to penetrate up to 17 segments

DESPITE MARKET delays, Bluetooth-enabled device
shipments could reach 1.4bn nodes in 2005, according
to Allied Business Intelligence (ABI). The figure for 2001
is just 56 m. Semiconductor revenues resulting from
Bluetooth could be $ 5.3 bn in 2005.

“Bluetooth’s scope of adoption is not limited to the
cellular phone industry and we will begin to see Blue-
tooth transceivers embedded in everything from PC
equipment to industrial devices,” says ABI director of
Residential & Networking Technologies, Navin Sabhar-
wal, author of the ABI report “Bluetooth: More Than A
Cable Replacement”.

Sabharwal is forecasting penetration of Bluetooth into
17 different market segments, including mobile hand-
sets, notebooks, desktops and PDAs.

By 2005 cellular mobile handsets will account for less
than 47% of all Bluetooth nodes shipped in that year,
compared with 65% in 2002. A shift to PC-centric,
consumer electronics applications will be aided by sili-
con producers targeting Bluetooth, creating an in-
tensely competitive market. This will drive steep
declines in Bluetooth silicon prices and allow for a
sub-$5 Bluetooth module beyond 2003.

“We are unlikely to see a significant volume of Blue-
tooth-enabled devices until mid-2001, and the market
will only begin to accelerate in 2002,” says Sabharwal.
“Lack of inexpensive silicon, interoperability problems
and limited applications could serve to dampen the
market in the early phase, but as these issues are
addressed, Bluetooth adoption by equipment vendors
and actual use by consumers should be robust."

A few weeks before ABI's report, Micrologic Research
made somewhat different predictions. Bluetooth semi-
conductor revenues for 2005 were put at $4.3bn. And
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sub-$5 modules are not expected by Micrologic for the
forseeable future (a $16 figure was suggested as more
likely). Micrologic sees cellphone service providers
subsidising Bluetooth to encourage subscribers to use
data services increasing purchased airtime. This mar-
ket research expected Bluetooth to appear in a handful
of products by the end of this year, but said that it will
be mid-to-late 2001 before more than a token number
of products are available, and late 2002 before the
market begins to gain significant momentum.

Joint assembly and test

OKIELECTRIC Industry and ST Assembly Test Services
have jointly developed an RF chip package and produc-
tion test solution for Oki’'s CMOS Bluetooth devices.

Oki has a Bluetooth RF transceiver IC, designed jointly
by Oki Electric Industry and Oki Techno Centre, Singa-
pore (OTCS). This device was tested using the RF
MicroWave-6000 option on a Teradyne platform.

“It is usual for RF chips to be designed using BICMOS
or SiGe processes due to the high speed performance
requirements,” says Dr Hiroshi Nakamura, general
manager of RFIC Development & Design at OTCS. “Our
chaltenge was to create a chip which is cost competi-
tive, without compromising the speed specification.
With our first silicon Bluetooth prototype, we have man-
aged to incorporate vital intermediate frequency (IF)
and RF circuits on a low cost, integration-friendly, bulk
CMOS process.”

Packaging and test company STATS was brought on
board the project by Okito develop both the packaging
design and test program. STATS is an adopter member
of the Bluetooth Special Interest Group (SIG).

Two become one

ASM LITHOGRAPHY and Silicon Valley Group (SVG)
are to combine their efforts in a merger to become the
world’s No.1 provider of lithography tools. ASML is to
acquire all of SVG’s divisions, which includes track
systems and thermal processing. The combined com-
pany will operate under the name ASML. The track
equipment of SVG allows a complete photolithography
cell to be supplied by ASML, in keeping with the indus-
try trend to provide complete process solutions.

But what of SVG's thermal processing business? Doug
Dunn, ASML’s CEOQ, said: “Thermal was an unexpected
bonus in the deal, and we have no intention of decon-
solidating that part of the business.” Dunn added that
the career prospects for employees of both companies
would be "far richer" following the merger.

ASML employs around 3700 staff, and SVG around
3600. According to Dunn these figures will be main-
tained. The final convergence of the two companies will
take place once a backlog of 193 nm exposure tool
orders has been addressed. Then ASML will be able to
draw upon SVG’s 157 nm catadioptric intellectual prop-
erty.
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New fab for Germany

MICROSYSTEMS PRODUCER Standard MEMS and
Philips Semiconductors have formed a joint venture to
build a 200 mm MOS wafer manufacturing facility for
rnicro-electro-mechanical systems (MEMS) and inte-
grated discrete semiconductors in lizehoe, Germany.
Other minority interests in the joint venture will be held
by the Fraunhofer institute for Silicon Technology (ISiT)
and MGB Schleswig-Holstein (a regional venture capi-
tal company).

The fab will be dedicated to the production of MEMS
and CMOS products using 0.35 um and 0.25 um CMOS
processes.

The fab will have a capacity of 300,000 200 mm wafers
per year. Silicon output will be shared between Stand-
ard MEMS and Philips Semiconductors, while Fraun-
hofer ISIT and MGB of Schleswig-Holstein will be
strategic, financial partners in the venture.

Building of the new fab will commence in December this
year, with the first silicon being produced in the second
half of 2002. The new fab will create up to 200 new jobs.
The site in ltzehoe, north of Hamburg, Germany, has
been chosen due to the proximity to Fraunhofer ISiT’s
existing 150 mm wafer fab site. This ensures local
availability of a technical infrastructure.

Nicholas Ortyl, Standard MEMS' president and CEQ,
said: "Philips Semiconductors has a very close align-
ment to our own business objectives in CMOS technoil-
ogy. We look forward to becoming an important design
and production resource to Philips Semiconductors."

Pushing down the k to 2.4 in production

TRIKON TECHNOLOGIES has successfully etched 100
nm diameter, 7:1 aspect ratio features through its own
Low-k Flowfill dielectric material (k-2.7). The process-
ing was performed on Trikon’s Omega 201 MORI high
density plasma etch system. The achievement was part
of a collaborative effort with International SEMATECH,
using a CARL bilayer resist scheme originally devel-
oped by Infineon Technologies and European chemi-
cals company Clariant. An in-situ resist/polymer strip
has also been developed which has no adverse affect
on k values down to ~2.4.

This follows up on previous etch achievements on the
Omega 207 MCRI in producing 30 nm diameter contact
holes and 25 nm trenches, with aspect ratios up to 30:1,
through conventional oxide.

The Omega 201 MORI system has three processing
modes: a high-density ‘helicon’ mode, a medium-den-
sity,- ‘magnetically enhanced reactive ion etch’ (RIE)
mode and a ‘downstream’ mode.

The company has also pushed its Low k Flowfill CVD
dielectri: for gap-fill aluminum to a k value of 2.4. The
material is aimed at production of 0.1 um device de-
signs.

“As with all of our Low k Flowfill materials, the carbon
content of the film is much lower than other, similar
products, making process integration more straight
forward,” says CVD product marketing manager Andy
Noakes. "Our k=3.3 low k Flowfill solution is already
being used in full-scale production while our k=2.8

version is in qualification, delivering 36% performance
gains compared with undoped HDP.”

Trikon says its Flowfill process has also shown itself to
be highly reliable and that it is running in production at
greater than 85% uptime; 90% in many cases.

Organic LEDs

IN RECENT months, there has been much activity in
developing the technology needed to produce displays
based on light emitting organic materials.

Wide-scale commercial use of such materials seems
closer with the release of Motorola's new Timeport
P8767 digital phone. This is to use organic electrolumi-
nescence (OEL) technology from Japanese company
Tohoku Pioneer in its display.

Tohoku Pioneer claims to be the only company mass-
producing OEL displays. The new phone is the first
mobile to use Tohuku's muiti-color graphic display
product. The first commercial use of its technology was
in 1999 in car stereo headphones produced by Japa-
nese electronics company Pioneer.

The new phone is the first product of an alliance be-
tween Motorola and Tohuku, announced in January.
The Timeport P8767 is shipping now with availability in
the US.

Tohuku’s OEL material uses a carbon-based com-
pound organised into thin layers which posses the
ability to emit light when electric current is passed
through them. The OEL technology has been in devel-
opment for several years at Tohuku and a multi-color
version was produced in 1999.

German CVD tool company AIXTRON and Universal
Display Corporation (UDC) of Princeton NJ have en-
tered into an exclusive agreement to develop and fab-
ricate OLED (organic light emitting device) production
equipment. The tools will use OVPD (organic vapor
phase deposition). UDC holds the rights for a number
of patents for OLEDs including the OVPD process.
Under the agreement, AIXTRON receives a worldwide,
exclusive license for the OVPD related patents. Devel-
opment will be carried out jointly. AIXTRON will also
have exclusive sales rights on the final tool. Plans to
install a demonstration pre-production system next year
at the UDC facility are underway.

Meanwhile, US company MicroDisplay says it has suc-
ceeded in surmounting the primary technical difficulties
in adapting wafer scale assembly manufacturing proc-
esses to the production of microdisplays. The company
has started shipping volume quantities of SVGA reso-
lution liquid crystal on silicon (LCOS) displays to its
primary customer Daeyang E&C of Seoul, Korea. This
is claimed as the first known instance of LCOS displays
being shipped in volume from a wafer scale assembly
plant.

Shipment began in August and will be followed by mon-
thly deliveries increasing in volume through to the end
of this year. With additional anticipated investment and
third party alliances, production volume will be in-
creased to tens of thousands of displays by Q1 of 2001.
The terms of the agreement currently include a pur-
chase agreement for more than 150,000 units of Mi-
croDisplay’s MD800G6 SVGA MicroMonitor.
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IMAPS NEWS - VESTI

Taking place January 16-18, 2001, in San Diego, CA,
APEX will be the ONLY show where you will be able to
compare electronics assembly equipment from all the
major manufacturers. They'll be joined by nearly 400
other exhibitors representing every facet of the electron-
ics assembly supply chain - from bare boards through
test.

If you attend trade shows to see new electronics assem-
bly equipment, if you expect to talk to product experts
and see demonstrations, if you wish to compare the
offerings of the major manufacturers, you will only be
able to do it at APEX. The complete conference bro-
chure, including exhibitor information, is now available
at http://www.apex2001.org.

For more information on:

VISITING over 170,000 sq. ft. of exhibit booths, featuring
the newest technologies the industry has to offer - Click
here for the exhibitors list: http://exhibitors.ipc.org

FREE KEYNOTE SESSIONS every day, featuring un-
dersea explorer Dr. Bob Ballard, the 2000 NEMI Road-
map, and and a special interactive panel on E-com-
merce and “Bto B” issues. Go to
http://www.apex2001.org/htmi/apex2001events.htm
#keys

NETWORKING AND RELAXING at the industry’s best
and biggest party, featuring the fun disco sounds of KC
and the Sunshine Band, along with floors of casino
gambling and virtual reality games. Attendance is FREE
to our exhibitors’ customers, a $70 value. Click here to
learn more:
http://www.apex2001.org/htmi/apex2001events.htm
#gala

LEARNING from internationally recognized experts at
one or more of 60 world-class full or half day profes-
sional development courses on topics relating to opti-
mizing assembly processes, integrating today’s
advanced IC packaging technologies or making better
business decisions about your supply chain, For course
descriptions, click here
http://www.apex2001.org/html/apex2001profdev.htm

CATCHING UP on the newest technologies at the in-
dustry’s best conference focused on electronics as-
sembly. This year's program features a special
symposium on lead-free assembly processes and reli-
ability, plus 30 more sessions. For complete descrip-
tions and schedule, go to:
http://www.apex2001.org/htmi/apexconferences.htm

Register now - it's easy! Click here
http://www.apex2001.org/htmi/registerapex.htm

for complete details (or call 847-790-5360 or toll-free
US/Canada 877-472-4724). See you in January!

Visit IMAPS web site at http://www.imaps.org for the
latest information on these and other upcoming IMAPS
events
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Submit an Abstract for this event NOW! Plan on attend-
ing March 26-27, 2001 Announcement

Advanced Technology Workshop on Ceramic
Technologies for Microwave:

Handsets
Bluetooth
Broadband
LMDS

Adam’s Mark Hotel
Denver, CO, USA
March 26-27, 2001

sponsored by IMAPS and Ceramic Interconnect Initia-
tive (Cl)

Papers are invited for proposed Sessions on:

Portable Wireless Applications and Bluetooth
Base Stations

Broadband and MM Wave

Integrated Passives

Design, Modeling and Simulation

Test and Measurement

Power

Submit an Abstract:

200 word abstract electronically by November 10, 2000
using the online submittal form at
www.imaps.org/abstracts.htm; Questions:
abstracts@imaps.org or 703-758-5164 ask for Jackki

General Chairs:
W. Kinzy Jones, Ph.D.
jones@eng.fiu.edu

Technical Chairs:
Peter Barnwell, Ph.D.
peter@4hcd.com

Samuel J. Horowitz, Ph.D.
samuel.j.horowitz@usa.dupont.com

For a media kit on this event contact, Mike Martell,
Martell Communications

mmc@loa.com

Visit IMAPS web site at http://www.imaps.org for the
latest information on these and other upcoming IMAPS
events
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International Symposium on Advanced Packaging
Materials:

Processing, Properties, and Interfaces
Chateau Elan, Braselton, GA - March 11-14, 2001
Sponsored by:

IMAPS, IEEE/CPMT, and Packaging Research Center,
Georgia Tech

Participating Societies:
American Society of Metals, The American Ceramic
Society,

Scciety of Plastics Engineers, and Materials Reseach
Society

Papers are sought in the following areas:

Adhesives

Bumping Materials & Processing
Consumer Electronic Material Issues
(Celluar Phones)

Integral Passive Materials
Interfacial Adhesion
Manufacturing Process Control
Mechanics of Materials
Microwave Materials

On-Chip Interconnect Materials
Optoelectronics

Substrates, HEI, and Dielectrics
Thermal Management Materials
Underfills & Encapsulant Materials

Send your 200 word abstract electronically by Septem-
ber 1, 2000 using the online submittal form at
www.imaps.org/abstracts.htm
Questions/Suggestions - abstracts@imaps.org

or Jackki - 703-758-5164

General Chair, James E. Morris, Ph.D.,
jmorris@binghamton.edu

General Chair Elect, Philip Garrou, Ph.D.,
pegarrou@dow.com

Technical Chair, Andreas Schubert, Ph.D.,
schubert@izm.thg.de

Technical Chair, Jianmin Qu, Ph.D.,
jlanmin.qu@me.gatech.edu

An exhibition will also be held - contact Ann Bell -
abell@imaps.org or 703-758-5166 for pricing and avail-
ability.

Visit IMAPS web site at http://www.imaps.org for the
latest information on these and other upcoming IMAPS
events

Announcing - Call for Papers

2001 International Conference on Electronics Packag-
ing (ICEP) and 15th Microelectronics Show this was the
[EMT/IMC Symposium

April 18-20, 2001
Tokyo Ryutsu Center, Tokyo, Japan

General Chair - Noboru ichinose, Waseda University
Vice General Chair - Shinichi Nishi, Konica

Contact for Registration, Technical Program, and Exhi-
bition Secretariat 2001 ICEP JIEP, 3-12-2 Nishiogikita
Suginamu-ku, Tokyo 167-0042, JAPAN

Telephone - 81-3-5310-2010

Fax - 81-3-5310-2011

E - imaps-j@jiep.or.jp

Web: http://www.jiep.or.jp/index.html

sponsored by - IMAPS Japan, JIEP, IEEE/CPMT Japan
Chapter

Visit IMAPS web site at http://www.imaps.org for the
latest information on these and other upcoming IMAPS
events
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Announcement and Call for Papers

The Fourth International Symposium on High Density Packaging and Component
Failure Analysis in Electronics Manufacturing (HDP’OO)

December 14 - 16, 2000

Co-sponsored and jointly organized by

DaimlerChrysler SIM Technology Co., Ltd,
Shanghai, China.

&

Chalmers University of Technology, Division
of Electronics Production, Department of
Production Engineering, Goteborg, Sweden

Electronics manufacturing and assembly technology
are playing a key technology for the progress of Chi-
nese electronics industry. Today many multi-national
companies are establishing new facilities in China for
expanding their global business and interest. However,
many domestic Chinese electronics companies are still
using old-fashioned electronics assembly technolo-
gies. The recently established joint-venture companies
use more advanced electronics assembly technologies
such as surface mount, chip-on-board etc. There is a
great gap in technology level between these two types
of companies. Therefore, there is a need to find a forum
for the domestic Chinese Electronics industry to find out
the latest technologies in the developed world. The
foreign advanced countries also need to have a forum
to establish contacts with the Chinese scientists, engi-
neers and decision makers.

The purpose of this Symposium is to satisfy such a need
and to establish a regular forum for information ex-
change between Chinese industrial community and
foreign specialists.

The Symposium will be organised in the following way:
The first one day will be held in Chinese. The speakers
will be mainly Chinese Speaking foreign experts and
Chinese domestic experts from DaimlerChrysler SIM
Technology and others from famous Chinese compa-
nies, universities and research institutions. The second
day will be held in English with speakers and invited
speakers from other countries and also from the English
speaking experts. Special sessions on novel emerging
technologies and failure analysis will be arranged to suit
the needs in discussing high-tech research and in tech-
nology transfer to Chinese electronics industry. You are
welcome-to submit a paper to the Symposium and join
all the three days. But as the Symposium will be held in
Chinese in the first day, thus, it is recommended that
foreign participants start to join the Symposium with the
dinner on December 14 of the Symposium day together
with the Chinese delegates and join the rest symposium
of English speaking parts. The last day wili be aimed for
visits to local manufacturing companies in Shanghai.
Please note that this Symposium will be taken place just
a few days after the Electronics Packaging Technology
Conference (EPTC) this year in Singapore (December
5-7, 2000). So you may plan the trip together.

Scope for the Symposium:

The Symposium will cover the following areas and
subjects:
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* High density packaging including electronics and
opto-electronics packaging, CSP, BGA, Flip-chip,
Chip on Board, Surface Mount Technology and other
novel emerging technology High density substrate
including integrated passives and active devices

* MEMS design, packaging and assembly

* Electronics manufacturing issues including cleaning
issues, quality control, logistics, repair, process op-
timization, statistic process controls, ISO compli-
ance, tooling or equipment, early manufacturing
involvement initiatives and yield and test innovations
used to enhance manufacturing processes or prod-
ucts related to high density substrates, single chip
and multichip packaging, chip bumping and inte-
grated component technologies

* Component failure analysis techniques including
non-destructive X-ray, ultrasonic microscopy, IR-mi-
croscopy etc

¢ Simulation and modelling for packaging and elec-
tronics manufacturing processes Thermal manage-
ment

e Environmental design and materials development
including life cycle analysis and end of life strategy
etc

e Cost reengineering, improvements and analysis for
electronics packaging processes and products

Documentation: The documentation from the Sympo-
sium will be published in a proceedings with CD ROM
with a full length papers (max 12 A4 pages) in English.

Journal publication: In addition, high quality papers
will be selection for consideration to be published as
special editions of the IEEE CPMT Transactions, “Sol-
dering and Surface Mount Technology” or Journal of
Electronics Manufacturing

Location: 865 Changning Road, DaimlerChrysier SIM
Technology Co., Ltd. Shanghai, China Languages: First
day the spoken language is Chinese, the second one
and a half day English will be used. Simultaneous
translation into Chinese is made to suit the Chinese
delegates. Symposium Chair: Le Luo, DaimlerChrysler
SIM Technology Co., Ltd.

Symposium Co-chair: Johan Liu, Chalmers University
of Technology, Sweden.

International Advisory Committee

C P Wong, Georgia Institute of Technology, USA,
Co-Chair

Wilhelm Senske, DaimlerChrysler, Germany, Co-Chair
Rolf Aschenbrenner, IZM, Germany
Heiner Bayer, Siemens, Germany

Arun Chaudhuri, Delco Delphi Electronics Systems,
USA
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Jannick Guinet, Schneider Electric, France
Joakim Anjeby, Saab Ericsson Space, Sweden
Jannes Jagt, Philips, The Netherlands

Jorma Kivilahti, Helsinki University of Technology, Fin-
land

Kare Gustavsson, Ericsson Microelectronics, Sweden
Pontus Lundstrom, Ericsson Microelectronics, Sweden
Wei Koh, Motorola, Asien Manufacturing Research
Center, Beijing, China

John Lau, Express Packaging Systems, USA

Y C Lee, University of Colorado, USA Jianhua Wu,
Gintic, Singapore

Sheng Liu, Wayne State University, USA

Wei Lu, Shanghai Institute of Technical Physics, China
Jusheng Ma, Tsing Hua University, Beijing, China
Erdogan Madenci, University of Arizona, USA

Bernd Michel, 1ZM, Germany

James Morris, State University of New York, Bing-
hamton, USA

Koji Nihei, Meisei University, Japan

K W Paik, Korean Advance Institute of Science and
Technology, Korea

Yi-Hsin Pao, Ford, USA

Robert Pfall, Motorola, USA

W J Plumbrige, Open University, UK

Patrice Rollet, Promosol, France Petri Savolainen,
Nokia, Japan

Frank Stubhan, DaimlerChrysler SIM Technology,
China

Ganesh Subarayan, University of Colorado, USA

K. Suganuma, Osaka University, Japan

Ephraim Suhir, Lucent Technologies, USA Kenichi
Suzuki, Japan

Osamu Takeda, T & T Ltd, Japan

Andrew Tay, National University of Singapore, Singa-
pore

Rao Tummala, Georgia Institute of Technology, USA
ltsuo Watanabe, Hitachi Chemicals, Japan

David Whalley, Loughborough University, UK

Kin Wong, Semiconductor Equipment and Materials
International, USA

Jianming Qu, Georgia Institute of Technology, USA

Anders Tholen, Chalmers University of Technology,
Sweden

Ligiang Xu, , DaimierChrysler SIM Technology, China
Shouwen Yu, Tsing Hua University, Beijing, China

Magnus Willander, Chaimers University of Technology,
Sweden

Xiangfu Zong, Fudan University, China

Program committee

Xiaoming Xie, Chair, DaimlerChrysler SIM Technology
Co., Ltd.

Margareta Ponten, Co-Chair, Chalmers University of
Technology, Sweden

Tiebing Wang, Program secretary, Chalmers University
of Technology, Sweden

Guo Liang Chen, University of Science & Technology,
Beijing, China

Liu Chen, Chalmers University of Technology

Yi Lan Kang, Tianjing University, Tianjing, China
Charles Lee, Infineon, Singapore

Jon Nysether, SINTEF, Norway

Xitao Wang, Chalmers University of Technology, Swe-
den

Piotr Starski, Chalmers University of Technology, Swe-
den

Arne Tolvgard, Ericsson Radio Systems, Sweden

Yan Li Wang, University of Science & Technology,
Beijing, China

You are welcome to submit an abstract with max 300
words that cover the topic, experimental approach,
results and conclusions for the paper by October 31,
2000 to Chalmers University of Technology, Division of
Electronics Production, Department of Production En-
gineering, Attn. Dr Tiebing Wang, Se- 431 53 Moindal,
Sweden or you can email at tiebing@pe.chalmers.se.
Notification of abstracts will be made by November 7,
2000. Final Acceptance of the abstract will be made by
November 15, 2000. Final paper is due November 30,
2000. Please send the final paper to Chalmers Univer-
sity of Technology for countries outside of China.

We are also interested to have exhibitors from materials,
equipment suppliers to exhibit their products. If you are
interested in exhibition, please contact Dr Tiebing
Wang, Chalmers University of Technology, Sweden.

Please send abstracts to (for countries outside of
China)
Chalmers University of Technology

Division of Electronics Production
Department of Production Engineering
Dr Tiebing Wang

Se-431 53 Molndal Sweden
Telephone: +46-31-706 6291

Fax: +46-31-706 6289

e-mail: tiebing@pe.chalmers.se
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KOLEDAR PRIREDITEV - CALENDAR OF EVENTS

NOVEMBER

NOVEMBER 6-10, 2000

MINATEC 2000, GRENOBLE, FRANCE

International meeting on micro and nanotechnologies.
Contact: Regional Agenry for Digital industry

Tel: +33438 123170

email: genevieve.fioraso@numera.org

web: www.minatec.com

NOVEMBER 21-23, 2000

EUROPEAN SURFACE MOUNT CONFERENCE,
BRIGHTON, UK

A networking and educational event for the European
electronics manufacturing industry;including technical
and discussion workshops

Contact: Tony Gordon, Smart Group
Fax: +44 1494 473 975

email: smart@smtuk.demon.co.uk
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NOVEMBER 21-24,2000
ELECTRONICA 2000, MUNICH, GERMANY

Electronics fair, expecting to feature over 3,5000 com-
panies amongst its exhibitors. This year’s Electronica
will feature two new sectors: embedded systems and
power supplies.

Contact: Nicole Mundhenk, Messe Munchen
Tel:+498994920671

Fax: +4989949206 79

email: info@electronica.de

web: www.electronica.de

DECEMBER

DECEMBER 11-13, 2000

IEEE  INTERNATIONAL  ELECTRON
MFFTING, SAN FRANCISCO, USA

The conference and forum for reporting the latest
breakthroughs in the technology, design and manufac-
turing of advanced semiconductors and other electron
devices.

DEVICES

There will also be a variety of IEDM short courses and
evening panel debates. Contact: Erin Peters (Masto PR)

Tel: +1 518 786 6488
Fax: +1 518 786 6497
email: mastopr@cs.com

web: www.ieee.org/conference/iedm
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