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Conference MIDEM 2001 continued the tradition of annual inter-
national conferences organized by MIDEM, Society for Microe-
lectronics, Devices and Materials. This issue of the Journal Infor-
macije MIDEM brings seven invited papers presented at the Con-
ference.

Main core of the Conference was devoted to the Workshop on
OPTOELECTRONIC DEVICES AND APPLICATIONS, where dis-
tinguished guest speakers and other contributors presented val-
uable advanced information on lasers, light emitting devices, thin
film transistors, optical fibre systems and non-linear optical devic-
es. Basic physical principles, as well as actual and possible appli-
‘cations of these optoelectronic devices and systems were pre-
sented.

On 345 pages, Proceedings of the MIDEM 2001 conference
contain invited, as well as 43 regular papers covering up-to-date
topics on integrated circuits; device physics and modelling; opto-
electronic devices and applications; thick and thin films and ce-
ramics, metals and composites.

In addition, on the occasion of the 30" anniversary of the Labora-
tory for microelectronics at the Faculty of Electrical Engineering
of the University of Ljubljana, Informacije MIDEM brings several
research papers by the laboratory researchers, showing some of
the present research activities of the Laboratory for microelec-
tronics.

Presently the main activity of the Laboratory is the design of mixed
signal integrated circuits and microsystems implemented by very
efficient design tools that had been developed in the laboratory.
These tools have been proved by successful design of several
hundred of ICs for domestic and foreign customers.

Part of the Laboratory for microelectronics is an IC fabrication
line, which is capable of processing 4” wafers down to submi-
cron feature size enabling pilot production and high level student
work.

Editor-in-chief

Iztok Sorli
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Key words: semiconductors, microelectronics, CMOS technologies, integrated microsystems, integrated magnetic sensors, HALL sensors, magnetic
fields parallel to the chip surface, concentrated magnetic flux, planar magnetic flux concentrators, higher sensitivity, equivalent magnetic offset, equiva-
lent magnetic noise

Abstract : The paper describes highly sensitive single-axis and two-axis integrated Hall magnetic sensors. They consist of an integrated combination of a
CMOS Hall integrated circuit and a planar magnetic flux concentrator. The magnetic flux concentrator is made of a thick ferromagnetic layer bonded on
the CMOS wafer. The CMOS part of the system contains two or more conventional Hall elements positioned under the periphery of the flux concentrator.
The flux concentrator converts locally a magnetic field parallel with the chip surface into a field perpendicular to the chip surface. Therefore, a convention-
al Hall element can detect an external magnetic field parallel with the chip surface. The flux concentrator also provides a magnetic gain.

Integriran mikrosistem Hallov senzor / zgoscéevalec
magnetnega pretoka

KljuCne besede: polprevodniki, mikroelektronika, CMOS tehnologije, mikrosistemi integrirani, senzorji magnetni integrirani, HALL senzorji, polja mag-
netna vzporedna povrsini chip-a, pretok magnetni zgosceni, koncentratorji pretoka magnetnega planarni, obcutljivost vigja, offset magnetni ekvivalentni,
sum magnetni ekvivalentni

Izvlecek : V prispevku opisujemo zelo obéutljive eno- in dvoosne integrirane Hallove magnetne senzorje. Dobimo jih z integrirano kombinacijo CMOS
Hallovega integriranega vezja in ravninskega zgo$cevalca magnetnega pretoka. Zgoscevalec magnetnega pretoka je izdelan iz debele feromagnetne
plasti pritrjene na CMOS silicijevo rezino. CMOS del vsebuje dva ali nekaj konvencionalnih Hallovih elementov postavijenih pod obod zgosdevalca
pretoka. Le-ta pretvori lokalno vzporedno magnetno polje v navpi¢nega glede na povrsino Gipa. Zatorej lahko konvencionalni Hallov element zazna tudi

zunanje magnetno polje vzporedno s povrsino Gipa. Zgoscevalnik pretoka pa dodatno poskrbi tudi za oja¢anje gostote magnetnega pretoka.

1. Introduction

The subject of this paper is a new class of magnetic sen-
sor microsystems based on an integrated combination of
Hall elements and ferro-magnetic structures. Such mi-
crosystems are members of emerging family of Hybrid Fer-
romagnetic - Semiconductor Structures /1/. The term “hy-
brid” here means: fabricated by dissimilar technologies,
but the "hybridization” is now usually made at the semicon-
ductor wafer tevel. Such hybrid structures are used as sen-
sitive magnetic sensors and are also investigated as candi-
dates for the information storage cells of novel magnetic
random access memories /2/.

It is interesting to note that the idea of combining a semi-
conductor magnetic field sensor with ferromagnetic struc-
tures came to many researchers in the past. Probably the
first report on the subject was published back in 1955 /3/.
fn order to amplify the magnetic field “seen” by an InSb
Hall plate, the authors put the Hall plate in the air gap be-
tween two long ferromagnetic rods. In this way they con-

siderably increased the effective sensitivity and the resolu-
tion of the Hall element and could measure quasi-static
magnetic fields down to milli-gauss range. The operation
of this device is based on the following well-known effect:
if a ferromagnetic rod is placed in a magnetic field parallel
with the long axes of the rod, the rod tends to collect the
magnetic field lines in itself: it operates as a magnetic flux
concentrator. Similar macroscopic systems Hall sensor -
Magnetic concentrators, made of discrete components,
were investigated also by other researchers /4/ - /6/.
We developed a first hybrid micro-system Hall sensor -
Magnetic concentrators /7/ which became a part of a com-
mercially available product. The best reported detectivity
limit of a combination Hall sensor - Magnetic concentra-
forsisaslowas 10 pT /5/.

In /5/ we find also a report of an attempt to incorporate
ferromagnetic material into the package of a Hall device.
This idea is also presented in /8/, and is now used in sev-
eral commercially available Hall magnetic sensors.
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To the best of our knowledge, the idea of using an integrat-
ed combination of a semiconductor magnetic micro-sen-
sor and a thin ferromagnetic film was mentioned for the
first time in a patent /9/.

In this paper we analyze integrated combinations of Hall
elements and magnetic flux concentrators. As in the case
of the conventional applications of magnetic concentrators
/3/-/7/, we use the integrated magnetic concentrators
as passive magnetic amplifiers. However, the structure of
our concentrators is different: it is planar, which allows an
gasy integration on a semiconductor wafer. We shall de-
scribe two basic structures, one with so-called twin mag-
netic flux concentrators and the other with a single mag-
netic flux concentrator. In both cases we shall estimate the
relationships between the parameters of the structure and
its magnetic gain and the saturation field.

2.  TWIN magnetic flux concentrators

The idea of the integrated twin magnetic flux concentra-
tors /10/ is illustrated in Figure 1. Obviously, the idea is
inspired by the conventional configuration of the combina-
tion

- e
Hall ele%en s (HE) B

Comparison of a conventional (a) and an
integrated (b) combination Hall magnetic
sensor - magnetic flux concentrators: a)
the Hall device is placed in the air gap
between the two flux concentrators; b) two
Hall elements are placed under the planar
magnetic concentrators /11/.

Figure 1:

Hall magnetic sensor - rod-like magnetic concentrators
(MC). The key difference is, however, that the Hall element
in (b) is placed not in, but near the air gap and under the
concentrators. In this way, we can use conventional planar
integrated Hall elements and we can define by photolithog-
raphy the shape of MCs and the mutual positions in the
system MCs - Hall elements.
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The integrated magnetic flux concentrators consist of a high
permeability and low coercive field (very soft) ferromag-
netic layer bonded on the Hall sensor chip surface. The
layer is structured so that a narrow air gap is created ap-
proximately in the middle of the chip. Figure 2 shows the
distribution of the magnetic field lines around the MCs. The
MCs “suck in” the magnetic field lines and convert locally
the magnetic field parallel with chip surface into a magnet-
ic field perpendicular to the chip surface. The perpendicu-
lar component of the magnetic field is the strongest near
the gap. There we place the Hall elements. We use two
Hall elements because two equivalent places are available
and so we increase the signal to noise ratio. The Hall plates
below the different concentrators see the useful magnetic
field in opposite directions. So the system is insensitive to
an external field component perpendicular to the chip sur-
face /12/.

i SR -
0 0.5 1 1.5

The result of a two-dimensional simulation
of twin planar MCs introduced info a
homogenous magnetic field parallel with
the MC-plane.

Figure 2:

In order to obtain an intuitive insight into the behavior of the
magnetic concentrators, we shall perform here an appre-
ciative two-dimensional analysis. We assume that integrat-
ed magnetic flux concentrators are layer-like (the planar
dimensions of an MC are much larger than its thickness t).
Moreover, since in practice we work only with very high-
permeability materials, with L, > 10°, we assume Wy — oo,

2.1 Magnetic gain

We define the magnetic gain of an MC as the ratio
Gy :BHE/BO' (1

Here Bye is the (perpendicular) component of the magnet-
ic induction “seen” by the planar Hall element (HE) at a
position (X,Y) (see Figure 1) and Byp is the magnetic induc-
tion component parallel with the axis of the MC faraway
from the MC.

Let us put the magnetic scalar potential difference (i.e. the
equivalent excitation current /ex) acting between the two
adjacent MCs in the form
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[, =KH,(2L+g) (2)

Here Hop is the magnitude of the magnetic field vector Hp
before introducing the MC, Ho = Bo / 0. K is a numerical
factor defined by K = [ Hgdl/Ho (2 L +g), where Hyis the
magnetic field in the gap and the integration is done over
the gap. It tells which part of the theoretically available equiv-
alent excitation current along the whole length of the MC
we can rally use around the air gap. From physical argu-
ments we estimate the limits for K in the two-dimensional
case, with L >> {, as follows: when g / t — 0, then
K=g/t— 0;whenL>>g>>t thenK=1/2. Thevalues
of K deduced from numerical simulations, Figure 3, sup-
ports these estimations.

0.6
0.5
0.4-
X
t=20um
(2L+g) = 2mm= const,
0.3 W= 10°
02 T T T T T T T T
0 5 10 15 20
g/t [mm]
Figure 3. The values of the factor K deduced from

two-dimensional simulation of twin planar
MCs.

By inspecting Figure 2 we see that the magnetic field lines
below the MC and close to the gap have approximately a
circular form. This is always the case for high-permeability
MCs and narrow gaps. Using this fact we find now the
magnetic gain of a twin MC for a HE placed at (X,Y):

_KQL+ )X
W (XYY

for X>g/2,g=tand u >>1 (3)

With an optimal layout of MC, for given t, L and g, one can
increase K and so the magnetic gain Gxy up to a factor of 2
/13/. The realistic values of Gxy for an integrated sensor
are between 5 and 10. But adding external MCs, this can
be easily increased to about 100 /11/.

2.2 Saturation field

By inspecting Figure 2 we notice that the magnetic field
lines have the highest density in the magnetic concentra-
tors somewhere between the middie of each concentrator
and the gap. We find the corresponding maximal magnetic

flux density by calculating the total flux entering into an MC
as follows:

KH, 2L+ g)
B = My °

max

2
U+=EInL/g)
Tt

When this induction reaches the saturation induction Bsat
of the MC material, our magnetic sensor shows a strong
decrease in its magnetic sensitivity. The external magnetic
field induction at the onset of the saturation is given by

1

| 2 T
By = By KQL+ )1+~ n(L/g) |

for g=tand u >>1 (5)

For a sensor with the MCs of the total length 2 L + g = 2
mm, t =g =20 umand Bsar= 1T, we obtain Bosat = 10 mT.
By choosing an optimal form of the MC forgivent, L and g,
one can increase the saturation field up to a factor of 2

/12/.

2.3  Application

By integrating twin magnetic concentrators with Hall ele-
ments, we obtain a magnetic sensor system with the fol-
lowing combination of features: existence of a magnetic
gain, which brings a higher magnetic sensitivity, lower equiv-
alent magnetic offset, and lower equivalent magnetic noise
than those in conventional integrated Hall sensors; and
sensitivity to a magnetic field parallel with the chip surface,
much as in the case of magneto-resistance sensors. Fig-
ure 4 shows one example of such an integrated magnetic
sensor.

H e

The detail of the layout of an integrated
magnetic sensor microsystem. The
semiconductor part is a CMOS Hall ASIC.
The twin magnetic concentrator has the
form of the two octagons. The sensor
responds to a magnetic field parallel to the
in-plane symmetry axes of the two
concentrators. The magnetic sensitivity is
300 V/T and the equivalent offset field is
0.05 mT. (Courtesy of SENTRON AG, Zug,
Switzerland).

Figure 4:
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3. Single magnetic FLUX
concentrator

A single integrated magnetic flux concentrator is shown in
Figure 5 /14/, /15/. Here again, the concentrator con-
verts locally a magnetic field parallel with the chip surface
into a magnetic field perpendicular to the chip surface. The
strongest perpendicular component of the magnetic field
appears under the concentrator extremities. The Hall ele-
ments are placed under the concentrator extremities and
“see” this perpendicular component of the magnetic field
much as in the case of twin magnetic concentrators.

Cross-section of a Hall chip combined with
a single magnetic flux concentrator. The
magnetic concentrator usually has the
form of a disc /15/.

Figure 5:

3.1 Magnetic gain

We define the magnetic gain of a single magnetic field con-
centrator in the same way as above, Eq. (1). In order to
estimate the magnetic gain, we model a disc-like magnetic
concentrator with an oblate ellipsoid. For a very flat oblate
ellipsoid magnetized parallel to a long axis, the demagnet-
ization factor /16/ in our notation is

nt 4t
N=—({A-—) for Llt>>1 (g

4L nl
In a very high-permeability and not very elongated struc-

ture, the internal magnetic induction is

Hy
B =—H 7
i N 0 (7)

Assuming that the external magnetic induction “seen” by
the Hall elements Bue = B;, we obtain for the magnetic gain

G, =1/N for u, — oo (8)

where N is given by Eq. (6). Foradiscwith L /=10, we
calculate Ge = 14.5. Numerical simulations gave /15/ a
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similar value for the total magnetic gain, but only about 7
for the perpendicular field component.

3.2 Saturation field
From Eq. (7) we readily obtain

B NB Jor u, —>eo ©)

Osat = sat

where Bsg: is the saturation induction of the MC material.
For a disc-like MCwith L / t = 10 and Bsat = 1 T, this gives
BOsat = 69 mT

3.3 Application

If used as a single-axes magnetic field sensor, the single
MC system shown in this section may reach similar per-
formance as the one with twin MC. The disc-like form of a
single magnetic concentrator is very advantageous for con-
tactless angular position sensing applications /15/. Fig-
ure 6 shows one example of such an integrated magnetic
sensor microsystem.

Detail of the layout of an integrated 2-axes
magnetic sensor microsystem. The
semiconductor part is a CMOS Hall ASIC.
The disc-like magnetic concentrator is
deposited in a post-processing step. The
sensor gives two component of an in-plane
magnetic field and shall be used as an
angular position sensor. (Courtesy of
SENTRON AG, Zug, Switzerland).

Figure 6:

4, Conclusions

The Hall sensor microsystems described in this paper re-
spond to a magnetic field parallel to the chip surface and
not, as conventional Hall magnetic sensors, to a field per-
pendicular to the device surface. Thanks to the flux con-
centration effect, they also have higher magnetic sensitiv-
ity, lower equivalent magnetic offset, and lower equivalent
magnetic noise than conventional Hall devices. Therefore,
from the application point of view, these new integrated
Hall sensors are similar to hypothetical low-offset and very
linear magnetoresistive sensors (MR). Moreover, the struc-
ture of our new Hall sensors is fully compatible with con~
ventional CMQOS technology. This allows full system inte-
gration on a chip. Typical applications are sensitive posi-
tion sensing and contactless angle measurement.
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Assuming a state of the art realization of the CMOS part,
the system performance of a magnetic sensor with a mag-
netic flux concentrator is determined by the characteris-
tics of the concentrator. The magnetic gain is proportional
to the ration length / thickness of the concentrator. The
saturation magnetic field is inversely proportional to the
magnetic gain. By and large, the maximal magnetic filed
that could be concentrated on the Hall element is deter-
mined by thickness of the magnetic concentrator and the
length of the sensor chip.
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Abstract : Thin film transistors (TFTs) find widespread application as the switching element in active matrix (AM) liquid crystat displays (LCD), such as the
TFT display used in lap top computers, but also in 2-dimensional imaging devices, such as document scanners or in digital X-ray imagers for medical
applications.

This paper addresses the new challenges that exist in research and development of TFTs: 1) TFTs on plastic substrates, 2) low-temperature poly-silicon
(LTPS) for the pixel TFTs and for row and column drivers on glass; 3) addressing of OLEDs (Organic Light Emitting Diodes) by silicon TFTs. For these
advanced applications of TFTs the relevant issues are: (i) higher electron mobility, (i) stability, and (iii) defect free, uniform deposition of thin silicon films
and gate dielectrics at a high deposition rate (for reduced cost). Whereas a high deposition rate is generally needed to reduce the production cost, for
novel high current applications the latter two issues have recently become more essential.

At Utrecht University, we are investigating Hot Wire (Catalytic) CVD as a deposition technique for novel TFTs that have a high potential to meet the above
mentioned requirements. In Hot Wire CVD, the source gases are catalytically decomposed at heated tungsten or tantalum filaments (71800 °C), whereas
the substrate is kept at a low temperature. Hydrogenated amorphous silicon (a-Si:H) with device quality can be deposited at a high rate of 1-6 nm/s.
Bottom gate, inverted staggered TFTs with Hot Wire CVD silicon films have been made with an electron mobility of 1.6 cm?/Vs, and with field effect
characteristics that are completely stable under operating conditions. Top gate, coplanar TFTs with polycrystalline silicon films have been made, showing
a mobility of 4.7 cm?/Vs, in agreement with the Hall mobility measured in individual thin films. This has been obtained without any post deposition
treatment, and the Hot Wire technology can thus avoid expensive, time-consuming steps such as the laser recrystaliization step that is currently used in
the production of the latest poly-Si fap top displays. Hot Wire CVD is also suitable for the deposition of silicon nitride (SiNy:H) gate dielectrics. TFTs with a
Hot Wire silicon nitride gate dielectric, deposited below 400 °C, have reached a mobility of 0.6 cm?/Vs and a threshold voltage of 2.9 V.

Nanos materialov z metodo vroce zice pri izdelavi
tankoplastnih tranzistorjev

Kljuéne besede: polprevodniki, mikroelektronika, tehnologije Zice wroée, CVD nanosi kemi¢ni s paro, HWCVD nanosi kemicni s paro in Zico vro¢o,
naprave upodabijalne, senzorii slik, zasloni slikovni, skenerji, upodabljainiki X-zarkov, TFT transistorji tankoplastni, a-Si:H TFT tehnologije silicija amorf-
nega hidrogeniziranega za transistorje tankoplastne, zmanj$anje stroskov

Izvlegek : Tankoplastni tranzistorji ( TFT - Thin Film Transistors ) se na &iroko uporabijajo kot stikalni elementi v aktivnih matrikah ( AM - Active Matrix ),
prikazalnikih na tekode kristale ( LCD - Liquid Crystal Displays ), kot npr. pri TFT zaslonih prenosnih racunalnikov ali tudi pri dvodimenzionalnih slikovnih
napravah kot so skenetiji ali x Zarkovni upodabljalniki v medicini.

V prispevku obravnavamo nove izzive v razvoju in raziskavah TFT tranzistorjev : 1) TFT tranzistorji na plasticnih substratih, 2) nizkotemperaturni nanos
polisiliciia ( LTPS ) za izdelavo tockovnih ( pixel } TFT tranzistorjev, oz. za izdefavo krmilnikov vrstic in stolpcev na steklu , 3) krmiljenje OLED diod { OLED
- Organic Light Emitting Diodes ) s TFT tranzistorji. Za vse te nastete napredne uporabe TFT tranzistorjev so pomembne naslednje njihove lastnosti:
i) visoka gibljivost elektronov, ii) stabilnost, iii} enakomeren nanos tankin plasti siliciia in dielektrika za krmilno elektrodo brez napak pri visokih hitrostih
nanasanija. Visoke hitrosti nanasanja so sicer potrebne za zmanjsanje proizvodnih strogkov, vendar zadnje ¢ase postajata vse bolj pomembna zadnja dva
dejavnika predvsem zaradi zahtev po visokih tokovih.

Na Univerzi v Utrechtu raziskujemo tehniko kemiénega nanosa silicija { CVD ) z metodo vroce Zice, s katero si obetamo doseéi vse zgoraj nastete lastnosti
TFT tranzistorjev. Pri tej metodi se plini kataliticno razgradijo na greti tantalovi ali volframovi nitki ( temperatura okoli 1800°C ), med tem ko je substrat na
nizki temperaturi, Ustrezno kvaliteten hidrogeniran amorfni silicij ( a-Si:H ) lahko nanagamo s hitrostjo 1 - 5 nm/s. S CVD nanosom z metodo vro¢e Zice
smo izdelali TFT tranzistorje z obrnjeno krmilno elektrode z gibljivostjo elektronov 1.5 cm?/Vs in z elektriénimi karakteristikami, ki so bile popolnoma
stabilne. Koplanarni TFT tranzistorji iz polikristalinidnega silicija s krmilno elektrodo na vrhu pa so imeli elektronsko gibljivost 4.7 cm?/Vs, kar je enako
Hallovi gibljivosti merjeni v samostojnih tankih filmih. Omenjene lastnosti smo dosegli brez kakrénihkoli dodatnih obdelav, iz ¢esar lahko sklepamo, da se
pri CVD nanosu siliciia z metodo vroge Zice lahko izognemo dragemu in dolgotrajnemu postopku laserske rekristalizacije tanke plasti, ki je trenutno v rabi
v proizvodnji najnovejéih polisilicijevih zaslonov za prenosne ra¢unalnike.

CVD nanos z metodo vrode Zice je primeren tudi za nanos dielekirika za krmilno elektrodo iz silicijevega nitrida ( SiNy : H ). Tovrstni TFT tranzistorji naneseni
pri temperaturi pod 400°C so dosegli gibljivost elektronov 0.6 cm?/Vs in pragovno napetost 2.9 V.
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1. Introduction

The application of Thin Film Transistors (TFTs) in image
sensors and displays is very widespread. Amorphous sili-
con (a-Si:H) TFT technology has shown to be a mature
technology and thus TFTs are widely used for individually
switched display elements (pixels) in Liquid Crystal Dis-
plays (LCDs) /1/, primarily in portable laptop computers,
but also in 2-dimensional imaging devices, such as docu-
ment scanners or in digital X-ray imagers for medical appli-
cations.

Inan LCD, the display elements comprise liquid crystals
of which the transmissive or reflective optical properties
can be altered by electrically charging or discharging them.
These elements are arranged in large matrices along with
their switching TFTs to form an Active Matrix Liquid Crystal
Display (AMLCD). Although the mobility of a-Si:H TFTs is
quite low (= 1 cm?/Vs), these TFTs are very suitable as the
pixel switches in AMLCDs, since they can be fabricated
over large areas (so that displays with > 15” diameter are
no longer an exception), with high yield, and showing very
uniform performance, while the low mobility is amply suffi-
cient to charge the pixels within the row addressing time.
A possible drawback of a-Si:H TFTs is the threshold volt-
age shift after prolonged applied bias to the gate electrode.
Given the high quality of the currently available gate die-
lectrics, this effect has been proven to be an intrinsic prop-
erty of a-Si:H rather than charge trapping in the gate die-
lectric /2/. Nevertheless, the threshold voltage shift is not
an issue in AMLCDs, since the total integrated duration of
applied bias to each transistor (“ON time”) over the life of a
display is too short to produce any significant threshold
voltage shift. The duty cycle is very short, because the
pixels can be charged within a very short time and the TFT
is switched back to the OFF condition once a pixel is
charged.

2. Requirements to TFTs

2.1 Mobility

Although a-Si:H TFTs are used in mass-produced displays
and sensor arrays, new challenges to this field have sur-
faced recently. The performance of very high-resolution
displays is mainly determined by the electron mobility of
the pixel TFTs. This is one reason why TFTs with higher
mobility would have advantages. Further, one would like to
avoid the need for external IC mounting of the row and
column drivers. For on-glass peripheral driver circuitry in-
tegration, a higher carrier mobility of TFTs is required. For
driver circuitry, n-channel and p-channel TFTs are required.
This would enable Complementary Metal-Oxide-Semicon-
ductor (CMOS) circuits, which would make low-power
(<1 mW) on-glass drivers possible and, consequently, the
displays could become extremely flat. For row drivers a
mobility of 10 cm?/Vs is amply sufficient and for column
drivers the mobility would need to be 100 cm?/Vs /3/.
Using multiplexed row and column drivers however, just a

moderate improvement of the mobility of TFTs would al-
ready be sufficient /4/ while the number of interconnects
could already be greatly reduced. For driver TFTs the sta-
bility, in addition to the mobility, becomes an issue.

2.2 Stability

The stability of the devices has again become an impor-
tant issue in the following technology fields. (/) Low-tem-
perature deposited Thin Film Transistors on polymer sub-
strates /5,6/. Such low-temperature deposited matrices
of TFTs could ultimately be made by roll-to-roll production
and be used in curved consumer products, such as mo-
bile phones, and in rollable “electronic paper”. The maxi-
mum processing temperature that can be used on, e.g.,
transparent polyethylene terephthalate (PET) is = 150 °C.
(i) TFTs that are used in multiplexed drivers. In such driv-
er circuits, TFTs have a high duty ratio (i.e., the ON time is
long compared to the OFF time) implying prolonged gate
bias stress conditions. The threshold voltage shift that re-
sults from such prolonged gate bias conditions would lead
to a too short life of the driver circuitry. (iif) TFTs for the
addressing of Organic Light Emitting Diodes (OLEDs).
When OLED displays become large (i.e., laptop size), ac-
tive matrix addressing (AMOLEDSs) is required in order to
reduce the power losses due to capacitive charging, which
is a problem in passive-matrix addressed OLEDs. In con-
trast to the pixel switching scheme in charge-driven LCDs,
the current-driven LED pixels have to be addressed in a
constant current mode, which means that the switching
transistors remain in the ON state as long as the pixel is
required to be ON. Therefore, the TFTs have to be capable
of enduring orders of magnitude longer durations of ap-
plied bias and should therefore be essentially stable.

2.3 Costreduction

The solution to mobility and stability issues is often found
by the introducing poly-Si TFTs. At present, these TFTs are
already used in finer pitched displays, such as in the high
quality segment of avionics products or in projection dis-
plays. In small size display panels, poly-Si TFTs are in use
in the driver ICs as well as in the switching transistors /7/.
These TFTs always have a top gate structure as this has
the advantage that they can be structured using self-aligned
photolithographic definition. The challenge in this segment
is to produce poly-Si at a low temperature (LTPS: Low Tem-
perature Poly-Silicon), so that inexpensive and larger sub-
strate plates can be used.

One of the approaches to LTPS is to deposit amorphous
or microcrystalline thin films that which are subsequently
{re-Jerystallized. The common crystallization techniques are
furnace annealing (Solid Phase Crystallization; SPC) /8/,
rapid thermal annealing (RTP) with lamps /9/, and exci-
mer laser annealing /10/. For glass substrates, furnace
annealing is restricted to temperatures < 600 °C due to
the softening point of commonly used glass (Corning 1737)
and is therefore a method that is very time consuming (in
excess of 10 hours). In excimer laser annealing, the short
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wavelength (308 nm for a XeCl laser) and the short pulse
duration (20 -200 ns) promotes rapid melting and fast
solidification. This, in principle, enables the use of sub-
strates that are not resistant to high temperatures, such as
glass and plastic foil.

The base materials for laser recrystallization are either made
with Low Pressure Chemical Vapor Deposition (LPCVD) /11/
or with Plasma Enhanced CVD (PECVD) /12/. In the latter
case, while PECVD allows for a lower deposition tempera-
ture, the recrystallization is actually a two-step process or
even a three-step process. It is required to dehydrogenate
the film (e.g., at 450 °C for 1 hour) in order to prevent
explosive outgassing of hydrogen from the film leading to
delamination. After completion of the TFTs, an rf hydrogen
plasma (for several hours) is needed to passivate defects,
reduce leakage currents, and to enhance the electron
mobility. The multitude of complicated processing steps
with a long duration that are associated with laser anneal-
ing is not straightforwardly compatible with the requirement
of a throughput of one plate per minute in the single-sub-
strate processing tools currently employed in the fabrica-
tion of AMLCDs /13/. Further, there are problems with the
homogeneity of the performance of TFTs over large area
substrates due to pulse-to-pulse energy fluctuations and
the energy distribution in the beam /10/. This results in
mobility and threshold voltage variations in the TFTs, which
cause unacceptable non-uniformity in display brightness.

Direct deposition of poly-Si TFTs is of interest for obtaining
uniformity over large area and for reducing the manufac-
turing costs. Early results obtained using catalytic chemi-
cal vapor dissociation (Cat-CVD) of SiH4 gas at a hot tung-
sten wire and deposition of the reactants on a substrate
held at 300 °C resulted in thin films with a Hall mobility of
10 ¢cm?/Vs /14/. Subsequently, a report appeared on TFTs
that were deposited on a thermally-grown SiO2 gate die-
lectric and had a remarkably high optimum in the field ef-
fect mobility of 70 cm?/Vs /15/. Microcrystalline films can
also be made using the Layer-by-Layer (LBL) variant of ra-
dio frequency (rf) Plasma Enhanced CVD (PECVD) /16/,
leading to a mobility of 0.6 cm?/Vs in TFTs. The Princeton
group recognized that fluorinated silane promotes crystal-
lization in PECVD of thin layers /17 / and produced 50 nm
thick TFTs with an electron mobility of 10 cm?/Vs /18/.
Although the deposition rate is only 0.5 A/s, the deposi-
tion time of the active layer could be limited to 15 min, be-
cause only a small thickness was required.

Recent results on large area deposition include the achieve-
ment of a thickness uniformity of +/- 2.5 % on 20 cm x 20
cm at the University of Kaiserslautern /19/ and a uniform-
ity of +/- 7.5 % on substrates as large as 40 cm x 96 cm,
using a novel showerhead design, at Anelva Corporation
in Japan /20/.

3. Hot Wire CVD

At Utrecht University, we are investigating two deposition
technigues for the fabrication of TFTs: Plasma Enhanced
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CVD in the Very High Frequency domain (VHFCVD) /18c/
and Hot Wire (Catalytic) CVD. This paper will discuss Hot
Wire CVD only; for results obtained with VHFCVD we refer
to Ref. 21.

In Hot Wire CVD, the source gases are catalytically de-
composed at heated tungsten or tantalum filaments (~1800
°C), whereas the substrate is kept at a low temperature.

heater element

substrate

<
shutter .
to pumps

filamenis
~ .

gas inlet

Fig. 1: Schematic cross section of a Hot Wire
deposition chamber.

Figure 1 shows a schematic cross section of a Hot Wire
deposition chamber at Utrecht University. It basically con-
tains a substrate holder, a shutter, a hot wire assembly, a
gas inlet, and a pump port. The substrate holder is option-
ally heated with an external heater. One or multiple fila-
ments are located at 3 - 8 cm from the substrate. The
gases flow perpendicular to the length of the filaments. In
contrast to the conventional PECVD technique, noions are
created: though the hot filament emits a considerable elec-
tron current, the energy of these electrons is generally too
low to cause impact ionization. At our laboratory, two Hot
Wire deposition chambers are connected to one of our
multichamber ultrahigh vacuum (UHV) systems. This offers
the opportunity to create geometry and deposition param-
eters optimized for two types of intrinsic layers: amorphous
and micro/polycrystalline silicon. Hydrogenated amor-
phous silicon (a-Si:H) films are obtained using 100 % si-
lane (SiH4), whereas polycrystalline silicon films are made
using mixtures of hydrogen (Ho2) and silane (SiH4) gases
with a flow ratio of 10 to 15. As a result of systematic and
careful optimization procedures we have chosen different
substrate-to-wire distances, different wire temperatures,
and even different wire materials for a-Si:H and poly-Si:H
deposition, respectively (see Table 1).

There are two issues of concern in HWCVD, which have
been addressed recently: (1) Breakage of the wires. This
can be avoided by preventing excessive silicide formation.
This is prevented by avoiding high concentrations of silane
near the points where the wire is relatively cool /20/. The
life of the wire can be further lengthened by an appropriate
annealing treatment with Hz gas prior to deposition;
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(2) Metallic contamination of the films. This is avoided
under normal operating conditions. For instance, for dep-
ositions using a W wire at temperatures between 1800 -
2000 °C, it has been verified from SIMS measurements
that the tungsten concentration in the deposited films is
less than 10'® em™,

Parameter Poly-Si:H a-Si:H
Wire material W Ta
Asubstr-vire 40 mm 50 mm
Toiee 1800°C 1700°C
Tou 500°C 250°C
Dilution ratio H./SiH, 15 1
Pressure (mbar) 100 20
Deposition rate (A/s) 5 10
Band gap (eV) 1,1 1,8
Activation energy (eV) 0,55 0,8
Photo-/dark conductivity ratio 102 108
Table 1: Key deposition parameters and materials

properties of the two intrinsic absorber
layers

At present, high quality amorphous silicon films can be
deposited at a rate between 10 and 50 A/s and micro- or
polycrystalline silicon films at a rate between 5 and 20 A/s.
Using pure SiH4 at a substrate temperature of 430 °C, our
best material has an ambipolar diffusion length of 260 nm
and is deposited at a rate of 18 A/s. The hydrogen content
is 8 at.-%, leading to an optical (Tauc) band gap of 1.70 eV.
The first a-Si:H TFTs made with this material immediately
showed that the HWCVD technique leads to very stable
devices /22/.

Polycrystalline or microcrystalline silicon materials are typ-
ically obtained using dilution of the SiH4 with Hz. We distin-
guish two main types of poly-Si:H. Type 1 has random ori-
ented small crystals (denoted as Poly7) and type 2 has
columnar, strongly oriented (220) crystals (denoted as
Poly2). The random-oriented Poly7 is obtained at high Hy
dilution of the silane. These layers are quite porous and
are subject to bulk post oxidation if not shielded by a cap-
ping layer. They are useful because they typically show
immediate nucleation on any kind of substrate. The depo-
sition rate is relatively low (1 A/s). The columnar-oriented
Poly2 is obtained at moderate Hz dilution and at a higher
deposition rate (5 - 10 A/s). This deposition rate is compa-
rable to the highest deposition rates available for device
quality pe-Si:H by VHFCVD /283,24/.

Poly2 has unique properties, such as a very intrinsic na-
ture (oxygen levels down to 3x 10" cm™®) and a very high
compactness, due to good coalescence of the crystals
/25/. The latter is illustrated by (i) SiH stretching mode IR
absorption only at 2000 cm™, typical for isolated SiH bonds,

(i) H effusion only at 550-650 °C, (iii) low ESR spin densi-
tyat 7 x 10" cm™, and (iv) low activation energy of the Hall
mobility (0.012 eV) /26/. The intrinsic nature of the mate-
rial is also illustrated by the midgap position of the Fermi-
level at 0.54 eV, as deduced from temperature dependent
dark conductivity (o) measurements. The value of sq at
room temperature is also low, at 1.5 x 107 Q'em™. This
helps in achieving low leakage currents in TFTs. The hy-
drogen content in Poly2 films is only 0.5 at.-%. The com-
pactness makes these films very suitable as capping layer
against penetration of oxygen and water vapor. Typically,
the Poly2 growth regime shows an incubation time leading
to amorphous or heterogeneous nature near the substrate
interface during the first = 50 nm.

3.1 Mobility

We applied the Poly2 growth regime to the preparation of
high quality bottom gate TFTs as well as top gate TFTs. The
presence of an incubation layer, however, prevents the
achievement of typical “polysilicon-like” behavior and there-
fore these TFTs behave predominantly “amorphous-like”,
along with the high ON/OFF ratio that is typical for amor-
phous silicon TFTs. Nevertheless, these TFTs showed an
electron mobility of 1.5 cm?V's™ /27/, which is higher
than that of conventional amorphous TFTs. Moreover, the
[-V characteristics were remarkably stable /28/, which will
be elucidated in the next subsection.

Al
— 100 nm

L_Sio2 ,
200 nm

n+ pe-Si,
60 nm

poly-Si,
1500 nm

1737 Glass,
0.7 mm

Fig. 2: Schematic cross section of the top gate TFT
structure.

To investigate the mobility potential of as-deposited poly-
silicon layers made by HWCVD, Utrecht University and S.
Wagner's group at Princeton University have fabricated top
gate TFTs using the above Poly2 layer. Inthe top gate con-
figuration, the conducting channel is near the surface of
the layer. Fig. 2 shows a cross section of the top gate
structure. Since the crystals extend conically in the growth
direction, the size of the crystals increases from the sub-
strate to the film surface and hence it was expected that
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the electron mobility at the top of the layer would be higher
/29/ (for a film thickness of 1.5 um).

The transfer characteristics at 0.1 V (linear regime) and 10
V (saturated regime) are shown in Fig. 3. It can be seen
that at the lowest V4s the drain currents are suppressed.
This is possibly due to a small barrier at the source and
drain contacts. At Vgs = 10V, the currents are not limited
by the contacts. Here, the ON current is 4.8 x 10 A and
the OFF currentis 7.5 x 107" A. Such a low OFF current is
not usually obtained for poly-Si TFT. The subthreshold slope
S = dV/dllogio la) is 1.5 V/decade and the threshold volt-
age Vi, is 8.0 V. The mobility in the saturated regime is
calculated from the slope of the square root of I4 versus Vg
measured at Vg = 10V (for V4 < 15 V) and amounts to 4.0
cm?V's™. The maximum field effect mobility that was ob-
tained is 4.7 cm?V's™,

DrainCurrent (A)

10° - T T T T T
-10 0 10 20

Gate Voltage (V)

Fig. 3: The transfer characteristics at 0.1 V (linear
regime) and 10 V (saturated regime) of a
HWCVD poly-Si:H TFT

The transistor parameters are fully consistent with the indi-
vidual thin film properties: the OFF current is in agreement
with the dark conductivity of the Poly2 layer and the field
effect electron mobility is similar to the result of the Hall
measurement, which was 5 cm?V's™. The mobility is also
consistent with the mobility determined from Time-Resolved
Microwave Conductivity (TRMC) measurements performed
on the same layers, showing an electron mobility of 4 to 5
cm?V's™ /30/. In the TMRC technique, short wavelength
pulsed laser illumination of the top surface was used to
probe the mobility of the corresponding channel region of
the TFT. The lateral current flow does not experience no-
ticeable barriers due to crystal boundaries (consistent with
the low activation energy of the Hall mobility of 12 meV).

In addition to this 1.5 um film, we investigated the effect of
areduced thickness of the silicon film on the TFT charac-
teristics. We employed 750 nm and 300 nm thick films.
The results are shown in Table 2. Top-gate TFTs with films
have reduced electron field effect mobility.
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Thickness Ve (V) ON/QFF mobi»lity_
(nm) ratio (cm?V-isT)
300 12 30 1.1 x 10
750 6 2x 108 1.5
1500 8 4 x10° 4.0
1500 9.5 6 x 10° 4.7
Table 2: Summary of the HWCVD poly-Si TFT

characteristics for three thicknesses of the
silicon film on Corning 1737 glass. The
threshold voltages and mobilities are taken
in the saturated regime. The ON and OFF
current are taken at Vgs = 10V, and Vg = 25
Vand 0V, respectively.

Forthe thinnest film of 300 nm, the characteristics are very
poor. ltis interesting to note that the same thin films, imple-
mented in bottorn gate TFTs, yield an electron mobility of
1.5 cm?Vls™. In those TFTs, the channel region is amor-
phous, due to the incubation stage that Poly2 requires for
the crystals to develop. Thus the reason for the poor mo-
bility for the 300 nm thick top gate TFT is most likely the
fact that the amorphous and crystalline phases at this stage
of the growth are mixed in an unfavorable volume ratio,
leading to local porosity, poor carrier transport between
isolated grains (low mobility values) and a Fermi level that
is pinned by the intergrain defect density (small ON/QFF
ratio).

3.2 Stability

We studied the defect creation under prolonged bias volt-
age stress in TFTs based on silicon deposited by HWCVD
and compared them with state-of-the-art devices prepared
by PECVD. Purely amorphous as well as heterogeneous
silicon conducting channel regions, incorporating a small
fraction of crystallites, were exposed to the gate bias stress.
A gate bias voltage of 25 V was applied at temperatures
between 40 °C and 100 °C for periods between 10 s and
5x10%s. Forthe analysis of the data we used the thermal-
ization-energy concept /31,32/ and we fitted stretched hy-
perbola functions to the relative threshold-voltage shift
AV versus the thermalization energy Ey

AViR™ = (Ve - Vi) / (Vg = Vi) = 1 -

(expl(En - En)/kaTo] + 1)" /@1, (1
where
En = kaT-In(vi). (2)

It is noteworthy that, although this concept was developed
for a-Si;H TFTs, it appears to be equally well applicable to
heterogeneous or microcrystalline silicon. Fig. 4 shows the
relative threshold shift versus E,.
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Fig. 4: Measured and fitted relative threshold voltage
shift of PECVD a-Si:H and HWCVD silicon TFTs
versus thermalization energy.

For HWCVD a-Si:H TFTs the fits resulted in Ea = 1.052 eV,
which is high compared to the Ea value of 0.977 eV for the
reference PECVD TFT. For the TFT with the heterogene-
ous material in the channel, which is the result of the initial
growth under Poly2-type deposition conditions, the Ea val-
ue is even better than for the HW a-Si:H TFT, namely 1.073
eV. For this TFT the mobility was 1.18 cm?/Vs. This dem-
onstrates the superior stability of TFTs using HWCVD de-
posited silicon for the channel layer /33/.

Fig. 5: Transfer characteristics of a PECVD a-Si:H TFT,
a HWCVD a-Si:H TFT, and a HWCVD
heterogeneous silicon TFT. The solid curves are
the initial characteristics and the dashed curves
are taken after 23 h of continuous stress at room
temperature.

The improved stability is made more clearly visible by show-
ing a snapshot of the I-V transfer characteristics for the
three TFTs at an equal stressing dose of 23 h of continu-
ous stress at room temperature. Fig. 5 shows the charac-
teristics for initial and stressed conditions. Whereas the
PECVD TFT shows a AV, as high as 6.2 V, the HWCVD
a-Si:H TFT shows a AV of only 0.9 V and the HWCVD with
the heterogeneous silicon channel shows virtually no shift
at all.

As all hot-wire TFTs have a better stability than state-of-the-
art PECVD devices, these TFTs have the potential to fulfill
the requirements for application as the pixel TFTs in
AMOLEDs and as the driver TFTs in AMLCDs.

3.3 Costreduction

The cost of manufacturing AMLCDs is determined, among
others, by the thermal budget of the process (via the cost
of heat-resistant substrates), the number and duration of
processing steps (such as annealing and defect passiva-
tion steps), the complexity of the processes (which influ-
ences the yield), the cost of equipment (such as laser-an-
nealing equipment), and the throughput. As Hot Wire CVD
has already demonstrated that highly stable, high mobility
TFTs can be produced, this technology, due to its large
area capability, high deposition rates, and simplicity, can
contribute greatly to cost-effective manufacturing of active
matrices of TFTs. The potential contribution to cost reduc-
tion would even be large if both the channel material and
the gate dielectric could be made with the same technique.
For this reason we have also ventured the demonstration
of “all-hot-wire” TFTs.

A HWCVD silicon nitride (SiNg:H), that is suitable as the
gate dielectric in bottom gate TFTs, has recently been devel-
oped in our lab /34/ as well as in Matsumura’s lab /35/.
Forthe deposition of HWCVD SiNy gate dielectrics we used
a mixture of ammonia (NH3) and sifane. The substrate tem-
perature was kept below 400 °C.

‘;-\ T T T T T | A
§ L0l N(Si-N) — HWCVD SINR = 30)
B i PECVD SiN
E 1.5 -
S
=
8 1.0- -
o
S !
B 0.54 ! (N-H) -
g \ N-H
2 '. (Si-H) ,(‘ L]
2 0.04 o SN

N L L R A A A S S S
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Fig. 6: Infrared absorption spectrum of a HWCVD and
a PECVD SiNy:H layer.
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The composition can be tuned over a wide range by vary-
ing the SiH4/NH3 gas flow-rate ratio. We used a flow-rate
ratio of R = 30 - 60 at a pressure of (8 - 15) x 10 mbar.
The filament temperature was 1900 °C. The substrate tem-
perature was 340 °C. A high breakdown field (> 5 MV/cm)
and a high electrical resistivity (> 10" Qcm) have been
achieved. Fig. 6 shows the FTIR absorption spectrum of
HWCVD SiNy deposited with R = 30. For comparison the
spectrum of typical nitrogen-rich PECVD SiNy deposited
at a substrate temperature of 400 °C /34/ is also shown
in this Figure. The composition of HWCVD SiNy was meas-
ured with Elastic Recoil Detection (ERD). We determined
x =N/Si=1.35 + 0.05, which is near to the value of x =
1.33 for stoichiometric SiasN4. In the semiconductor indus-
try, SisN4 is conventionally deposited by LPCVD at a high
temperature of ~ 800 °C and therefore it cannot be ap-
plied to glass or plastic substrates. The hydrogen content
of our films is (10 + 1) at.-%. This is very low compared to
the 22 at.-% present in the PECVD SiNx sample. In the
case of the PECVD SiNy the hydrogen is bonded to N only,
apparent in the N-H stretching mode at 3340 cm™ and
the N-H bending mode at 1180 cm™. The HWCVD layer,
on the other hand, also shows a contribution from Si-Hy
stretching at 2100 - 2300 cm™. Arefractive index of 1,95
+0.02 andaband gap of Egs = 4.2 £ 0.1 eV (energy where
the absorption coefficient is 10* cm™) was determined by
spectroscopic ellipsometry. The relatively low bandgap
(Eos ~ 5 eV for the PECVD SiNx) and the presence of the
Si-Hx mode in the FTIR spectrum indicate that the SiNy
network contains a considerable fraction of Si-Si bonds
and, thus, Si dangling bonds, may act as charge-trapping
centers as in case of PECVD SiNx /36/.

TFTs with a PECVD channel layer and a Hot Wire silicon
nitride gate dielectric, have reached a mobility of 0.6 cm?/Vs
and a threshold voltage of 2.9 V. ‘All-hot-wire’ TFTs with
both layers made by HWCVD have reached a mobility of
0.3 cm?/Vs and a threshold voltage of 4.0V /37/. Although
more development work is needed to improve the compat-
ibility between the two layers, it is thus demonstrated that
the TFTs can in principle be made using a single process.

4. Conclusion

We have addressed the current issues in the development
of TFTs for AMLCDs or AMOLEDs and grouped them in
the categories mobility, stability, and cost. With reference
to these issues we have discussed the potential of Hot Wire
CVD for the fabrication of thin film amorphous, micro-, or
polycrystalline silicon channel materials and silicon nitride
dielectrics. Although there are still large challenges in the
further development of the Hot Wire CVD technique, its
simplicity makes it a very favorable technique for the for-
mation of the active layers of TFT matrices and driver cir-
cuits.
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Abstract : Ferroelectric domain engineering became an attractive and perspective tool for development of a new generation of diverse nonlinear optical
and acoustic converters. Conventional one-dimensional engineered domain structure represents an array of strip-like domains of a micrometer width.
These domains should possess vertical domain walls through the crystal bulk of a few millimeters depth. In fabrication of patterned domain configurations
by electrical poling technique, the most critical point is a domain broadening effect. There are several fundamental processes, which play a crucial role in
fabrication of domain configurations, such as bulk domain nucleation, domain shapes and anisotropic domain walls propagation

Oblikovanje feroelektricnih domen pri izdelavi nelinearnih
opticnih komponent

Kljuéne besede: optika nelinearna, KTP KTiOPO4 kristali feroelektriéni, naprave optike nelinearne, pretvorniki akustiéni, pretvorniki opticni, inZzenirstvo,
elektrooptika, piezoeiektrika, piroelekirika, viri svetlobe koherentne, viri svetiobe vidne koherentne, viri svetiobe UV ultravijoliéne koherentne, viri svetlobe

IR infrardece koherentne

Izvieéek : InZeniring feroelektricnih domen je postalo priviatno in obetajoée orodje za razvoj nove generacije razli¢nih nelinearnih optiénih in akustiénin
pretvornikov. Konvencionalna enodimenzionaina domenska strukiura je sestavijena iz polja podolgovatih domen z mikrometrsko sirino. Omenjene do-
mene imajo navpicne stene, ki se sirijo skozi telo kristala v globino nekaj milimetrov. Priizdelavi domenskih struktur z izbrano predlogo z metodo selektivie
elektri¢ne polarizacije je najbolj problemati¢en pojav razsiritve domen. Pri tovrstnem oblikovanju domen je pomembnih kar nekaj osnovnih procesov . To
s0 predvsem : nukleacija domen v telesu kristala, geometrija domen in anizotropno sirjenje domenskih sten,

for this study, because of their wide application in nonline-
ar optical conversions. These crystals possess high opti-
cal nonlinearity, high optical damage resistance, and broad
optical transparency.

1. Introduction

Fabrication of engineered domain structures allows observ-
ing new physical properties of a ferroelectric crystal. The
physical origin of this phenomenon is changes in a macro-
scopic symmetry of the domain-patterned ferroelectrics.

Many well-known properties of ferroelectrics such as elec- 2.
trooptical, nonlinear optical, pyroelectric, piezoelectric,
etc., which are determined by tensors of the odd ranks,
may be changed by means of tailoring specific domain-
engineered configurations /1/. In nonlinear optics the do-
main-engineered structures allow satisfying quasi-phase-
matching (QPM) conditions /2/. This method enables to
develop coherent light sources in UV, visible and infrared
regions where compact and efficient lasers are unavaila-

Ferroelectric domain engineering

Ferroelectrics are primary ferroic (twinned) crystals where
twins are distinct in the orientation of spontaneous polari-
zation Ps. These electrical twins (ferroelectric domains) dif-
fer in the signs of every polar property of the first, third and
any other odd rank tensors. Tensors of the third rank de-
scribe several important physical effects such as piezoe-
lectric, electrooptic and nonlinear optical. In ferroic crys-
tals twins are reoriented by external driving force that is an
ble. o . .
electric field for ferroelectrics. Therefore, external electric
In this paper the principles of ferroelectric domain engi- field reversing spontaneous polarization Ps reverses the

neering, peculiarities of the spontaneous polarization re-
versal, ferroelectric domains nucleation problem, and the
domain propagation in ferroelectric materials are discussed.
KTIOPO4 (KTP) ferroelectric crystals have been chosen
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signs of coefficients of the corresponding tensors of the
odd rank. For instance, two adjacent domains with oppo-
site direction of Ps have opposite signs of the piezoelectric
coefficients. Evidently, application of the operating voltage
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to this bi-domain ferroelectric crystal causes opposite
strains for each of these domains via piezoelectric effect.
It was shown that ferroelectric crystals with specifically tai-
lored domain structures might have quite different and even
new piezoelectric properties in comparison with monodo-
main ferroelectrics /3/,/4/.

The tensor of nonlinear optical coefficients is also of the
third rank and its symmetry coincides with the tensor of
piezoelectric coefficients. The sign of the nonlinear coeffi-
cient d of macroscopically polarized regions depends on
the spontaneous polarization direction and it is opposite
for ferroelectric 180°-domains. This enables to realize the
idea of QPM proposed by Bloembergen /2/ by introduc-
ing into ferroelectric crystal bulk a specific domain config-
uration where the spontaneous polarization changes its di-
rection alternatively. Several ideas were proposed to find
another domain configurations for optical frequency tun-
ing using ferroelectric domain engineering. Multi-grating
domain design implemented in the works /5/,/6/ includ-
ed fabrication of 25 domain grating sections ranged the
domain grating period from 26 to 32 mmin 0.25 um incre-
ments on one LiINbO3 plate. This optical chip allowed gener-
ating OPO output tuned across the entire mid-IR transpar-
ency of LiNbO3 from 1.98-1.36 mm in the signal branch
and in the range 2.30-4.83 um in the idler branch. In other
work /7/ the continuous tuning was reached using fan-out
grating design. Another approach where Fibonacci-based
structures provided by aperiodic domain configurations
/8/ were considered for simultaneously phase matching
two interactions.

So far, ferroelectric domains, instead of deteriorating fig-
ures of merit, which occurs for instance in pyroelectric or
electrooptic devices, demonstrate a unique ability to ob-
serve new and useful piezoelectric and optical properties
based on specifically fabricated domain configurations. It
paved the way for development of the new field-ferroelec-
tric domain engineering /1/.

3. Domain broadening in ferroelectric
domain structures

The most promising results in fabrication of the engineered
domain structures were achieved by electrical poling tech-
nique, when pulsed electric switching field is applied to a
monodomain ferroelectric crystal through a photolitho-
graphically patterned electrode /1/. The fabricated domain
structure represents strip-like domains of a micrometer-
scale width with straight, vertical domain boundary walls
throughout the crystals bulk. However, despite of a strictly
defined electrode pattern, the inverted domains are often
wider than the deposited electrode strips. This unwanted
domain broadening effect makes it especially difficult to
taifor dense domain patterns with small periods. The con-
version efficiency of SHG and OPO strongly depends on
quality of the tailored domain grating structure. Various
types of deviations from the perfect geometrical periodici-

ty and changes of the duty cycle and their influence on the
conversion efficiency of SHG were theoretically analyzed

/9/.

The domain broadening is induced by propagation of the
growing reversed domain to the region, which is beyond
the region limited by the switching patterned electrodes. It
may be caused by widening of the growing domains due to
a high tangential field between electrode strips, by bulk
domain nucleation or by anisotropy of the domain walls
velocity. Tangential domain widening in KTP crystals has
been studied in the work /10/. Two other mechanisms of
domain broadening such as anisotropic domain walls prop-
agation and bulk nucleation of ferroelectric domains are
considered.

3.1 Anisotropy of domain wall velocity

The shapes of the domain strips in the domain-grated struc-
tures induced by applied electric field depend on shapes
of domain nuclei and anisotropy of the domain wall veloci-
ty. Itis clear, that both factors may cause a distortion of the
fabricated domain structures especially for the dense do-
main gratings. Our experiments have shown that KTP and
isomorphic crystals demonstrate extremely high anisotropic
growth of the inverted ferroelectric domains /11,12/. Dy-
namic ferroelectric domain shapes of the KTP crystals were
studied by partial polarization reversal of a sample with
uniform silver paint solid contacts applied to both polar Z-
faces. The reversed domains are strongly elongated in the
Y-axis direction (Figure 1). This experiment confirms that
orientation of the patterned electrode along the principal
axis of the ferroelectric crystals plays a crucial role in tai-
loring the domain configurations in these crystals. In the
case of orientation of the electrode strips along the Y-axis
the perfect domain grating can be fabricated (Figure 2(a)).
When the electrode strips are oriented along the X-axis,
the reversed domain structure does not correspond to the
switching electrode pattern (Figure 2(b)). The reversed
domains grow in the direction of the Y-axis and coalesce
under the dielectric layer. It leads to complete polarization
reversal of the ferroelectric sample.

The optical microphotography of the
etched Z-plane of KTP crystal after partial
polarization switching

Figure 1:
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Domains clongated
long the Y-axis

The effect of the orientation of the
patterned switching electrode on
fabricated periodically poled structure:
(a) - domain pattern obtained with the
patterned electrode strips parallel to the
Y-axis,

(b) - domain pattern obtained with the
patterned electrode strips parallel to the x-
axis.

Figure 2:

The observed anisotropy of the domain wall velocity may
be explained by a classic approach applied to the polariza-
tion reversal effect by Miller and Weinreich {/13/. They con-
sidered the mechanism of the sidewise motion of domain
walls in weak fields as nucleation and subsequent growth
of triangular reversed steps on 180° walls. The equation
obtained by Miller and Weinreich for the domain walls ve-
locity /13/ may be written in the form

3
V=yv, exp(—(XbA) (1)

where b is the lattice constant and a is a constant depend-
ing on the parameters of the two-dimension nuclei, the
applied field density and the temperature. The lattice con-
stants in tetragonal BaTiOg are equal along the X and Y
directions. As a result, the 180° domains observed by Mill-
er in BaTiO3 possessed rectangular forms /14/. In con-
trast, the crystal structure of the KTP crystals is extremely
anisotropic. The lattice constant along X-axis is 12.814 A,
and it is twice less in the Y-direction: 6.404 A /18/. Ac-
cording to the expression (1), reversed domains in KTP
crystals should grow in the Y-axis direction, where the lat-
tice constant is minimal. This leads to the anisotropic do-
main form in these crystals observed in our experiments
(Figures 1, 2).

Atomic Force Microscopy image of a
reversed KTP micro-domain.

Figure 4:
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Highly pronounced anisotropy of inverted domains makes
KTP and its isomorphs especially attractive for fabrication
of fine domain structures with periods of 1-2 micron. Our
experiments using Atomic Force Microscopy demonstrat-
ed that domain nuclei of a sub-micron size in KTP crystals
have a hexagonal form (Figure 3). The sidewise expansion
of the reversed domains occurs by anisotropic motion of
the hexagon sides in the Y-axis direction (Figure 3). Due to
this extremely anisotropic motion of domain walls of sub-
micron nuclei, domains with micron width oriented in the
Y-axis direction could be tailored. The quasiperiodic struc-
ture for multiple nonlinear interactions with a minimal do-
main width 2 micron was successfully fabricated and
showed good optical results. Hexagonal-shaped microdo-
mains were observed by Dougherty et al. in PbsGesO1
ferroelectric crystals /15/.

3.2 Bulk domain nucleation

Another contribution to the domain widening is a bulk do-
main nucleation. According to the existing concepts /16/,
compensation of the depolarization energy is a crucial con-
dition for formation of domain nuclei with reversed sponta-
neous polarization. The depolarizing field may be screened
by charges brought through the external circuit via switch-
ing electrodes or by the free charges existing in the crystal
bulk.

Conventionally, most of ferroelectric materials are consid-
ered as ideal dielectrics with a very large dielectric relaxa-
tion time t =¢eep/c (e is the dielectric permittivity, and ¢ is
the dc conductivity). TGS crystals (6~10"%Q 'om™, 1~10°
sec) provide a good example. In this case the polarization
switching time 1sw which may be several milliseconds, is
much shorter than the time constant of the internal screen-
ing t{Tsw << T) and only the external compensation via
switching electrodes process occurs. The dielectric film
inserted between the switching electrode and a TGS sam-
ple totally prevents the external screening of the depolariz-
ing field and as a result polarization switching /17/.

KTP crystals possess a very high room-temperature ionic
conductivity as compared to classic ferroelectrics, due to
the structure peculiarities of these crystals /18/. This con-
ductivity is ascribed to hopping of highly mobile potassium
ions through the channels existing along the polar axis.
Our study of dielectric properties of these crystals shows
/19/, that the cation mobility reduces with decrease of the
temperature, and at the definite temperature region around
T = 170 K the ionic conductivity is frozen. Measurement of
the dc conductivity values of KTP crystals showed o = 5x107°
Q'om™ at the low temperature (T = 1770 K) and ¢ = 5x10°°
Q'em ™ at room temperature (T = 300 K).

Our experiment of polarization switching of KTP crystals
with a single strip of Ti electrode (5-um width) deposited
on the +Z face of the sample confirmed that the bulk do-
main nucleation in these crystals is caused by their high
ionic conductivity. The -Z face of the samples was coated
uniformly by a silver paint electrode. The polarization switch-
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The view of the KTP sample polished at 45°
to the z-plane and selectively etched after
polarization reversal (a) at T = 170 K,
(b)at T=300K.

Figure 5:

ing was performed by application of square pulses of high
voltage with amplitude exceeding the coercive field, where
the switching time of KTP crystals is 0.1-10 ms /11,20/.
AtT =170 K Tew << T=¢€0/C ~ 1 s. At this temperature, as
could be seen from Figure 4(a), bulk nucleation does not
take place. The domain propagates via the crystal bulk with-
out any broadening preserving its initial width of 5 um. The
sample switched at room temperature (Tew >> 7 ~ 107° 8)
demonstrates a strong widening of the reversed domain
(Figure 4(b)). In the lower part of this sample the width of
the reversed domain is 40 um, which exceeds by eight
times the width of the electrode strip. In this case mobile
K* cations contribute effectively to the internal screening
of the depolarization field. Small nuclei, which were ob-
served in the crystal bulk near the walls of the reversed
domain, confirm the bulk nucleation origin of the domain
broadening.

4. Conclusion

Fabrication of engineered domain structures allows observ-
ing new physical properties of ferroelectric crystals. The

physical origin of this phenomenon is changes in a macro-
scopic symmetry of the domain-patterned ferroelectrics. It
is shown that domains growing in KTP crystals in low elec-
tric field are highly anisotropic: they are elongated along
the Y-axis direction. This could be explained by the differ-
ence in lattice constants along the X and Y principal axes.
The shape of the micro-domains of KTP possesses a hex-
agonal form. A strong influence of the ionic conductivity on
the polarization reversal in KTP crystals was observed. KTP
crystals reversed at room temperature demonstrate strong
domain broadening as a consequence of bulk domain nu-
cleation.
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Abstract : In the last decade the output power of semiconductor laser diodes has increased dramatically. Starting from a power range of several
miiliwatts, which is sufficient for a range of mass applications in the field of optical communication and optical storage systems, now semiconductor laser
systems with an output power in the kilowatt range are available.

The progress in the development of high-power edge- and surface-emitting lasers emitting is described. The sophisticated design of large optical cavity
lasers, the advanced production and mounting technology lead o usable cw-ouput powers in the range up to 70 W for a single laser bar. The concept of
the monolithic vertical integration of several lasers leads to nanostack lasers with high power capabilities under short and long pulse operation, Vertical
emitting lasers (VCSEL) also show promising high power performance.

The main advantage of diode lasers are the small volume, the high overali efficiency up to 60%, the availability of a wide spectral range and the high
reliability. This combination together with the high output power opens a wide field of applications covering e. g. pumping of solid state lasers and
amplifiers, transfer to printing plates, soldering and direct machining.

Polprevodniske laserske diode velikih moci

Klju¢ne besede: polprevodniki, faserji modnostni, laserji diodni, modi velike, moci izhodne do 4 Kw, laserji sevajodi z roba, VCSEL laserii sevajoéi s
povrsine iz votline vertikaline, COMD poskodba zrcala opticnega uni¢evalna, aplikacije

Izvledek : Izhodna mo¢ polprevodniskih laserskih diod je v zadnji dekadi mocno narasla. Od nekaj mW, kar zadostuje za mnoziéno uporabo na podroéju
optiénih komunikacijah in opti¢énem shranjevanju podatkov, so dandanes na voljo polprevodniski laserski sistemi z izhodno mocjo v kW obmodju.

V prispevku opisujemo napredek pri razvoju laserskih diod velikih moci z robno in povréinsko emisijo. Inovativna sestava velikih opti¢no votlinskih laserjev
ter napredna proizvodnja in tehnike montaze so pripeljale do uporabnih CW laserskih izhodnih moéi do 70W na lasersko palico. Koncept monolitne
vertikalne integracije v laserske skladovnice pa pripelje do velikih izhodnih moci pri pulznem delovanju. Ravno tako laserji z vertikalno emisijo ( VCSEL)
kazejo obetajo¢e moznosti doseganja visokih izhodnih mogi.

Glavne prednosti diodnih laserjev so majhen volumen, visok izkoristek, tudi do 60%, siroko spektraino obmodje in visoka zanesljivost. Nastete lastnosti
skupaj z visoko izhodno modcjo odpirajo siroka podrocja uporabe, kot so ¢rpanje ojacevalnikov in laserjev iz trdne snovi, prenos slik na tiskalne plosée,
spajkanje in direktno obdelovanje materialov.

1. Introduction cations. The following items are common to all approach-
es:

Laser diodes are attractive light sources due to the high . . .
- Maximum power in pulsed or cw-operation

conversion efficiency, the small volume, the high frequen-
¢y modulation capability, the good beam quality, the wide
wavelength range and the long lifetime. They find wide
spread applications comprising especially optical data stor- - High re;liability and long lifetime
age (CD, DVD) and optical communication over fibres. But
also other fields are emerging like sensing, measurement
and medical applications. The diode laser outperforms all
other laser systems in the number of produced devices.
Over the last years high power laser diodes steadily in-

- High overall efficiency
- Beam quality according to the application

A semiconductor laser diode is essentially a pn-diode in
which the active zone is formed by a direct band gap mate-
rial e.g. InGaAlAs or InGaAsP. Current is injected by for-
ward biasing the pn-structure and leads to an excess carri-
creased the performance in maximum output power and er density, which is high enough to ensure optical gain by
efficiency enabling new cost effective applications like stimulated emission. In modern laser diodes the active zone
pumping solid state lasers and amplifiers, transfer to print- consists of one or more very thin layers embedded in a
ing plates and even direct machining. material of higher bandgap forming a so-called double het-
erostructure. The thickness is in the range of a few nanom-
: . : eters and leads to quantum size effects in one direction.
2. Basics of hlgh power laser diodes These quantum wells exhibit a high optical gain and the
For high power applications the semiconductor diode emission wavelength can be tailored by the alloy composi-
laser has to be specially designed to meet the specifi- tion and the thickness. The kind of the optical resonator
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divide the lasers in two principle categories, the edge-and
the surface emitting lasers. Within each category a lot of
different approaches have been realised in research and
production leading to a wide variety of laser diodes whose
description lies beyond the scope of this paper.

2.1 Edge emitting lasers

The edge emitting laser diode consists of a layer structure
epitaxially grown on a substrate comprising the active zone
providing the optical gain and a planar waveguide struc-
ture for the transversal confinement of the propagating
optical mode. The resonator is formed by cleavage of the
semiconductor along its crystal planes (Fig.1) and has a
typical length from 200 to 2000 um. In this type of laser
the radiation propagates in the plane of the layers and is
emitted through the mirrors perpendicular to the layers.

p-contact

i e —————————— active zone
< 5]

waveguide
\ optical mode /v

n-centact

mirrors
Fig. 1: Cross section of an edge emitting laser

The lateral confinement of the optical mode depends on
the beam quality necessary for the application. Usually in-
dex guided structures are used for diffraction limited sin-
gle mode applications e.g. for coupling into monomode
fibres. For multimode operation gain guided structures are
preferred due to a less demanding technology. The emis-
sion patterns for edge emitting lasers are usually charac-
terised by an elliptical beam with different widths in the ver-
tical and lateral direction.

2.2 Surface emitting lasers

In the VCSEL (Vertical Cavity Surface Emitting Laser) the
radiation propagates perpendicular to the layer structure.
The partial reflecting mirrors are formed by layers with al-
ternating composition and refractive index. Due to the small
thickness of the active layer and the short cavity length in
the order of several microns the available gain is small and
the mirror reflectivities must be high close to 100 %.

. p-contact
Bragg mirrors ——— f:t:g

active zone

Fig. 2: Cross section of a bottom emitting VCSEL

gt n-contact

Usually the emitting lateral aperture has a circular geome-
try leading to round emission patterns.

2.3 Physical limitations of the maximum
output power

When a laser diode is driven by an increasing current there
is a limitation of the maximum output power due different
physical effects. The thermal limitation is characterised by
an rollover of the power current relation and is usually re-
versible. The applied electrical power is not fully transferred
to optical power in a laser diode, so electrical and optical
losses lead to an increase of the chip temperature depend-
ing on the geometry and the thermal mounting of the de-
vice. With increasing temperature of the active zone the
threshold currentincreases exponentially and the differen-
tial efficiency decreases. So with increasing current the
output power will reach a maximum and will then decrease.
Usually no permanent damage is introduced by this effect.
To increase the rollover power, the internal efficiency has
to be optimised by reducing the electrical and optical loss-
es. The temperature rise can be reduced by increasing the
chip area and by proper mounting of the device on heat-
sinks e. g. junction down where a minimum distance from
the active zone to the heat removing body is achieved.

Especially in GaAlAs-based edge emitting semiconductor
laser diodes another limitation occurs. At a certain level
the optical power decreases suddenly and will not recover
by reducing the operating current. Careful inspection of
the mirror often reveal a crystalline damage due to melting
inthe area of the laser emission indicating a process where
high temperatures occur. At the mirror surface the excess
electron-hole pairs in the active zone recombine nonradia-
tively leading to heat generation at the surface. Due the
induced bandgap shrinkage this region absorbs the gen-
erated laser radiation and the carrier density is increased.
At a power density in the range of several MW/cm?®, which
can easily be reached due to the strong confinement of
the optical mode, there is a positive feedback leading to a
thermal runaway. By that mechanism temperatures above
the melting point are reached in a small volume of several
cubic microns leading to permanent damage of the mirror.
This so called catastrophic optical mirror damage (COMD)
depends strongly on the surface recombination properties
of the mirror, which can be improved by surface passiva-
tion.

3. Techniques for increasing the
maximum power

3.1 Wide aperture lasers and laser bars

The COMD-effect depends on the optical power density
at the mirror. So a straight forward strategy to increase to
maximum output power of a taser diode is the increase of
the emitting aperture in the lateral and transversal direc-
tion. The large optical cavity (LOC) design increases the
transversal waveguide width and spreads the optical mode.
This has an additional benefit in decreasing the width of
the far-field distribution.
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In the lateral direction the aperture is increased by array-
or broadarea-configurations. In contrast to single mode
laser with an aperture of several microns, the width in high
power laser diodes ranges from 20 to approximately 500
um. Due to the high mode volume several lateral modes
will oscillate simultaneously and the incoherent superposi-
tion of these modes degrades the beam quality.

A further step is the monolithic integration of several broad-
area or array lasers on one single bar. There is a quasi
industry standard for 1cm long bars. In Fig. 3 such a baris
shown mounted on a water cooled heat sink.

a) mounted on a heatsink

100 2.0

a2
b o

751 1.5
P W] *“/
h [%] 50 /,,._._._ RIRY
-
25 «“,.' A 0.5
//

0 20 40 60 80 100
HA]

b) CW-laser characteristics: Power P, wall-plug efficiency
h and voltage drop U

Fig. 3: InGaAlAs-laser bar (L=1cm)

The characteristics of such a laser bar with an InGaAlAs
double quantum well active zone for an emission wavelength
of 808 nm is shown in Fig. 3b. The laser mirror are asym-
metrically coated to enhance the front mirror power. The
threshold current at room temperature is 18 A and the slope
efficiency has a value of 1.1 W/A. Due to the low series
resistance of 2.2 mQ the wall-plug efficiency is 55 % at an
output power of 60 W. The progress in the quality of the
epitaxial growth process (MOVPE) and the incorporation
of a single quantum well active zone led to a steady in-
crease of the usable power of laser bars and values of 70
W with a reasonable operating time are available today.
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Fig. 4: Degradation behaviour InGaAlAs-SQW laser
bars at high power levels under constant current
control

Even at an output power of 70 W the degradation rate is
only 0.5%/khr, which corresponds to an estimated lifetime
of more than 40 khr.

Still higher output powers can be achieved by the assem-
bly of laser bars mounted on heat sinks into modules re-
sulting in two dimensional arrays. These modules can scale
the power up to the kilowatt range. For many applications
the beam quality is a crucial parameter and sophisticated
combining optics have to be used to meet the specifica-
tions.

3.2 Nanostack Lasers

An unconventional way to increase the emission area of an
edge emitting laser is the monolithic integration of several
independent laser structures vertically /1/. The principle
of the so-called nanostack laser is shown in the following
Fig. 5.

Broad area -laser /

& n+p+-Tunnnel-
unction 2/3

*pr-Tunnnel-
nction 1/2

Fig. 5: Principle of a triple-nanostack laser

Each independent laser consists of a conventional LOC-
structure with an AllnGaAs-double quantum well as active
layer. In order to drive the lasers in series with high effi-
ciency low-resistance tunnel-junctions have to be imple-
mented. By optimizing the MOVPE growth process tunnel-
junctions with a specific differential resistivity of 2.5x10*
Qcm? could be obtained. These junctions are suitable for
the monolithic interconnection of the laser-structures.
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Double and triple nanostack lasers with a specially designed
transversal structure for low divergence angles have been
developed. Single element broad area lasers with AR/HR-
coating have been mounted junction up and tested under
short pulse operation.

40

130

120

110

0 T T T T T d 0
0 2 4 6 8 10 12 14

Puls-current | [A]

Fig. 6: P/l-characteristic of a single broad area triple-
nanostack laser (200*600 um?) under short
pulse operation (1 us/10 kHz)

The threshold current at room temperature is around 700
mA and the slope efficiency lies above 3 W/A. The slight
bending of the P/I-curve comes from the thermal heating
at high drive levels. The transversal farfield pattern has a
FWHM of 23°. Under operation with short pulses (20 ns)
even higher peak powers over 100 W can be obtained from
a single chip. A comparison between test lasers with one,
two or three integrated laser structures shows, that the
slope efficiency and the turn-on voltage scales with the
number of lasers. Due to the low-resistance tunnel-junc-
tions there is no additional voltage drop which would de-
crease the overall efficiency. Double nanostack-lasers have
been also successfully tested in the bar-configuration up
to 250 W in QCW-operation with a pulse length of 200 ps
and a duty cycle of 20 %.

3.3 High power VCSELs and Arrays

The benefit of VCSELs is the production and testing on a
full wafer scale leading to low costs. In datacom field the
VCSEL has found widespread application in single and
parailel channel links. The VCSEL-concept is demanding
with respect to high power applications /2/. Due to the
short cavity- and gain-length high injection levels are nec-
essary to reach threshold. On the other hand the high re-
flectivity Bragg-mirror introduce additional optical and elec-
trical losses. The strategy is to minimise the series resist-
ance and the optical absorption of the mirrors by tailoring
the composition and the doping profile of the layers. For
the lateral optical and electrical confinement several ap-
proaches are possible. The oxide confined structure im-
plements an insulating aperture by lateral oxidation of an
AlAs-layer /3/. In implanted VCSELs the region outside
the active area is electrically and optically inactive due to a

deep implantation of protons. Both versions have been test-
ed as single VCSELs with circular apertures up to 135 pym
and in arrays with a honeycomb structure of 19 elements
with an aperture of 40 pm. As an example, data for an
implanted bottom emitting array, mounted junction down
on a TO-header, are given below. The VCSEL is realised in
the InGaAlAs-system with an emission wavelength around
920 nm where the GaAs-substrate is transparent (Fig. 2).
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Fig. 7:  CW-laser characteristics of a 19*40um-VCSEL-
array P: output power, U: voltage drop, WPE: wall-
plug efficiency

The threshold current is 650 mA and a maximum power of
750 mW is achieved, which is limited by thermal rollover.
COMD as described above is no problem for VCSELs be-
cause the active area is buried and no carriers interact with
the radiation at the mirror surface. The wall-plug efficiency
of 17 % is essentially lower than for an edge emitting laser,
where values up to 60 % are possible.

nearfield

£-2187-V1-2

farfield

Fig. 8: Emission patterns of a 19*40um-VCSEL-array
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The nearfield pattern of the VCSEL-array shows an inho-
mogeneous distribution within each laser due to a high
number of oscillating lateral modes. The farfield distribu-
tion atf various currents is symmetric and has FWHM-val-
ues in the range between 7°-10°, which are substantially
lower than typical values of 30°-40° for edge emitting la-
Sers.

4. Applications of high power laser
diodes

The attractive features of high power laser diodes like small
volume, high efficiency, long lifetime and the availability of
awide spectral range open a wide field of application. The
most prominent is the pumping of solid state lasers like
Nd:YAG or Yb:YAG. Due to the high wall plug efficiency
and the narrow spectrum laser diodes are ideally suited to
replace the usually installed flashlamps, thus improving
essentially the overall efficiency, the lifetime and the main-
tenance cost of the laser system. Today diode pumped
solid state lasers with an output power of 4 kW are on the
market. Due to the progress in beam combining of laser
arrays the beam quality is high enough for direct applica-
tion of diode lasers in industrial processes like soldering,
welding, hardening or laser assisted turning of brittle mate-
rials like ceramics. The small volume of these laser system
with output powers up to several kilowatts allows the inte-
gration on robotic arms for automated manufacturing proc-
esses. There are research efforts to use diode lasers di-
rectly, via solid state laser pumping and second harmonic
generation to generate visible radiation with high beam
quality for the application in laser television.

5. Conclusion

There is rapid progress in the development of high power
edge- and surface emitting laser diodes. Due to the imple-
mentation of optimised transversal and lateral structures
single laser bars with reliable powers up to 70 Wcw are
available. The new approach of the monolithic integration
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of several lasers in a single chip leads to the nanostack-
laser which has a high potential as pulsed light source for
sensing applications. The high power VCSEL has a restrict-
ed maximum power and efficiency and will find niche ap-
plications where the symmetric low divergence farfield is
required.
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Abstract: Colorimages are commonly captured with sensor arrays covered with a mosaic of rgb-filters. Hence one-chip color imagers (CMOS and CCD
color cameras) suffer from color aliasing or color moiré effects. In order to overcome these limitations color sensors based on vertically integrated diodes
were realized. The complete color information of the color aliasing free sensor can be detected at the same spatial position without using additional optical
filters. The color separation is realized by the wavelength dependent absorption of the incorporated material in the depth of the devices. A promising
material for sensor application in the visible range is amorphous silicon and its alloys. Thin film systems based on amorphous two terminal and stacked
multi terminal devices are fabricated by a low temperature CVD process. The spectral sensitivity of the sensors can be controlled by the optical and
optoelectronic properties of the materials on one hand and the design of the devices on the other hand. The operation principle of the sensors will be
presented and the different detection concepts will be compared regarding their application in the field of color recognition and digital imaging.

Detektorji barvne svetlobe brez motenj

Kljuéne besede: polprevodniki, mikroelektronika, procesiranje slik, slike barvne, CFA polje filtrov barvnih, upodablialniki slik, kamere snemaine, CMOS
kamere barvne, CCD kamere barvne, detektorji barv brez motenj, MOIRE efekt, logevanje barv, senzorji barv, razpoznavanje barv

lzvle¢ek: Barvne slike ponavadi zajemamo s senzorskimi polji, ki so pokrita z mozaikom RGB filtrov. Zaradi barvnega moire efekta prihaja do popacen] pri
zajemu slik { CMOS in CCD barvne kamere ). lzdelali smo barvne senzorje z vertikalno integriranimi diodami ravno z namenom izogniti se temu problemu.
Popolno barvno informacijo brez popacenja lahko zajamemo na isti prostorski lokaciii brez uporabe dodatnih opticnih filtrov. Logitev barv izvedemo z izbiro
materialov, ki omogocajo absorpcijo v odvisnosti od valovne dolZine v razliénih globinah detektorja. Obetajodi material za towrsten senzor v vidnem
podrocju so amorfni silicij in njegove ziitine. Z nizkotemperaturnim CVD nanaganjem smo izdelali tankoplastne strukture komponent z dvema izvodoma in
vedplastne strukture z vecimi izvodi. Spektralno obdutljivost senzorjev lahko na eni strani kontroliramo z optiénimi in optoelektronskimi lastnostmi upora-
blienih materialov, na drugi pa z nadrtovanjem komponente. V prispevku predstavimo princip delovanje takih senzorjev ter primerjamo razlicne koncepte
detekcije glede na uporabo na podrocju zaznave barv in digitalnega upodabljanja.

color moire or color aliasing effect, which is observed when

1. Introduction
structures with high spatial frequencies are captured. Fur-

Color image processing is usually performed with the aid
of CFA (color filter array) coated CCD or CMOS sensor
arrays. However, color detection with a CFA leads to the
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Fig. 1: Spectral sensitivity of three stacked crystalline
p/n-junctions /1/.

thermore, traditional sensor systems exhibit a rather limit-
ed resolution and low area fill factor, because one color
pixel is split into several chromatic sub pixels. In order to
overcome the color moire effect, vertically integrated sen-
sor structures have been proposed, which detect the color
information in the depth of the sensor structure. Various
sensor structures have been realized by using different ma-
terials, design concepts and contact configurations /1-12/.
Nevertheless, the detection mechanism of all vertically in-
tegrated sensors can be basically described by a related
operation principle. Due to the wavelength dependent ab-
sorption of the semiconductor material, photons are ab-
sorbed at various depths in the material so that the color
information can be detected in the depth of the device.

Vertically integrated sensors based on CMOS/CCD proc-
esses were presented e.g. by Seitz et al. /1/ and Poenar
etal. /2/. As example, the system of Seitz et al. consists
of three vertically integrated pn-junctions fabricated by a
BICMOS process. The spectral response of the detector
system is shown in Fig. 1. The color separation is limited
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by the fixed optical band gap of the crystalline silicon ma-
terial. To overcome this limitation and to improve the spec-
tral sensitivity the optical band gap of the individual absorp-
tion regions has to be varied. Thus, thin film devices based
on amorphous silicon (a-Si:H) and its alloys are favorable.
Amorphous silicon alloys exhibit a high photosensitivity from
the UVA (ultra violet A) to the near IR (infra red) part of the
spectrum /13, 14/. In order to match the demand of dif-
ferent applications the optical band gap as well as the trans-
port properties of the material can be controlled over a
wide range by the deposition conditions. Additionally, a-
Si:H multi-layer structures can be deposited on top of an
amorphous, polycrystalline or crystalline active matrix ar-
ray leading to significantly enhanced area fill factors of pix-
el-addressed sensors /15, 16/.

Several amorphous thin film detector concepts were pro-
posed to separate the color information of the visible spec-
trum. The structures consist of pin-diodes with modified
absorption layers /3-5/, pinip- or nipin-structures /6-8/
and more complex layer sequences /9-12/. a-Si:H thin
film color sensors can be separated in two different class-
es. Sensors of the first class allow the separation of the
color information by two terminal devices /3-8/. The color
separation is realized by a shift of the collection region of
the photo-generated carriers within the device due to the
variation of the applied voltages. Two terminal devices are
characterized by a simple structure but the sequential read-
out process limits the application of these devices. The
second class contains color sensors based on vertically
stacked diodes /10/. These sensors enable the advan-
tage of a parallel detection of the chromatic color informa-
tion at the same position, but require at least 4 intercon-
nections between the sensor and the processing electron-
ics. Additionally, a few combinations of these two classes
(stacked diodes and detectors with a voltage controlled
sensitivity) were also realized /11, 12/ resulting in devices
with 3 and more terminals. In this paper different thin film
sensors based on the two different sensor classes will be
compared. The results of the developed structures will be
presented and the advantages and disadvantages of the
structure will be discussed.

2. Experiment

The samples have been deposited in a multi-chamber
PECVD (plasma enhanced chemical vapor deposition) sys-
tem at 210°C on glass substrates coated with flat TCO
(transparent conductive oxide). The TCO layer has been
realized by rf-magnetron sputtered ZnO /17/. In the case
of stacked diodes, two additional TCO layers have been
introduced to contact the individual diodes and to act as
an etching stop during the patterning process. All detec-
tors were patterned using photolithography and reactive
ion etching. In the case of four terminal devices a simple 3-
mask process was applied. For all samples, we use ther-
mally evaporated aluminum as a back contact and the area
of the test pixels ranges from 3 to 10 mm?. In order to vary
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the optical band gap within the devices the amorphous sil-
icon was alloyed with carbon or germanium using gas mix-
tures of silane and methane or mixtures of silane and ger-
mane, respectively. The optical band gaps of the i-layers
increase with enhanced carbon content and decrease by
alloying germanium. P- and n-type doped layers were real-
ized by adding trimethylboron and phosphine, respective-
ly. A detailed description of the deposition parameters is
given elsewhere /14, 18/. The optical band gap of the a-
Si:H layers was deduced from optical reflection and trans-
mission measurements using separately prepared samples.

3. Results

3.1 Color detector based on a two
terminal nipiin structure

Nipiin structures basically consist of two anti serial con-
nected diodes. Applying different bipolar voltages gener-
ates the three color signals. The spectral response of a
nipiin three color detector with modified band gaps and
different ut-(mobility lifetime)-products in the i-layers of the
top and bottom diode is shown in Fig. 2. The maximum of

300
2.5V
\
£ 200 +1.0V // \\\
= ! \
8 / \
@ / AN\
& vV )
= /
g 100 / -0.6V
<3 /
@ /
J
/
/
7
/'/ \\
0 2 >
300 400 500 600 700 800

wavelength {nm}

Fig. 2: Measured spectral response of a nipiin three-
color sensor at applied voltages of V = 1.0V, -
0.6V and -2.5V (solid line) and the calculated
difference between the sensitivity at V = -2.5V
and V =-0.6V (dashed line).

the voltage controlled spectral response of the sensor shifts
in the bias range between V =-2.5V and V= 1.0V from red
to green and blue. The spatial distribution of the band gap
and the pt-product is given schematically in Fig. 3. A sili-
con carbon layer with an optical band gap of 2.0 eV and a
thickness of 125nm defines the absorption region i'in the
top diode. The layer i"'is deposited by amorphous silicon.
The optical band gap and the thickness, dj, is 1.75 eV and
200nm, respectively. In order to get a high absorption for
photons with low energy, region i " was fabricated by a
silicon germanium layer with an optical band gap of 1.65

ev.
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The behavior of the color sensor can be explained as fol-
tows: The application of different voltages causes distinct
band bending and changes the preferential collection re-
gion of the photo-generated carriers within the absorption
regions of the device. For positive applied voltages the
generated carriers in the reverse biased top diode are col-
lected, while the photo generated carriers in the forward
biased bottom diode recombine. Thus the photocurrent of
the device is determined by the absorption within the top
diode. The spectral response of the device exhibits blue
sensitivity with a maximum at 480nm as a result of the high
absorption coefficient of a-SiC:H for light with shorter wave-
lengths and low absorption for light with longer wavelength.
An increase of the positive voltage enhances the spectral
response only slightly, because wide band gap material
with low defect density was employed in the top diode.
Hence, in this region nearly all photo-generated carriers
are extracted at low reverse bias (Fig. 2). At negative vol-
tages the photocurrent is determined by the electrons and
holes generated and collected in the bottom diode, whereas
the photo-generated carriers in the top diode recombine.

To achieve a high linearity and linearly independent spec-
tral response curves the band gap of the absorption layers
must decrease from the front contact to the back contact,
whereas the wt-product of the layers in the bottom diode
increases from the n-layers to the p-layer (Fig. 3). For the
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Fig. 3: Band gap and urproduct of a nipiin three-color
sensor.

green/red separation at low negative voltages an a-SiGe:H-
layer is introduced in the rear part of the absorption layer in
the bottom diode, since a small amount of germanium al-
loyed to amorphous silicon increases the defect density
and reduces the ambipolar diffusion length in the a-SiGe:H
material /18/. Thus, the i-layer of the bottom diode con-
sists of two regions with different ut-products. At low nega-
tive bias (-0.6 V) mainly the carriers generated in i "-layer
are extracted, while the carriers in the rear part of the bot-
tom diode (i"-layer) recombine. Thus, the device is sensi-
tive to green light and the spectral sensitivity exhibits a
maximum at 560nm. The recombination of carriers in the
rear part is caused by the low pr-product combined with

the low electric field within the i "-layer. All carriers in the
bottom diode are collected at high negative bias and the
device yields a maximum of the spectral response for red
ilumination (630nm) at V = -2.5V. The spikes of the spec-
tral response forlonger wavelength, especially, atV = -2.5V
can be attributed to interference effects within the whole
layer stack. In this case the product of the absorption co-
efficient of the material and the layer thickness is smaller
than the penetration depth of the photons for longer wave-
lengths.

At higher negative voltages the measured signal is deter-
mined by green and the red light. In order to separate the
red signal from the measured signal at higher negative bias,
the green response detected at low negative bias has to
be subtracted. The dashed line in Fig. 2 indicates the dif-
ference between the two curves and demonstrates the
good color separation of a nipiin color sensor. For accu-
rate color recognition the measured spectral sensitivities
can be converted into a standard color space (e.g. CIE)
/19/. However, the subtraction and the transformation of
the sensitivities into a standard color space assume that
the spectral response curves are linear independent. For
this device design three linear independent spectral re-
sponse curves were achieved /20/.

Besides the separation of linear independent curves of the
spectral response, a high dynamic and a good linearity are
necessary to apply a detector forimage processing. Since
no saturation of the photocurrent is observed for realistic
illumination conditions (< 10000 Ix) the dynamic range of
the device is defined as the ratio between the photocur-
rent under 1000 Ix white light illumination and the dark
current. A high dynamic can only be realized by using low
color sensitive voltages, in order to avoid a distinct increase
of the dark current /7/. The nipiin three-color detector op-
timized for low voltage color sensing exhibits a dynamic
range exceeding 90 dB in the active color detection range
from -2.5V to +1.0V (Fig. 4). The dark current increases
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Fig. 4: Dynamic and dark current of a three-color nipiin
sensor.

for higher voltages thereby limiting the dynamic perform-
ance of the color detector. Numerical modeling of the dark

239



Informacije MIDEM 31(2001)4, str. 237-245

H. Stiebig, D. Knipp, H. Wagner: Color Aliasing Free Detectors

|/V-curves reveals that for higher positive bias (V > 1.0V)
the p-layer is flooded with electrons caused by the thin top
diode. More insight into the transport and recombination
model s given elsewhere /7/. The examination of the photo-
current as a function of the incident photon flux reveals that
the nipiin sensor is highly linear over a wide range of intensi-
ty. The photocurrent can be described by a power law ex-
pression with an exponent close to one (0.95-0.98).

The delay time of the transient photocurrent after voltage
switching is a further criterion of the detector performance,
since a red/green/blue (RGB) signal can be generated
sequentially after swifching the applied voltages. The curves
in Fig. 5 show the maximum frame rate for an optimized G-
R-B-switching sequence as a function of the photon flux.
The frame rate describes the reciprocal value of the sum
of the photocurrent delay times tq after switching from +1.0V
to -0.6V, -0.6V to -2.5V and from -2.5V to +1.0V and an
integration time of 1.5 ms of the signal (0.5 ms per color)
using an additional read out electronic. A nearly linear rela-
tionship between the frame rate and the photon flux (¢} is
observed for ¢ > 3*10"'em™?s™" whereas a wavelength de-
pendent hyper linear correlation is detected for lower ¢.
This hyper linear behavior is caused by the influence of the
dark current and the recharging behavior in the dark, which
is dominated for such low levels of intensity (moon light). A
nearly linear correlation is found for high ¢, since the inte-
gration time is much smaller than the total delay time of the
sensor. Thus, color recognition is possible for frame rates
above or equal to the curves in Fig. 5. For frame rates be-
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Fig. 5:  Frame rate for an optimized RGB-switching
sequence as a function of the photon flux for
different wavelengths.

low the curves a color lag has to be considered, since the
sum of the delay times and integration times is greater than
the minimal requisite time to reach the steady state photo-
current.

The strong illumination dependence of the transient re-
sponse complicates the application of detector systems
based on two anti serial connected diodes (as nipin or pinip-
detectors) for color detection. Particularly, for low levels of
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illumination a deconvolution of the signal is necessary. A
detailed analysis of the transient phenomena are discussed
in detail elsewhere /21, 22/.

A 2-color detector array with 256x256 pixels was success-
fully demonstrated by Mulato and coworkers /23/, which
combines pinip-structures with TFT read-out electronics.
However, based on the previous discussed transient be-
havior real time imaging is restricted. In order to overcome
these limitations, unipolar sensors based on a pin diode
with modified absorption regions have been developed.
Additionally, due to operating voltages of only one polarity,
the structure is further on compatible to standard CMOS
circuits.

3.2 Color detector based on atwo
terminal unipolar piiin structure

fn Fig. 6 the schematic band diagram (a) and pt-product
(b} of a piiin structure is shown. The optical band gap and
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Fig. 6: Schematically spatial distribution of the band
gap (a) and the ur-product (b) of a piiin
structure.

kaas:vhigh

Fig. 7: Schematically band scheme of a pin structure
according to Fig. 6 for short circuit (a), inter
mediate reverse bias (b) and high reverse bias
(c) conditions.
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pt-product of the absorption layer decreases from the p-
to the n-layer, to facilitate color separation. An amorphous
silicon carbon layer with an optical band gap of 2.0eV and
a thickness of 110nm was incorporated as absorption lay-
eril. In region Hl material with an optical band gap of 1.8 eV
and a thickness of 90nm is employed. For red light detec-
tion in the rear part (region lll} an a-SiGe:H layer is intro-
duced with an optical band gap of 1.65eV.

The schematic band structures for different applied voltag-
es are shown in Fig. 7 to describe the electronic transport
and the extraction of photo-generated carriers. Under short
circuit conditions a strong band bending is observed only
in the front part of the absorption layer (Fig. 7a). Thus, only
the photo generated carriers in region | can be extracted,
whereas the electric field in region Il and Ill is not high
enough to collect the photo-generated electrons and holes.
In the case of intermediate reverse voltage the electric field
in region 1l is enhanced and in addition to the extracted
carriers from region | the carriers in region Il are collected
and contribute to the over-all photocurrent. The generated
carriers in region Il still recombine. In the case of a high
reverse voltage applied to the piiin structure the electric
field is high enough to extract nearly all photo-generated
carriers. The spectral sensitivity of a piiin structure (solid
lines)is shown in Fig. 8. The sensor exhibits a maximum of
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Fig. 8: Measured spectral response (bold lines) at OV,
-0.4V, -1.0V applied voltages and optically
Simulated data (thin lines) of a piiin diode.

the spectral response at 500nm measured under short
circuit conditions. An increase of the reverse bias up to -
0.4V leads to the extraction of photo-generated carriers
out of region | and Il and the maximum of the sensitivity
shifts to 540nm. At high reverse bias (V = -1.0V) nearly all
photo-generated carriers were extracted out of the whole
i-layer. Consequently, the spectral response shifts to long-
er wavelengths detecting a maximum at 600nm.

To gain deeper insides into the behavior of the sensors we
modeled the optical behavior of such a complex detector
system, because all layers of the layer stack have an influ-
ence on the device characteristic. The program uses the
complex refractive indices of each layer as input parame-

ter. The calculated optical generation profiles have shown
that mainly blue light is absorbed in region |, whereas green
light is mainly absorbed in region | and Il and red light in
region Il /4/. In order to compare the simulations with the
measured spectral response data, we integrated the gen-
eration profiles in the three regions of the absorption layer.
Neglecting the electronic losses (recombination) the spec-
tral response determines the lower and the upper limit of
the sensitivity. Under short circuit conditions the measured
spectral response is higher than the simulated curve, which
considers only the photo-generated carriers of region .
The higher photocurrent can be attributed to the extrac-
tion of generated carriers out of region Il and Ill. At high
reverse voltage the experimentally determined spectral re-
sponse is smaller than the simulated curve. This difference
can be explained by recombination losses of carriers es-
pecially generated in region lil. The result indicates, that
for blue and green illumination carriers generated in the
middle and rear part of the structure contribute to the photo-
current. Since the collection efficiency of these carriers
depends strongly on the applied voltages, the linearity of
the device is resticted /4, 24, 25/. Especially, the linear
independent spectral response curves at intermediate
voltages complicate or prevent an accurate color acqui-
sition /4/. However, linear independent curves can only
be guaranteed by the application of one sensor for each
individual chromatic signal.

3.3 Color sensors based on vertically
stacked p-i-i-i-n diodes

3-channel sensors based on three vertically stacked pin
diodes allow the simultaneous detection and read-out of
the sensor signals. Furthermore, the spectral response
curves are linear independent. A pre-processing electron-
ic can perform the read-out process, which latches, proc-
esses and transfers the signals to a color-processing unit.
In opposite to nipiin or piiin structures discussed above
the photo-generated carriers can be stored within the di-
ode and no additional pixel capacity is needed. This pos-
sibility reduces the required area for the pixel electronic
and simplifies the shrinking of the pixel pitch. The multi-
layer system consists of three vertically integrated diodes
(Fig. 9). After the deposition of the complete layer stack
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Fig. 9: Schematic configuration of a 3-channel sensor
based on three vertically stacked diodes.
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the diodes were patterned by a 3-mask process to contact
the individual terminals. The sensor has been illuminated
through the glass substrate. The spectral response curves
of the 3-color detector (Fig. 10), measured under short
circuit conditions, exhibit a maximum at 410nm, 535nm
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Fig. 10: Measured spectral response of a 3-channel
sensor based on three vertically integrated pin
diodes. The sensitivity is measured under short
circuit conditions.

and 590nm and a Full Width at Half Maximum (FWHM) of
195nm, 147nm and 144nm, respectively. The preferential
absorption of blue, green and red light is detected in the
top, middle and bottom diode, respectively, by adjusting
band gap and thickness of the absorption layers. The opti-
cal band gap of the absorption layers in the top, middle
and bottom diode is 2.2 eV, 1.9 eV and 1.75 &V, respec-
tively, by alloying carbon to the deposition gas silane. The
amplitudes of the spectral response curves differ by less
than a factor of 3. However, the color separation of green
light in the different diodes is only moderate. The photo-
current of the top diode of the 3-channel detector under
blue (A = 450nm) and green (A = 550nm) illumination dif-
fers only by a factor of around 2.5. In comparison, a CCD
camera coated with optical filters has a separation ratio of
more than 40 between blue (450nm) and green light
(650nm) /26/. This effect is caused by the lack of optoe-
lectronic materials with a high optical band gap and good
electronic properties. A detailed analysis of the optical prop-
erties and colorimetric characterization of the sensor is giv-
en elsewhere /27/.

The dynamic range for all three diodes exceeds 80 dB in
the bias voltage range from OV down to -0.5V. For the mid-
dle and bottom diode, the dynamic is above 90 dB; since
the dark current is lower than 2x107'° A/cm? under reverse
bias voltage of -0.5V.

3.4 Stacked color sensors comprising
detectors with a voltage controlled
sensitivity

One of the simplest ways to generate linear independent

speciral response curves and to minimize the interconnec-
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tions between the detector and the electronic based on
the combination of a pinip or nipin system with a pin diode
/11/. A different attempt is shown in Fig. 11. The sensor
system consists of three stacked pinip diodes. A pre-
processing electronic can perform the read-out process,
which latches, processes and transfers the signalsto a co-
tor-processing unit (Fig. 11). A reduction of the mismatch

pinip 1 % > |> . B
pinip 2 % > [ G
pinip 3 X > o R

Sensor  preprocessing
pixel electronic

6x3 matrix

Fig. 11: Schematic configuration of a 6-channel sensor
in combination with a preprocessing electronic and color
processing unit.

between the spectral sensitivity of the color detector and
the human eye can be achieved by the generation of more
than three linearly independent spectral response curves.
Thus, we have realized a 6-channel sensor, which can be
read-out by two shots.
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Fig. 12: Measured spectral response of 6-channel
sensor. Curves 2 are measured applying 1.0V
(solid lines) and curves 1 are measured
applying -1.0V (dashed lines) bias voltages on
the pinip-diodes of the different terminals.

Pinip structures show an operation principle similar to nipiin
structures. At negative applied bias voltages, the top di-
ode is reverse biased, whereas the back diode is forward
biased. The photocurrent is determined by the reverse bi-
ased front pin diode. Changing the applied voltage from -
1.0V to +1.0V shifts the preferential collection region of
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the generated electron/hole pairs from the front to the
bottom part of the individual pinip structures. The spectral
response of the rear diode shifts to longer wavelengths,
because the first part of the pinip structure acts as an op-
tical filter. After transferring the sensor signal from the de-
tector to the pre-processing electronic the signal is latched
and the applied bias voltage is changed. Depending on
the pre-processing electronic, the sensor signal can be
either transferred sequentially or parallel to the color-pro-
cessing unit. Afterwards a 6x3 matrix transforms the sen-
sor signals into a standard color space like CIEXYZ. Fig.
12 shows the measured spectral sensitivity of the 4-termi-
nal device with maxima at 430nm, 490nm, 530nm, 570nm,
640nm and 690nm. The spectral response curves with
FWHM of 128nm, 133nm, 111nm, 120nm, 113nm and
118nm, respectively, can be taken by two shots, without
using optical filters. A very good adjustment of the optical
absorption for this device structures is achieved because
the maxima of the spectral response vary by less than a
factor of 1.8. The dynamic of the three pinip-structures
exceeds 75dB in the bias range of +1.0V/-1.0V.

4. Discussion

In the following we discuss the different sensor concepts.
We will focus only on voltage-controlled two terminal de-
tectors and detectors based on three stacked p-i-n-diodes.
The 6-channel sensor will not be discussed here, because
the device combines the advantages and disadvantages
of voltage-controlled two terminal and multi-terminal devic-
es. The performance of the sensors is summarized in Tab.
1. The nipiin and piiin structures are specified by a simple
contact configuration and a sequential read-out process,
whereas the stacked sensors are stated by a more com-
plex contact configuration. But in the latter case all chan-
nels can be read out at the same time. As a consequence
of the different contact configurations, an additional pixel
capacitor is required to store the photo-generated charge
of the nipiin and piiin structures.

Device nipiin piiin stacked p-i-n
diodes
Color . moderate moderate good
separation
Terminals 2 2 4
Dynamic 80-90dB 80-90dB 80-90dB
Linearity good good very good
Processing | > 1 mask > 1 mask > 3 masks
External External Charge
Read out . .
capacitor capacitor storage mode
— Color Color Digital
Application recognition | recognition | Photography

Tab.1: Comparison of the device performance of thin
film color sensors.

All presented sensors exhibit a dynamic range exceeding
4 orders of magnitude. The photosensitivity of the sensors
deviates only by a factor of 2, so that the dark current of
the devices mainly determines the dynamic. For the two
terminal devices the material with the highest defect densi-
ty primarily determines the dark current, which is typically
employed in the rear part of the sensor. Furthermore, the
dark current of the nipiin structure for higher voltages is
influenced by the flooding of the central p-layer with elec-
trons /7, 22/. In contrast to the limitation of the bottom
diode of the nipiin structure, the dynamic of the stacked
sensor is limited by the properties of the top diode. Due to
the thin absorption layer of the top diode the current is
influenced by micro shunts. Although the device design
differs significantly, similar dark currents are measured for
two terminal and stacked diode sensors. Therefore, the
application of amorphous silicon based sensor is only lim-
ited for very low levels of intensity. A common feature of
two terminal device structures is the distinct transient be-
havior, which fimits real time imaging. A further aspect,
which is of interest to compare different sensors, is the
color separation. The spectral response curves of the piiin
detector are very broad, which leads to noise problems
when the RGB-signal is detected. Additionally, the spec-
tral sensitivities depend on the illumination conditions. The
linear independence of the color separation of the piiin
sensor is significantly reduced in comparison to a nipiin
and a stacked sensor structure. Especially, for intermedi-
ate bias voltages (green sensitivity) the sensor exhibits a
linear dependence of the spectral sensitivity, which will
hinder accurate color recognition.

In general, all color sensors or color sensor arrays (with
and without optical filters) exhibit restrictions if the perform-
ance is compared with human vision. The mismatch be-
tween the human perception of color and the performance
of technical sensors leads to metameric errors. Hence,
the color space of the detector and the color space of the
human eye represented by the colorimetric standard ob-
server (CIE 1931) have to be matched /19/.

In contrast to sensors with color filters, which facilitates a
reduction of the color error by the individual tuning of the
filters for red, green and blue, the absorption within the
individual i-layers of the presented color aliasing free sen-
sors can not be independently optimized, because the
sensor channels or absorption regions are vertically inte-
grated. Hence, the color separation of the two terminal
devices exhibit a moderate and the stacked color sensor a
good color separation. Due to the detection of more than
one color within one diode of the two terminal devices a
special design of the diodes is required. As a result of these
constraints the color separation of the sensors is limited
by the optical and the transport properties of the material.
Only certain materials fulfill the requirement to be employed
in two terminal color sensors. The color sensors based on
vertically integrated diodes are more or less only limited by
the optical properties of the material. Thus, the device de-
signer has higher flexibility in adapting the color separa-
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tion to the required application in comparison to the two
terminal devices. However, the spectral sensitivity of the
top diode of the 3-channel sensor is mainly determined by
the absorption within this diode. The spectral response of
the middle and bottom diode is also influenced by the trans-
mission properties of the layers arranged in direction of
the incident light. For example: the sensitivity of the green
and the red channel is determined by the design of the
individual diodes and the absorption/transmission of the
diode for blue and blue/green, respectively. As a conse-
guence an individual modification of one sensor channel is
only possible to a certain scope. In spite of this drawback,
the color error of the stacked sensor system has been re-
duced to the level of commercial sensor arrays with optical
filters /27/.

We have shown that nipiin and piiin structures are very good
candidates for low cost applications, which require a mod-
erate color separation and no real time imaging. The con-
cept of vertically integrated pin diodes is more complex
but the high flexibility in tuning the spectral sensitivity ex-
hibits potential for high-end applications like multi spectral
technology, digital photography or document archiving.

5. Conclusion

Novel amorphous silicon multi-spectral color detectors
based on two terminal devices and stacked thin film struc-
tures have been developed and the optoelectronic proper-
ties of these devices have been discussed and compared.
The thin film structures enable color aliasing free color
detection. Accordingly, the complete color information can
be detected at the same position without the aid of optical
filters. The color separation is realized by the wavelength
dependent absorption in the depth of the material. In order
to match the demands of different applications the optical
as well as the electronic properties of the individual regions
of the device can be optimized due to the flexibility of the
PECVD process. In combination with an amorphous or crys-
talline silicon active matrix read out electronic the color
sensors permit the realization of imagers with a high area
fill factor, reduced pixel pitch and a good color resolution.
The nipiin and piiin structures are very good candidates for
low cost applications, which require a moderate color sep-
aration and no real time processing of the sensor data.
The multiHayer structure based on vertically stacked diodes
is more complex but the high flexibility in tuning the spec-
tral sensitivity reveals high-end applications like multi spec-
tral technology or document archiving.
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Abstract: Optical-fiber communications brought a revolution to communication technology, outperforming other communication systems by several
orders of magnitude in transmission capacity, unrepeated and repeated communication range and decreasing installation and operating costs. The
opticalfiber revolution started approximately 30 years ago, when technology improvements decreased the optical-fiber loss to less than 20dB/km. The
theoretical loss limit for silica (SiO») based fibers was reached only 10 years later, but the fiber handling and line-terminal technology was far from mature
at that time.Even with primitive fine-terminal technology, optical fibers immediately outplaced coaxial-cable systems and decreased the importance of
microwave and satellite point-to-point radio links. In the last two decades, significant improvements have been made in the line-terminal technology,
including narrow-spectrum solid-state lasers, wide-bandwidth modulators, laser optical amplifiers, fast and sensitive photodetectors and last but not least,
high speed electronics. Although advanced laboratory experiments are quickly approaching the theoretical capacity offered by the >10 THz bandwidth of
a single-mode optical fiber, several problems have yet to be solved to make high-capacity systems viable, including linear and nonlinear propagation
effects in the optical fiber itself, high performance electro/optical and opto/electric converters, efficient high speed electronics and all-optical signal-
processing components. The purpose of this presentation is to summarize the present status of optical-fiber communication technology, to discuss the
basic components and the limitations of these devices, and fo present the requirements and proposals for future systems.

Komunikacije po opti¢nih vlaknih : Gradniki in sistemi

Kljuéne besede: komunikacije opti¢ne, vlakna opti¢na, komponente, sistemi, stanje razvoja, snovanje, omejitve, kapacitete, terminali opti¢ni, oprema
terminalna

fzvledek: Zveze po optiénih viaknih so prinesle revolucijo v tehnologijo telekomunikacij, saj omogocajo za ve¢ velikostnih razredov ve¢jo zmogljivost, vecji
domet brez in z regeneracijo ter nizje nabavne in obratovalne stroske. Revolucija opticnih viaken se je zadela pred priblizno 30 leti, ko so izboljsave
tehnologije znizale slabljenje opticnega viakna pod 20dB/km. Teoretska meja slablienja za vlakna iz kremenovega stekla (SiO2) je bila dosezena ze 10 let
kasneje, toda rokovanje z viakni in terminalna oprema sta bila zelo dale¢ od zrelosti v tistih ¢asih. Celo s preprosto terminalno opremo so opticna viakna
takoj zamenijala sisteme s koaksialnimi kabli in zmanjala pomen mikrovalovnih in satelitskih zvez tocka-tocka. V zadnijih dveh desetletjih se je tehnologija
terminalne opreme bistveno izboljsala, vkljucujoé ozkopasovne polprevodniske laserje, Sirokopasovne modulatorje, laserske opti¢ne ojacevalnike, hitre in
obéutljive fotodetektorje in nenazadnje hitro elektroniko. Ceprav se vrhunski laboratorijski poskusi hitro priblizujejo teoretski meji, ki jo omogoéa pasovna
Sirina > 10THz enorodovnega optiénega viakna, stevilna vpraganja okoli prakti¢ne uvedbe visokozmogljivih sistemov ostajajo odprta, vkljucujoc linearna in
nelinearna popaéenja prenosne poti po opticnem vlaknu, visokozmogijive elektroopticne in opti¢no/elektri¢ne pretvornike, ucinkovito hitro elektroniko in
gradnike za vseoptiéno obdelavo signalov. Namen te predstavitve je prikazati sedanje stanje komunikacij po opticnih viaknih, razloZiti osnovne gradnike in
njihove omejitve ter prikazati zahteve in predloge za bodode sisteme.

1. Optical fiber design / Proteckive

coc‘ting
Optical fibers are members of a much broader group of Clodding 50, \ |
dielectrical waveguides. Dielectrical waveguides potentially m 0 VS VU SR
offer wide bandwidths and low insertion loss due to the Q) ere Soages | 17T 7 U T
absence of metals and related ohmic losses. Although the A25um
principles of operation of dielectric waveguides were known VR
for a long time, practical low-loss optical fibers were only ‘25:,/“,, \
manufactured three decades ago. {
The design of a low-loss, high-capacity optical fiber is Figure 1:  Optical fiber construction.
shown on figure 1. The main dielectric material is pure sil-
ica (SiO2) glass. Some germanium oxide is added to the protective coating (250um) are standardized to allow inter-
core to raise its refraction index to allow the operation as a connections among products from different manufactur-
waveguide. The dimensions of the cladding {(125um) and ers. The diameter and refraction index of the core are care-
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fully selected for the required numerical aperture (NA) and
single-mode operation at the desired optical wavelength.

The attenuation of a silica-based optical fiber is shown on
figure 2. While the impurity content can be reduced by
better manufacturing techniques and UV absorption only
plays a secondary role, the attenuation of a silica-based
optical fiber is mainly determined by the Rayleigh scatter-
ing and IR absorption. Silica fibers acheive their minimum
insertion loss of about 0.2dB/km at optical wavelenghts
of around 1.55um (194THz).
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Figure 2:  Optical fiber attenuation.

The attenuation of optical fibers is several orders of magni-
tude lower than competing metal cables, while their band-
width is several orders of magnitude larger due to the car-
rier frequency in the optical region. Optical fibers there-
fore have several potential advantages over competing tech-
nologies.

2. Optical fiber limitations

Silica optical fibers also have a few limitations. Low-loss
fibers acheive a low numerical aperture (NA around 0.1).
The core size of single-mode optical fibers is very small
{10um). It is therefore particularly difficult to couple light
into an optical fiber as shown on figure 3. Alarge degree of
spatial coherence is required from the light source.

Lo
uswr {4 @,” N
Souce 7

PHOTORETECTOR

Figure 3: Light source and photodetector coupling.
Semiconductor lasers are usually used to acheive a high
coupling efficiency of around 50% and a launched power
up to a few hundred milliwatts into a singlemode fiber. Light-

emitting diodes can also be used, but due to their incoher-
ent nature, the coupled optical power into the fiber is very
small, only a few microwatts into a singlemode fiber. The
performance of optical-fiber links may be already limited
by the insufficient power launched into the fiber as in the
case of incoherent (LED) transmitters.

When a high coupling efficiency is obtained and sufficient
light power is launched into a singlemode fiber, other ef-
fects may limit the link performance as shown on figure 4.
When using broadband sources like (longitudinal) multi-
mode, Fabry-Perot semiconductor lasers, the link perform-
ance may be limited by linear chromatic dispersion. Such
links usually operate around 1.3um, where the linear chro-
matic dispersion is minimal for conventional singlemode
fibers.
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Figure 4: Propagation effects in optical fibers.

The optical power launched into a singlemode fiber is lim-
ied by different nonlinear effects including Raman and
Brillouin scattering and the Kerr effect. The treshold pow-
er for the Brillouin scattering may be very low, but fortu-
nately the latter is a narrowband effect. Raman scattering
and the Kerr effect both limit the maximum signal power in
a singlemode fiber to a few hundred milliwatts.

In the case linear chromatic dispersion is perfectly com-
pensated and the signal power is kept low enough, the
optical-fiber link performance may be limited by polariza-
tion mode dispersion. Polarisation mode dispersion is
caused by small differences in the propagation velocities
of the two orthogonally polarized, degenerated modes in a
rotationally-symmetrical singlemode fiber. Unfortunately,
high-birefringence, polarisation maintaining fibers are not
practical for long-distance links for many reasons.
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3. Optical fiber capacity

The capacity of a communication link depends on the avail-
able bandwidth and signal-to-noise ratio. In optical fiber
communications, both optical (quantum) noise and elec-
tronics (thermal) noise are present. The noise spectral den-
sity for both noise types is shown on figure 5. Quantum
noise is part of the optical signal and is further increased
by the amplified spontaneous emission of optical amplifi-
ers. Thermal noise is the main limitation in ail terminal equip-
ment electronics.

Noise power : P,‘ = B 'No
Thermal noise deﬂsi{\1: No= kT (R&ji&ig"\“jeans)
k= 4384071/ (Boltemana)

Quortum  noise density: No=hf
h=6.62440""s (Planck)
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Figure 5: Electrical and optical noise.

In the case of a simple optical receiver as shown on figure
6, the predominant noise source is the thermal noise of
the following electrical amplifier, in spite of the good guan-
tum efficiency of a PIN photodiode. In such a simple re-
ceiver, electrical (thermal) noise is about 20dB stronger
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Figure 6: Noise in a simple optical receiver.

than optical (quantum) noise. In other words, while the
guantum limit for a single logical "1" is 21 photons for a bit-
error rate of 1.0E-9, a real receiver requires about 2000
photons for a logical “1” for the same bit-error rate. The
main cause of the poor receiver performance is a large
impedance mismatch between the photodiode and follow-
ing electrical amplifier, further complicated by the always
present parasitic capacitance.
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The performance of optical-fiber links can be much im-
proved by optical laser amplifiers. The best performance
is currently acheived by erbium-doped fiber amplifiers as
shown on figure 7. Erbium-doped fiber amplifiers may ap-
proach the guantum-noise limit to a few tenths of a dB.
Like any laser amplifier, erbium-doped fiber amplifiers are
bi-directional and require expensive optical isolators at both
input and output.

elzdoped fiber
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Figure 7: Erbium-doped fiber amplifier.

Before estimating the capacity of an optical-fiber link, the
modulation coding loss should be estimated first. In the
case of a simple optical link using intensity modulation and
direct detection (IM-DD), the modulation coding loss is
around -20.2dB as shown on figure 8. More efficient mod-
ulation schemes are very difficult to implement at optical
carrier frequencies and the high data rates involved.
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Figure 8: Simple modulation coding loss.

An estimation of the capacity of a high performance opti-
calfiber link covering 1000km is shown on figure 9. The
link includes several erbium-doped amplifiers (usable band-
width around 4THz) but there are no signal regenerators.
The overall capacity of around 2.6Thit/s is comparable to
the bandwidth of the erbium-doped fiber amplifiers.
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Figure 9: Optical-fiber link capacity.
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4. Terminal equipment design

Although still developing, the manufacturing of optical fib-
ers is a relatively mature technology at least for silica fib-
ers. There are only small improvements trying to tailor the
linear chromatic dispersion, increase the core effective area
to reduce the nonlinear effects and improve the fiber sym-
metry to reduce the polarisation mode dispersion.

There are many more open issues in the design of line ter-
minal equipment for optical-fiber communications. First, line
terminal equipment should consider all of the limitations of
the optical-fiber transmisson path to fully utilize its capabil-
ities. Second, due to the high data rates and wide band-
widths there are several technological constraints in de-
signing the line terminal equipment itself.

Practically speaking, signal multiplexing from multiple sourc-
esis required both in the electrical domain as well as in the
optical domain as shown on figure 10. Time-division multi-
plexing is used almost exclusively in the electrical domain
with the rare exception of analog transmissions. Electrical
time-division multiplexing is limited to about 40Gbit/s with
the current semiconductor technology.
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Figure 10: Electrical and optical multiplexing.

Although this figure may rise in the future, various propaga-
tion effects in the optical fiber, in particular linear chromat-
ic dispersion and polarisation mode dispersion, also limit
the maximum data rate for time-division multiplexing. In or-
der to further increase the capacity of the optical transmis-
sion path, wavelength (frequency) division multiplexing has
to be used in the optical domain.

The design of a high-capacity optical transmitter is shown
on figure 11. The input electrical data is first processed in
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Figure 11: High-performance optical transmitter.

parallel form in a (silicon) VLSI ASIC, providing data for-
matting, framing and forward error correction if required.
The data stream is then converted to serial form in a high-
speed GaAs or InP circuit, Of course, the transmitier in-
cludes clock distribution and multiplication circuits.

The optical signal source is usually a distributed feedback
laser oscillating on a single longitudinal mode with a spec-
tral linewidth of a few ten MHz. The laser feeds a chain of
several different modulators. Although simple intensity (am-
plitude) modulation is used for transmitting data, the opti-
cal transmission path may require pulse shaping with an
additional amplitude modulator as well as pulse prechirp-
ing with a phase modulator.

Many different technologies are used to build electro-opti-
cal modulators, but the most popular designs are based
on lithium niobate (LiNbQOg) interferometric modulators and
on electrooabsorption modulators built in semiconductor
chips. Most modulator designs are polarisation depend-
ent and require high-power and wide-bandwidth electrical
drivers.

The outputs of several optical transmitters operating on
different wavelengths can be combined together on a sin-
gle optical fiber in a WDM multiplexer (a linear, passive
combining network operating at optical frequencies). Fi-
nally, the optical signal power of all channels combined
together is boosted with a single erbium-doped fiber am-
plifier.

Of course, areverse signal processing has to be performed
in a high-capacity optical receiver as shown on figure 12.
The input optical signal level is first boosted with an optical
amplifier before being fed to a WDM DEMUX (a bank of
optical bandpass filters). Each signal wavelength is fed to
a PIN photodiode, followed by a low-noise, wideband am-
plifier feeding the clock recovery and electrical demulti-
plexing circuits. High-capacity optical receivers may include
an adaptive polarisation mode dispersion compensation.
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Figure 12: High-performance optical receiver.

One of the most critical functions of high-capacity receiv-
ers is the clock recovery, since it is responsible for jitter
system. Electrical clock-recovery designs are shown on
figure 13. In the case of a NRZ transmission, some signal
processing (full-wave rectifier) is required to obtain a dis-
crete spectral line at the clock frequency. Of course, little
if any processing is required in the case of a RZ (soliton)
fransmission.
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Figure 13: Electrical clock-recovery designs.

A bandpass filter is required to extract the clock line from
the signal. A simple cavity filter as shown on figure 13A is
not a very practical solution, since a high Q is required for
the cavity. A PLL clock recovery as shown on figure 138
allows many more degrees of freedom including a second-
order feedback network that keeps the static phase error
independent of the clock-frequency offset. On the other
hand, a PLL clock recovery usually requires a search logic
to acquire an initial lock on the signal.

The performance of a digital communication system can
be much improved using signal regeneration. At least one
signal regenerator is required in the receiver, while addi-
tional signal regenerators may be inserted in the communi-
cation path. The regenerator design and operation is shown
on figure 14. Full signal regeneration requires three steps:
signal amplification, limiting (2R regeneration) and reclock-
ing with a D-flip-flop (3R regeneration). ’

Currently most signal regenerators are built as electronic
circuits, although there have been attempts to build optical
2R and 3R regenerators. An important drawback of opti-
cal WDM systems is that the signal regeneration has to be
performed separately for each wavelength.

5. Conclusion

Since optical-fiber communications are an important and
rapidly evolving tecnology, it makes sense to compare the
evolution of optical communications with the evolution of
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Figure 14: Regenerator design and operation.

radio communications almost one century ago. Radio start-
ed with spark-gap transmitters and rather primitive receiv-
ers. Optical-fiber communications started some 25 years
ago with directly-modulated light-emitting diodes and la-
sers, whose optical signal spectrum was much broader
than the information bandwidth just like in early radio sys-
tems.

An important breakthrough in radio communications was
the vacuum-tube amplifier. The erbium-doped fiber ampli-
fier brought a similar breakthrough to optical-fiber commu-
nications about one decade ago. Just like the vacuum-tube
amplifier, the erbium-doped fiber amplifier finally allows at
least some primitive signal processing in the optical do-
main. Unfortunately, the optical amplifier is still a compli-
cated and expensive piece of equipment that can not be
integrated easily, just like the vacuum-tube amplifier in the
early days of radio communications.

The current needs of communication operators are to im-
plement at least some low-level optical signal processing.
In particular, since wavelength-division multiplexing is be-
ing used due to optical-fiber and terminal-equipment limi-
tations, optical switching and routing is required in WDM
systems as shown on figure 15. The most critical compo-
nents, high-performance switching matrices, wavelength
converters and optical 3R regenerators are still at a very
early stage of developement.
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Figure 15: Optical switching and routing

At this point it is difficult to estimate the future develope-
ments of optical communication technology simply because
the most important component, a simple unidirectional
amplifier, like the transistor for radio frequencies, has not
yet been invented for optical frequencies. All laser amplifi-

ers are bidirectional amplifiers and require external isola-
tors that can not be integrated easily. Finally, the linear di-
mensions of optical waveguides are two orders of magni-
tude larger than electrical interconnections inside modern
integrated circuits.
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Abstract: Organic semiconductors are gaining an increasing attention due to their promise of novel optoelectronic devices. The main attraction of these
materials stems from their potential integration with flexible materials, which would result in ultrathin flexible multicolor displays. Basic electronic proper-
ties of typical representatives of organic semiconductors are reviewed. The operation of a light-emitting device based on organic semiconductors is
fundamentally different from its inorganic counterparts due to differences in electronic fransport properties. The crucial component apart from the active
material is represented by the metal-organic semiconductor contacts.

Organski polprevodniki - kandidati za napredne
optoelekironske komponente

Kljuéne besede: OS polprevodniki organski, naprave optoelektronske, zasloni vedbarvni fleksibilni ultratanki, LED zasloniz diodami svetlobo sevajocimi,
FET transistorji z ucinkom polja, OLED diode svetlobo sevajo¢e organske, Van der WAALS sila, LONDON sila, PTCDA peritentetrakarboksilni dianhidrid

Izvie&ek: Interes za organske polprevodnike se povecuje, saj gre za obetaven material, s pomocjo katerega bomo lahko izdelali nove optoelektronske
elemente. Glavni ¢ar teh materialov je njihova zmoznost integracije z upogljivimi materiali, kar bi omogodilo izvedbo izredno tankih upogljiivih barvnih
prikazovalnikov.

V prispevku predstavimo osnovne elektriéne lastnosti tipiénih predstavnikov organskih polprevodnikov. Delovanje svetlecih elementov na osnovi organskih
polprevodnikov se v osnovi razlikuje od delovanja njihovih neorganskih dvojnikov zaradi razlik v naginu transporta nabojev. Poleg materiala samega pa
predstavija kontakt kovina - organski polprevodnik naslednji pomemben faktor pri obnasanju komponente.

1. Introduction contacts caused extremely low reliability of the first devi-

ces. The use of the Langmuir-Blodgett technique yielded
Currently, two venues in material science of the organic considerable improvement since it allowed the fabrication
semiconductors (OS) are being explored. The materials of OS layers with the thickness of well below of a micron.

based on small molecules and polymers. The small-mole-
cule materials are typically employed in thin-film-based
devices and are synthesized by vacuum evaporation. These
materials have relatively low molecular weight (~500 -
2000). Polymer films, on the other hand, are typically fab-
ricated by dip-coating of the substrate, and have consider-
ably higher molecular weight (~10 000 - 100 000). Since
the excitation mechanisms are essentially the same for both
classes of materials, the choice is a matter of preference
of fabrication method. In what follows we will discuss only
the small-molecule type of materials.

The development in the OS thin-film fabrication techniques
resulted in higher structural quality of the layers. The avail-
ability of novel materials resulted in better alignment of the
electronic energy levels at the metal-OS interface. Conse-
quently, in late eighties Tang et al. /1/ demonstrated
OLEDs with efficiency and lifetime that promised the use
in lighting and display applications. In by the end of nine-
ties the OLEDs reached the commercialization stage. Fur-
ther improvement in efficiency was achieved by the Princ-
eton group through the use of fluorescent dye in the multi-
layer structure /2/.

The most advanced OS-based devices to date are repre-

sented by field-effect-transistors (FETs) and organic light . . .

emitting diodes (OLEDs). In the early stage of develop- 2. Organic light-emitting devices

ment of OLEDs organic single crystals were employed. . . .

Relatively high dielectric constant of these materials forced 2.1 Basic material properties

the use of high voltages to achieve sufficiently high electric O8Ss exhibit markedly different structural and electronic
fields. High voltages coupled to poor reproducibility in properties than their inorganic counterparts. The basic
material synthesis procedures and fabrication of metallic building blocks of OS are molecules instead of atoms. The
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fundamental intramolecular interaction is Van der Waals or
London force. Consequently organic molecular crystals
reveal rather weak structure. The main advantage of such
bonding is its relatively small modulus of elasticity, which
allows the structure to adapt to a variety of different sub-
strates. This is important when we consider the possibility
of integrating optoelectronic devices with flexible structures
such as plastics.

The main consequence of Van der Waals banding is small
overlap between the electronic wave functions centered
on atoms of neighboring molecules. This has profound
implications on the transport of the electronic charge in
O8s. The absence of extended delocalized states, resuits
in the charge transport that is not coherent in energy bands
but stochastic hopping from one localized state to anoth-
er. Such transport is extremely sensitive to electrically ac-
tive structural defect that typically act as traps for the car-
ries, resulting in overall carrier mobilities in the range be-
tween 107* to 1 cm?/Vs.

Many of the OSs currently under investigation are wide-
gap materials with the energy separation between the high-
est unoccupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO) of 2-3 eV. This results
in a very low concentration of thermally activated carriers.
Inaddition to structural defects also impurities typically act
as traps rather than sources of free carriers as in the case
of inorganic semiconductors. Frequently oxygen and/or
ambient water molecules affect the electronic transport in
these materials.

There are several OSs that are employed in OLEDs,most
frequently used is aluminum chelate complex (Alg) This is
an electron conducting material where Al ion is surround-
ed by organic molecules-ligands where molecules are -
conjugated. Most studied OS material is 3,4,9,10-peryl-
enetetracarboxyic dianhydride (PTCDA) whose

9.2 4

142 A

Scematic representation of a single
molecule of 3,4,9,10-
perylenetetracarboxylic dianhydride,

Figure 1:

molecule is illustrated in Fig. 1. The core of the molecule
represents perylene, at the sides are attached two dianhy-
dride groups. The HOMO-LLUMO energy separation is 2.2
eV and the maximum optical absorption occurs at ~ 550
nm. This is a hole-conducting material in which carriers
are transported predominantly along the direction perpen-

dicular to the molecular planes, where the overlap between
p-orbitals of the perylene core and dianhydride groups is
the greatest /3/.

PTCDA thin films are readily fabricated by vacuum evapo-
ration. The molecules orient themselves parallel to the sub-
strate surface and form monoclinic crystallites whose size
depends strongly on the evaporation conditions, Under
ultrahigh vacuum and low substrate temperature PTCDA
grows almost epitaxially. High vacuum and elevated tem-
peratures on the other hand yield grain size on the order of
50 nm.

2.1. Device physics

The electronic properties of OSs are characterized by
molecular levels rather than by the extended bands of de-
localized states. However, to illustrate the basic operating
principles of and OLED we will use most of the concept
derived from the inorganic physics, and keep in mind the
peculiarities of OSs. In Fig. 2. we show schematically the
basic steps involved in light generation from a single layer
of OS by electrical excitation - electroluminiscence. The
solid lines in the figure represent electronic energy levels
although we stress again that typically no delocalized states
are present in these materials. As we apply the bias on the
structure consisting of a single OS layer sandwiched be-
tween two dissimilar metals several processes are under-
way. The carriers are injected from the electrode, trans-
ported along the organic material and captured. They re-
combine with the oppositely charged particles and conse-
quently the light quantas are emitted

Figure 2:  Processes involved in light emission from
an organic semiconductor sandwiched
between two metallic layers. (1) charge
carrier injection, (2) transport across the
organic semiconductor, (3) exciton
formation, (hv) radiative recombination.
Indicated are @, and ®p, workfunctions of
the anode and cathode, respectively, @y
and @ hole and electron injection barriers,
respectively and gv= qV-®pwhere dp/q
represents the built-in voltage as a
consequence of dissimilar workfunctions
of the two metals.
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The carrier injection proceeds via the metal/OS interface.
If we neglect the interface dipole that my arise due to the
charge distribution, and assume the alignment of the vac-
uum levels across the complete structure we could con-
sider that the interface energy barriers for carrier transport
are determined by the metal work functions. This approach
is valid only as a first approximation. The metal/OS inter-
face are frequently characterized by defects that stem from
disordered growth and/or impure source materials. In ad-
dition relatively low-density structure of OS thin films facil-
itates diffusion of metal atoms yielding chemically intermixed
interfaces. Consequently relatively large interface dipoles
characterize metallic contacts on OSs, and present addi-
tional difficulties in quantitative description of electronic
transport.

Injected carriers start their way across the sample under
the applied electric field. The transport is markedly differ-
entthan in the case of inorganic semiconductors. The prin-
cipal characteristic of OS thin films is comparatively high
degree of structural disorder which results in the loss of
periodicity . Consequently, the electronic wave function
become localized. The charge carrier transport is best
described by hopping between these states that are ar-
ranged in a spatial array with a given energy distribution.
Such transport mode is relatively slow and results in carri-
er mobilities that are several orders of magnitude lower than
those in inorganic semiconductors. In addition, impurities
within the OS may introduce energy levels that are lower
than the levels in the manifold of hopping states. Such lev-
els act as traps that can immobilize the carriers for longer
periods of time.

When the injecting electrode forms Ohmic contact with OS
layer and the applied bias is sufficiently high, the density of
the injected carriers may exceed the density of the carri-
ers that material can transport. The net charge resides with-
inthe OS forming a space-charge, which limits the current
across the layer. The space-charge-limited (SCL) current
is the maximum current that can flow across the OS layer
at a given electric field, unless the opposite contact is ca-
pable of injecting the carriers of the opposite sign. The
SCL current exhibits a power law dependence on the ap-
plied electric filed:

jee EM /L (1)

where E is the electric field and L is the OS layer thick-
ness. Inthe absence of deep traps | = 1, resulting in Child’s
law seen already in the vacuum tubes. In reality trapping is
always present with a given energy distribution of trapping
states. In this case the SCL current is best described with
/>1, with typical values of 5.

In order to obtain light from the active OS layer the carriers
of the opposite sign must recombine radiatively. Due to the
low carrier mobility the the recombination of electron-
hole pairs (excitons) is diffusion-limited and may exhibit ra-
diative or non-radiative character. The probability and the
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multiplicity of radiative exciton decay is determined by its
spin-symmetry. During electrical excitation approximately
one singlet (total spin S=0) exciton is created for every three
triplet (S=1) excitons /2/. Typically only relaxations of sin-
glet excitons conserve spin and generate fluorescence.
With disruption of symmetry triplets may slowly radiatively
decay resulting in phosphorescence. Phosphorescence
was considered inefficient mode of luminescence in OS.
Recently the Princeton group demonstrated that the phos-
phorescence may be enhanced by doping the phospho-
rescent material with the fluorescent acceptor /2/. The
result was an increase in guantum efficiency by a factor of
three relative to the undoped material.

2.2. Metal-OS contacts

Metallic contacts on organic semiconductors (OS) are im-
portant due to their role in carrier injection in novel organic
optoelectronic devices, and successful application of a
given metal/OS contacts as a constituent of a device re-
guires precise knowledge of its electrical properties. The
alignment of the electronic energy levels across the met-
al/organic interface determine its transport properties.
Electronic properties of the metal/OS interfaces have been
examined on a case of prototypical OS 3,4,9,10-perylene-
tatracaboxylic dianhydride (PTCDA) by Hirose et al. /4,5/
using synchrotron radiation photoemission (SRPES). Their
findings show that the alignment of the electronic energy
levels is strongly dependent on chemical and/or structural
abruptness of the interface. Chemically abrupt interfaces
are characterized by the interface energy barrier that is
determined primarily by the position of Fermi level at the
PTCDA surface. Chemically reacted interfaces, on the other
hand, exhibit gap states that assist charge carrier trans-
port across the interface and consequently yield ohmic
contacts.

First ionization energy of the metal atom appears to be de-
cisive parameter that determines whether a given metal/
OS interface acts as a blocking contact or as an ochmic
contact /4,5/. Indium is one of the metals with the lowest
first ionization energy (5.79 eV) forming ohmic contact to
PTCDA. The diffusion of In across the In/PTCDA interface
has been thoroughly studied, albeit only for the case of In
on highly ordered thin PTCDA layers /4, 8/. Upon arrival
of In atoms onto PTCDA surface a formation of a coordina-
tion compound insPTCDA has been proposed /6,7/, and
theoretical calculations of its molecular energy structure
yielded the states in the gap of PTCDA acting as promoters
of the charge carrier transport. Diffusion of Inin PTCDA may
be different in the case of reversed interface, i.e. PTCDA
on In, which is interesting also from the applied standpoint.
Also the stability of the interface relative to the increased
temperature is of considerable interest for device process-

ing.
We have employed transport measurements coupled to

the SRPES experiments to examine the diffusion of
In PTCDA at elevated temperatures. Our results show that
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as the temperature of a Ag-PTCDA-In structure approaches
the melting point of the In substrate the room-temperature
rectifying current-voltage characteristics changes to ohmic.
This process transformation is a result of strong In diffusion
that is likely to be grain-boundary directed process.

2.2.1. Experimental

The samples for SRPES were synthesized in a vacuum
chamber with the base pressure of 1x10° Torr. The source
material was commercially available PTCDA that was puri-
fied by evaporating twice onto a collecting shutter that was
placed above the Mo boat. We employed Si{001) substrates
that were chemically cleaned using RCA etch, followed by
dipping in 10% hydrofluoric acid to obtain atomically flat
hydrogen-terminated Si(001) surface. Onto such surface
we evaporated 1 wm-thick layer of In. During Indium evap-
oration the substrate was at room temperature (RT). Upon
completion of In deposition 1 um-thick PTCDA layers were
grown using a growth rate of 1 nm/s. The layer thickness
was moenitored using an in-situ quartz thickness monitor,
Upon completion of the OS growth we transferred the sam-
ples into the analysis chamber that was attached to the
6m-torroidal-grating monochromator beam line of the Syn-
chrotron Radiation center storage ring in Stoughton, Wis-
consin. Photoelectron spectroscopy was performed using
a cylindrical-mirror analyzer and photon energy ranging from
2010 130 €V, resulting in the overall resolution of the set-
up (electrons+photons) better than 0.25 eV. The samples
were mounted onto a sample holder that enabled heating
and cooling of the sample in the range of temperatures
between 80K and 673K.

The samples employed in transport measurements were
identical to the samples investigated by SRPES with the
exception of a 100 nm-thick Ag topmost contact, with the
effective area of 4.9 mm?2. The current-voltage (-V) char-
acteristics measurements were performed using thin In tips
attached to the contacts using precision manipulators. We
used a Keithley 2400 SourceMeter as a voltage supply and
as an ampere meter.

2.2.2 Results and discussion

Our electronic transport data on Ag/PTCDA/In heterostruc-
tures agree well with the findings by Hirose et al /4,5/..
Typical |-V characteristic for a structure comprising 1 pm-
thick PTCDA layer grown on In-covered Si(001) and con-
tacted with Ag layer is shown in Fig. 3. The forward current
{filled circles) follows a linear dependence for voltages be-
fow 0.9V. Beyond that value a power-law dependence on
the applied voltage was observed. The power increased
from 3.2 to up to 5.9, indicating substantial effect of traps
/9/ on the electronic transport. Relatively large reverse
leakage current (open circles) may be due to image-charge
lowering of the Ag-PTCDA interface energy barrier and/or
tunneling through the barrier /10/. On the other hand, met-
als with low ionization potential such as In and Al form ohmic
contacts on PTCDA. This is exemplified in Fig. 4(a) where
we show an |-V characteristic of an In/PTCDA/In heter-
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Figure 3:  Currentvoltage characteristic of a Schottky

diode comprising 1 um-thick PTCDA layer
evaporated on In-covered Si(001) substrate
and contacted to Ag layer. Open circles:
reverse bias, filled circles: forward bias. The
solid lines represent a least-squares fit to
the function proportional to the power of
applied voltage. The fitting parameters
used in the fit were power exponent and
the proportionality factor.

ostructure that was synthesized by evaporation 1 mm-thick
In layer onto PTCDA surface. We see a linear dependence
that yields the resistance of a complete structure to be 9.4
Q.

Ohmic character of the In/PTCDA interface is supposedly
originating from the interface states that are a consequence
of chemical reaction between In and carboxylic groups of
PTCDA molecules. According to the recently published
work by Ueno and coworkers[ /8/, In atoms, presumably
due to the low ionization potential, cede electrons to the
PTCDA matrix and form In4PTCDA coordination compound.
Their calculations within the framework of hybrid Hartree-
Fock/density functional theory indicate that InsPTCDA com-
plexes exhibit electronic energy states that lie above HOMO
of PTCDA. Such states therefore, act favorably for the
charge carriers crossing the In-PTCDA interface /4,5/. The
linear I-V characteristic presented in Fig. 4(a) indicates that
the chemical reaction leading to the formation of interface
states takes place when free In atoms arrive onto the PTC-
DA surface, as well as when In atoms are bound in the
metallic substrate. This results in the two interfaces char-
acterized by a region where In diffusion determines their
ohmic character.
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(a)Current-voltage characteristic of a
structure comprising 1 um-thick PTCDA
layer evaporated on In-covered Si(0017)
substrate and contacted to In layer. Both
metallic layers form a conductive contact
to PTCDA.

(b)Current-voltage characteristic of a
structure comprising 1 um-thick PTCDA
layer evaporated on In-covered Si(001)
substrate and contacted to Ag layer,
after heating to 120 °C.

Figure 4:

Diffusion of In may assume drastic proportions if the sam-
ple is heated to 120 °C or above. The effect is illustrated
by comparing Fig. 3 to Fig. 4(b), where we show the |-V
characteristic of the sample used to obtain the data in Fig.
3, after heating to 120 °C. We see a dramatic change from
rectifying to ohmic. Based on the |-V characteristic alone
we can not rule-out the possibility that both In and Ag spe-
cies diffuse into PTCDA, however our SRPES measure-
ments indicate that In diffusion at elevated temperatures is
extremely strong, resulting in In-related species diffusing
through PTCDA layers as thick as 1 um.

We demonstrate this by Fig. 5, which shows the photo-
electron energy distribution curves (EDCs) measured on 1
wm-thick PTCDA layer grown on In-covered Si{(001) sub-
strate. Individual curves correspond to the sample at RT
{bottom-most curve) and 150 °C (topmost curve).

The curves were obtained using photon energy of 80 eV.
The binding energy scale is referenced to the position of
the Fermi level that was determined from the photoemis-
sion cut-off of an in situ sputter-cleaned copper foil. We
observed features in increasing binding energy that are
pertinent to different energy levels of a PTCDA molecule
/6-12/.

As the temperature of the sample increased to 150 °C we
observed a strong emission of In 4d core level (topmost
EDC). Room-temperature In diffusion can be ruled out
based on the results illustrated in the inset, showing an
EDC obtained with photon energy of 130 eV on 1 um-thick
PTCDA layer grown on clean Si(001) substrate. The fea-
ture at the binding energy of about 20 eV is present also in
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Photoelectron energy distribution curves
of a PTCDA/In/Si(001) structure indicating
In diffusion as a consequence of sample
heating. The photon energy employed was
80 eV. The curves represent emission from
the sample at room temperature, and
150 °C, bottom to top, respectively. The
narrow feature observed in the topmost
curve corresponds to the emission from
the In 4d core level. Inset: the
photoelectron energy distribution curve
from a PTCDA/Si(001) sample. The feature
at 19.8 eV seen in this curve is originating
from PTCDA and not from In

Figure 6:

this EDC and must therefore reflect the emission from the
PTCDA-related energy states. From Fig. 5 we see that al-
though the In-PTCDA chemical reaction takes place even
if In atoms are bound in metallic In polycrystal, the room-
temperature intermixing does not reach the surface of the
1 um-thick PTCDA layer. When the sample temperature
reaches or exceed the melting temperature of In however,
substantial In-related photoemission is observed. From the
position and lineshape analysis of the In 4d emission we
can obtain the information on the chemical nature and con-
sequently diffusion mechanism of In in PTCDA.

The emission from the In 4d core level presented in the
topmostcurve of Fig. 5 is relatively broad, which indicates
a wealth of different chemical environment that In atoms
may encounter upon diffusing towards the PTCDA surface.
To check if the chemical environment of In atoms changes
with the distance from the surface we have performed an-
gular-dependent measurements, where we varied the emis-
sion angle (¢) from grazing towards normal. The incident
angle of the photons also varied as (/2 ~ ¢). The resulis
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are exemplified in Fig. 6, where we show the background-
subtracted measurements as a function of emission angle
(increasing bottom to top). The featureless lineshapes pre-
cludes reliable numerical analysis, although we have at-
tempted to extract individual contributions to the observed
emission. Note that the apparent binding energy of the fea-
ture presented in Fig. 6 deviates considerably form the
published data for In 4d core emission in metallic In as well
as for In 4d in compund semiconductors. For example,
the positions of the In 4ds,2 and In 4ds,2 doublet compo-
nents are reportedly 16.35eV, and 17.25 eV, respectively
/16/ determined by SRPES on the polycrystalline film evap-
orated in situ. For the InSb these values are chemically
shiftedto 17.0 eV, and 17.8 eV, respectively /16/. Bermu-
dez and Ritz /17/ observed by SRPES a 0.7 eV shift of the
In 4d core-level emission centroid upon oxidation of the
INSb(110) surface, and Sen et al report on the XPS-de-
rived 1.1 eV chemical shift in In 4d centroid in In2O3 rela-
tive to the In 4d in polycrystalline film /18/. We attribute
this variance to the final-state effects. Screening of the In
core-hole is considerably less efficient for In atoms em-
bedded in PTCDA matrix relative to that in In metal on In-
compound semiconductors /4,5/. The centroid of the peak
monotonically moves from 19.76 +0.05 eV10 20.59+0.05
eV, for 20° and 50°, respectively. Coupled to this shift we
observe an increase in FWHM of the peak from 1.9 eV to
2.18 eV for 20° and 50°, respectively. We interpret this
behavior in a qualitative fashion in terms of multiple chem-
ical environment of In atoms that vary with depth from the
surface. The estimated photoelectron escape depth at
these kinetic energies is ~4 A /14/. Assuming that the
photoemission signal is coming from roughly three times
the escape depth, and taking into account that the mole-
cules stack parallel to the substrate surface with the inter-

PTCDANN/SHOO1)
hv=30eV f"

Photoemission Intensity (Arb. Units)

by
\ as-grown

T T ¥
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In 4d core level photoelectron energy
distribution curves obtained at different
emission angles indicated at the left side
of each curve. The binding energy scale is
referenced to the spectrometer Fermi level,
Inset. The emission angle in the figure is
defined as the angle between the longer
axis of the analyzer and the projection of
this line on the sample surface.

Figure 5:

molecular separation of 3.21 A /15/, we see that by chang-
ing the emission angle from 20 ° to 50 ° we have probed
the region from the topmost molecular layer to the third
molecular layer below the surface, respectively. At grazing
emission the spectrometer detects photoelectrons only
from the topmost molecular layer. The smallest FWHM of
the peak indicates the presence of fewer In-related spe-
cies; perhaps indium oxide and metallic In. As the emis-
sion angle increases towards normal the contribution of
high-binding-energy component strongly increases, caus-
ing a high-binding-energy shift of the peak centroid cou-
pled to the increase in FWHM. Large high-binding-energy
shift (0.83 eV) suggests that the abundance of low-binding-
energy component residing on the surface is relatively small.
We can only speculate on the possible chemical environ-
ment of In atoms that contribute to the observed emission.

Apart of the metallic In and two common In oxides, InO
and In203, InsPTCDA comes to mind as possible candi-
date to explain the observed depth dependence of the In
4d core emission. We have evidence, however that the
latter compound is not present at the PTCDA surface, when
In atoms are subjected to diffusion through the layer of
PTCDA. The signature for In4PTCDA are the energy states
above HOMO in PTCDA /6,7/. In Fig. 7 we show the EDCs
obtained on the same sample as those in Fig. 5; this time
with the photon energy of 50 eV. Focusing on the region
near HOMO we see no emission Fermi energy and HOMO
at the sample temperature of 150 °C, when we observed a
strong In 4d core emission. Based of this evidence we can
rule out the interaction of In with PTCDA in the form pro-

PTCDA/In/Si(001)
hv=50 eV

150°C

/

/t’

! NN

/ /\ NN
as-grown \..

Photoemission Intensity (Arb.Units)

Kinetic Energy (eV)

Energy distribution curve taken

at increasing temperatures of the 1 um-
thick PTCDA layer grown on In-covered
Si(001). The energy scale is referenced to
the spectrometer Fermi level. The
bottommost curve was obtained on the as
grown sample, to the bottommost curve in
Fig. 5.. The topmost curve was obtained
after heating of the sample to 150°C, and
corresponds to the topmost curve in Fig.
5. The photon energy employed was 50 eV.

Figure 7:
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posed by Ueno and co-workers /6,7/, when In is coming
from In substrate.

The mechanisms connected to In diffusion are therefore
different when PTCDA is evaporated onto In substrate than
the mechanisms connected to In diffusion in the case of In
evaporation onto ordered PTCDA surface. The tentative
explanation assumes the formation of In4PTCDA as the
PTCDA molecules arrive onto In surface. The formation of
the coordination compound is limited to the initial layer of
thickness of few hundred A /4,5/, and is determined by
the room-temperature diffusion rate of In in PTCDA. Upon
formation of sufficiently thick interface layer, the growth con-
tinues in the form of PTCDA. When the sample is heated
the diffusion of In from the substrate is enhanced. The struc-
ture of the PTCDA overlayer is crucial for the diffusion.

Indium layer evaporated on Si(001) acts as structurally
considerably different template for the PTCDA growth than
the substrates employed in previous reports where atomi-
cally clean semiconductor /5-12/ or MoSg substrates were
used /6,7/. Indium in thin film form is prone to three-di-
mensional island formation. Spicer and co-workers /19/
examined the growth of In on GaAs(110) substrates. Their
SRPES results indicate that In forms atomic clusters for
nominal coverage up to 8 monolayers, resulting in a dis-
continuous coverage. Ryu et al. /20/ examined In over-
layers on hydrogen-terminated Si(001) substrates at differ-
ent coverage by scanning tunneling microscopy (STM).
After the thickness of In exceeds several monolayers (ML)
the two-dimensional islands start to evolve into three-di-
mensional columns. Since the thickness of our In layers
was 1 um, we may safely assume that the surface exhibit-
ed increased roughness relative to the atomically flat hy-
drogen-passivated Si(001). In addition to the polycrystal-
line substrate, the PTCDA layer thickness and room-tem-
perature of the substrate suggest that our PTCDA layer is
polycrystalline /21/. High concentration of grain bounda-
ries enhances a grain-boundary diffusion. Grain bounda-
ries are also likely to contain embedded oxygen molecules,
whereas the outermost layer of the film is oxygen-free due
to oxygen desorption at elevated temperatures. Given the
affinity of In to form oxides at temperatures that approach
its melting point it is likely that the majority of In atoms re-
main immobilized as InoO3 and/or InO, and only few In at-
oms manage to reach the surface in atomic form, where
they contribute to the low-binding-energy photoelectron
emission presented in the bottommost curve of Fig. 6. The
high-energy component of the EDCs shown in Fig. 6 might
therefore represent the emission from In atoms in 1n20a3.
Relatively fast decrease in intensity with the emission an-
gle indicates low probability for In atoms to diffuse to the
surface without forming an oxide.

3. Conclusion

In-PTCDA interface retains its ohmic character regardless
the order of the layers, i.e. In on PTCDA or PTCDA on in.
Diffusion of In in PTCDA at elevated temperatures, depends
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on the order of the layers and is likely to proceed via a
grain-boundary network when polycrystalline PTCDA is
grown on In substrates. Angular resolved photoemission
reveals differences in chemical environment of In atoms
that reside on the surface of thick PTCDA layers relative to
the chemical environment of In atoms that reside in the
molecular planes below the surface. Based on the binding
energy of the In 4d core-level emission obtained at graz-
ing-angle emission relative to the binding energy at high
emission angle we suggest that small concentration of
metallic In occupies sites on the PTCDA surface.
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Abstract: Design considerations for low-power coherent detection system using BP A—% A/D converter are presented. Some optimization steps for
reducing power consumption are explained together with some system and circuit level simulation resuits. A 6™ order modulator design and correspond-
ing 4™ order running-sum decimator are presented. Suggestions are made for further reduction of power consumption, which is estimated to be less than
500uW for 6" order modulator with S-C loop fitter implementation, oversampling ratio D=256, S/N=110dB at fous=64kHz and bandwidth BW=260Hz.

Zasnova sistema za koherentno detekcijo z uporabo BP A—X
A/D pretvornika z nizko porabo moci

Kljuéne besede: BP Delta-Sigma A-D pretvorniki pasovno propustni analogno-digitalni, detekeija koherentna, optimizacija moci, decimatorji, fittri deci-
macijski, BW $irina pasovna, sestevalniki, arhitektura s sestevalniki

tzvledek: V ¢lanku je opisan postopek nacrtovanja sistema za koherentno detekcijo z uporabo BP A-X A/D pretvornika na sistemskem nivoju. Predstav-
lieni so nekateri optimizacijski postopki na visokem hierarhi¢cnem nivoju s pomocijo katerih lahko zmanj$amo porabo modi takega sistema ter rezultati
nekaterih simulacij. Zasnovi BP A-X modulatorja Sestega reda in pripadajocega decimatorja Cetrtega reda sta izbrani glede na postavijene zahteve in
ostale pripadajoce kriterije. Podani so predlogi za zmanj$anje porabliene moci. Ocenjena poraba moci je priblizno 500uW za eno bitni modulator s filtrom
Sestega reda implementiranim s tehniko S-C, razmerjem vzorcevaine frekvence proti mejni D=2586, razmerjem S/N=110dB pri vzorcevalni frekvenci
fovs=B4kHz in pasovno sirino BW=260Hz.

We are trying to design a coherent detection system with
as small power consumption as possible. The signal that
must be down-sampled is double side band signal with
suppressed carrier and with the bandwidth BW<260Hz
centered at 16kHz. The purpose of the system is to per-
form coherent detection of a low-frequency signal that caus-
es modulation of the carrier, bring it down to the base-band
and convert it to the digital domain using high resolution
A/D converter with S/N>110dB. As usual this can be done
in many different ways and it seems that most promising
approach regarding silicon area and power consumption
is BP A—X A/D converter and coherent detection.

1. Introduction

With down-scaling of integrated circuit technology in re-
cent years analog signal processing circuits are more and
more replaced by digital signal processing circuits because
of several advantages: flexibility, programmability reliabili-
ty, noise immunity, reduced power consumption, easier
and more reliable design and test if automated procedures
are used. The key operations in such systems are A/D
conversion and for narrow band signals appropriate sub-
sampling of correctly band-limited spectrum. In our case,
simple coherent detection circuit and BP A—X modulator
followed by simple and efficient digital decimation filters In section Il principles of coherent detection using BP A-%
are used to transfer input double side band signal with sup- A/D converter are shortly explained and some system lev-
pressed carrier and limited bandwidth to a digital stream of el simulation results are presented. Design steps for 6"
data, which can be further processed by appropriate DSP order BP A-2. modulator are shortly presented in section
algorithm. The technique has several advantages compared ‘III with some key parameters‘ regarding architecture', stabil-
to traditional analog implementation: lower power consump- 'W’ speeq, pF’WG“ consump?ton, Sectlon' IV deals with POS‘
tion, easier integration and because of that higher reliabil- sgble rgahsahon of the decimator. Section V summarlses
ity, better flexibility etc. It is essential to reduce power con- simulation results and presents the conclusions.
sumption as much as possible. The only way to do that is

to perform optimization on each hierarchical level from the 2. System for coherent detection

system to the layout. ) , )
Block diagram of possible system for coherent detection

of narrow-band signals is presented on figure 1.
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BP modulator can be implemented with continuous time
or S-C loop filter. Using S-C realisation makes A/D conver-
sion more accurate and less sensitive to the process pa-
rameters and temperature variations compared to continu-
ous time implementation, but requires additional filtering
(anti-aliasing filter) to prevent folding of unwanted compo-
nents to the base-band of the BP modulator. The continu-
ous time gm-c loop filter reduces power consumption even
further because it does not require anti-aliasing filter since
all out-of-band components are attenuated efficiently by its
loop fitter. In addition the speed of the transconductance
element needs to be smaller compared to the operational
amplifier used in S-C implementation. Unfortunately CT
approach it is less stable and less accurate. In this article
S-C implementation is proposed for the reasons of accu-
racy. Sampling frequency of the BP modulator is selected
as low as possible: fors=4fosc, thus a very simple method
of coherent detection is available: multiplication of a bit-
stream with coherent sine wave. {t can be easily accom-
plished before the decimation filtering using frequency
feos=fovs/ 4 realised as another bit-stream with values tak-
en fromtable 1 /4/. Coherent detection with defined rela-
tion among signal frequencies is reduced to the genera-
tion of simple streams of +1, 0 and -1 and 1 bit multiplica-
tion between bit-stream and Sin or Cos signal. Multiplying
vm by Cos or Sin signals is followed by filtering and down
sampling. Some additional digital signal processing not
described in this article gives further information about fre-
guency and phase of demodulated signal: x=v,Cos and
y=vmSin.

Table 1:Sin and Cos signal generation

K Cos Sin
0 1 0
1 0 1
2 -1 0
3 0 -1
4 1 0

PSD of a bitstream - vm

05 1 1.5 2 25 3
Frequency % 10

3,
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Fig. 2: Spectrum of a bit-stream vy,

The spectrum of a bit-stream vy, after BP A-X A/D con-
verter is very rich and shown on figure 2 for the case of 2
spectral components of equal power with frequencies
Tovs/4-fx and foys/4+f, (see detail on figure 2). Frequency fy
is a frequency of modulation signal that carries the infor-
mation. The whole spectrum is composed of 2 spectral
components in the band of interest, quantisation noise,
thermal and 1/f noise and aliased crosstalk, which is much
smaller than any other component if designed properly.
Ideally the Cos or Sin signals are sine waves with only one
spectral component with frequency fx. Let us discuss the
process of multiplication with our coherent signals. One
can imagine that every spectral component in the vi, is
multiplied by a sine wave with frequency fs/4, which is in
fact a stream of +1, O and -1. The band below fs/4 is by
multiplication reversed and placed to the same band and
also translated to the band between fs/4 and fs/2. The
band above fs/4 is transferred between 0 and fs/4 and 5/
2 and 3fs/4 and aliased back to the band fs/2 to fs/4. The
spectrum after multiplication is shown on figure 3. 1/f noise
and offset components are transferred around frequency
fs and are later attenuated by decimation filter. The noise
power after multiplication with a coherent sine-wave is com-
posed of all noise sources from the band below and above
fosc and are included in the simulation results presented
on figure 3 /1/. The upper portion of the spectrum can
not be seen because of the logarithmic scale. Similar spec-
trum exists for v, Sin. Frequency components above 125Hz
must be attenuated using appropriate decimation filter.

Possible realisation of the decimation filter is sinc? charac-
teristics with accumulate and dump architecture. Transfer
function is presented on figure 5. A 4" order is used be-
cause in that case the slope of the decimation filter is big-
ger than the slope of quantisation noise produced by gih
order BP modulator. Short description of the implementa-
tion of the decimation filter is given in section IV. The spec-
trum ycos after sinc* decimator, down-sampled to
faec=lovs/R=250Hz, with modulation frequency f=33Hz
is presented on figure 4. Similar spectrum with different
phase is obtained on the output ysi». Further digital signal
processing of both signals can extract all necessary infor-
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mation about frequency and phase of the rotation. Since
all signals are very low freguency, serial digital signal
processing can be used to save silicon area.
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Fig. 4: Decimator frequency characteristics
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Fig. 5: Down-sampled spectrum of the rotation signal
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262

3. 6™ order modulator

A 6th order 1 bit BP modulator with oversampling ratio
R=256 can fulfil the requirements: S/N = 110dB in a band
of 125Hz. Figure 6 plots possible noise transfer function
with poles and zeroes defined in table 2 and on figure 7.
Signal transfer function (STF) depends on realisation, sta-
bility constraints, area and power consumption and will be
presented in near future with special emphasise on power
consumption optimisation and stability constraints. For S-
G implementation the jitter does not present a problem, so
normal comparator is used for one-bit A/D, while 1 bit D/A
is implemented by non-return-to-zero S-C stage charged
to the reference voltage and controlied by the outcome of
the A/D conversion process or in other words by the bit-
stream. The positions of poles and zeros are for the time
being selected according to the Lee's rule of thumb /5/,
which requires that the |NTF (el?)| <2 for the whole band
of interest. Since this condition is pessimistic and does
not give insight into the real stability of the modulator it will
he refined in the design and simulation steps that still needs
to be implemented.

Table 2:Poles/Zeros of possible Noise Transfer Function

Poles Zeros
-0.2151\pm j0.8333 -0.0048\pm j1.0000
+0.0000\pm j0.7499 +0.0000\pm }1.0000
+0.2151\pm j0.8333 +0.0048\pm }1.0000
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Fig. 6: Noise transfer function (NTF)
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4. Decimator

There are many possible realisations of the decimation fil-
ters. Efficient solution in terms of area and complexity is
sinc decimator /3/, which does not need any multiplica-
tion and the only arithmetic operation needed is 2's com-
plement addition. Here sinc? (figure 8) is implemented be-
cause we have 6th order BP modulator with transfer func-
tion presented on figure 4. The slope of the frequency char-
acteristics of the integrators before down sampling is big-
ger than the slope of the quantisation noise and thus guar-
anties enough attenuation of high frequency quantisation
noise as well as other noise contributions. Very simple pro-
grammable accumulate-and-dump architecture has been
implemented, so the oversampling ratio can be easily
changed by simply taking every R sample from the IR
part and processed it by FIR low-frequency section of the
decimator. Number of bits needed for correct operation
is:

_ log g (R " 7 )

M, = = 32bits
" log, ()

Where R is decimation ratio, M is decimator order, r;= 1 is
number of bits at the input and npjs is number of bits need-
ed for internal registers of the decimator, so that the over-
flow is correctly processed. IR and FIR parts can be proc-
essed serially since the sampling frequency is rather low.
Programming of the decimator is possible by changing the
oversampling ratio from R=2 fo 256 and taking different
bits from the last register of IIR to the first register of FIR
every R" oversampling clock cycles. Figure 5 is the result
of processing the signal vi,Cmos with real sinc? decima-
tor. If attenuation at 125Hz is not acceptable this can eas-
ily be corrected by simple digital all-pass filter following the
decimator. The decimator realised in 0.6um CMOS tech-
nology with foys=84kHz consume approximately 20pA av-
erage current and the rest (80UA) are reserved for the mod-
ulator.
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+ 5+32b s
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[

Fig. 8: Block diagram of sinc* decimator

5. Conclusions

A system design considerations and some important steps
for the power consumption optimisation of a coherent de-
tection system using 6" order BP modulator and 4" order
sinc* that can be used for mixed-signal processing of a
narrow band double-side band signals with suppressed
carrier are presented in the article. Possible architecture is
evaluated and some system and circuit level simulations
were performed to show the usefulness of the approach.
Architecture of the BP modulator and decimator has been
defined and important system level simulation results have
been presented. The realisation of proposed architecture
is feasible, so circuit design of a BP modulator will follow
using S-C and gm-c¢ implementation of the loop filter with
big attention to the power consumption optimisation and
stability constraints.
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Abstract: Substrate noise is a serious limiting factor in the design of analogue-digital systems. Distributed clock systems can be used as an efficient
method to solve the crosstalk and simultaneous switching noise associated with the data processing and clock distribution. In this paper we concentrate
on the switching noise model for clock pipelines in order to find some interesting parameters for the circuit design. Expressions for clock transition time,
switching current ripple and optimal clock symmetry are given. The comparison of an optimized clock pipeline, consisting of N stages with the central
clock buffer shows that substrate noise due to the power bus voltage drops can be reduced approximately by 1.2-N. Similarly, the reduction factor for
substrate noise due to carrier injection from clock nodes can be as high as » 0.75-N.

Preklopni Sum v sistemih s porazdeljenim signalom ure

Kljuéne besede: elektronika, sistemi integrirani, A-D sistemi analogno digitalni integrirani, snovanje mesano, $um substrata, vezja preklopna, Sum prek-
lopni, signal ure porazdelieni, optimizacija Suma, rezultati snovanja

izvledek: Sum substrata je eden od pomembnih faktorjev ki omejujejo integracijo analogno-digitainih sistemov. S porazdelitvijo signala ure lahko pomem-
bno zmanjsamo presiuhe in preklopni um, ki je povezan z signalom ure in z obdelavo podatkov. V delu raziskujemo model preklopnega Suma v razvodu
ure in poistemo nekatere najbolj pomembne parametre za nacrtovanje. lzvedeni so izrazi za ¢as prehoda signala ure, za stresanje toka napajanja in za
optimalno simetriranje signala ure. Primerjava optimalno porazdeljenega signala s klasicnim pokaze, da v sistemu z N stopnjami lahko dosezemo zman-
jsanje duma v substratu za faktor »1.2-N zaradi zmanjsanih konic v napajalnem toku in za faktor » 0.75-N zaradi manj$ega vpliva signala ure na substrat.

earities in the vicinity of the threshold voltage. If we apply a
ramp function to the input of the chain of equally loaded

1. Introduction

In distributed clock systems the central clock is replaced
by a large number of time-distributed signals, generated
by a clock pipeline. In the simplest form the pipeline can
be built as the chain of invertors integrated with the flip
flops and logic gates /1/. If the system layout is done in
such a way that pipeline stages are put close together with
their loads, noise performance of the circuit as a whole
can be improved significantly.

2. Switching properties of the
distributed clock driver

The CMOS load is a combination of parasitic capacitanc-
es to Vg, represented as Cp and parasitic capacitances to
Vss, represented by Cn. To analyze the circuit speed, all
capacitances can be treated as one single load C; = Cp +
C, connected 1o Vss. However, for the switching noise an-
alyze the mode how the capacitances are connected with
regard to power supply and the driving stage becomes
important and the two capacitances must be treated sepa-
rately. As presented on Fig.1, the power bus currents are
different from the currents in the driving stage; they are
smaller and different at the rising or falling edge of the sig-
nal.

Dyn‘émic characteristic of the CMOS inverter becomes very
complex if the slope of the input signal is comparable to
the output signal slope. However, the influence of input
signal waveform on the output is limited because of nonlin-
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inverters, such as presented on Fig. 2, the responses con-
verge rapidly to a ‘characteristic’ waveform /2/ that is in-
dependent from the initial signal slope. The most impor-
tant measure for clock driver noise analyze are the slew
rates of the rising and falling edges in the characteristic
waveform, measured at their maximum value. These val-
ues are very close to slew rates measured at Vyg/2:

It

Idr

,,,,,,, - fatling edge currents - e e . Hsing edge cunents

Idr = lep + fen Idr = icp + fen

b= icp T = fen
Load currents in the CMOS buffer with

Jocal loads; power bus currents are
different from the driving transistor currents

Figure 1:
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' ) dt At v(t)=vdd /2 (1)
s =may —D | O
7 dt dt v(£y=vdd 2 (2)

In general, s, and s are not equal so that it is appropriate
to define the slew rate symmetry ss

s,

$§ =

(3)
S

Clock drivers are usually based on equal slope design (ss
=7) to achieve best noise immunity and waveform symme-
try. For this type of characteristic, the threshold voltages
and gain factors (Kp, Kp) for PMOS and NMOS transistors
must be equal /3/.

Table 1:Peak currents in the power bus and in the
driving transistors

l(peak) Power bus Driving transistor
Rising edge sr -C, sr- (CytCp)
Falling edge sf -C, sf (C+Cp)

Table 1 shows the difference between peak currents in
the power bus and driving transistors in a single CMOS
clock buffer. To achieve the symmetric characteristic, the
P-transistor must be larger than the N transistor so that C,,
= 3Cn. Under these conditions the difference between ris-
ing and falling edge bus current spikes becomes consid-
erable. For purposes of noise analyze we will use

¢,=p-C, (4)
The simplified presentation of switching currents in stage 7
and the neighboring stages is shown on Figure 3. The
interaction of delay times and signal slopes determines how
individual switching currents are summed in time to form
the power supply current.

Vi)

Sr.Cn
Ib(h) ’
- SEep
Ilﬁ(i‘])/\

(1)

i

A
Thi” Thh

Bus currents in the chain of inverting
buffers with local loads

Figure 3:

Due to the serial signal passing across the buffer chain
only a few stages are active at a given time. The sum of
power supply currents in the chain depends on the inter-
action of delay times and the shape of the switching wave-
forms, but is independent of the chain length (Fig. 4).

I stage /is considered as reference stage in the clock pipe-
line, neighbor activity a, can be defined as the ratio of
slew rates in neighboring stages and the reference stage,
measured when the reference output reaches Vyg/2:

S TSy

C\(N
25,

VisVaa 12 (5)
In the case when slew rate of the reference signal is larger
than slew rates of it's neighbors, the switching point in stag-
es with lower slew rates comes closer to Vgg/2 so that o,
increments. Neighbor activity in pipelines with non-sym-
metric switching characteristics is therefore different if
measured at the rising edge or at the falling edge of the
reference signal. However, as long as we are not too far
from the symmetric case, values for both edges are close
to each other so that an average value can be substituted.

Imax

I Ti-1

Cp Cp - Cp Cp Cp — =
. N . Vdd
| V] I Vit] ~._.. Vn 7
: { _ e { ;
L |- s N
Vosc . 1 . S e
Cn Cn Cn — Cn — Cn
| 1
| 1 | , 1
Td = (Tlh +Thl)2 ] Td | Td
i i E
Figure 2:  The distributed clock driver as the chain of inverting buffers
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Figure 4:  Accumulation of local currents into the supply current for the case when siCp>s,Cn. Upper pane represents

output signal in stage j; current contribution of stage j is shown by dashed line in the middle pane
against the total supply current (solid line). Dashed lines in the lower pane represent current contribution
of stages i, k against total supply current (solid line). On the rising edge, the supply current is dictated by
currents in stages i, | that exhibit falling edges; on the falling edge, it is dictated by the current spike in
stage i. The difference between solid line and the dashed lines (= 20%) is due to the activity of the
neighboring stages. The circuit, based on Figures 1 and 2 with N = 8, was simulated at Vaqq = 2V7, C; =

10Cg and Spr = 2.5SrCn .

The average value in the range Ky/Kn = 0.5...2 is practi-
cally independent from Kp/K, and load capacitances
(Fig.5). With a series of simulations for circuits with equal
absolute threshold voltages for P and N-type transisters
we have found a satisfactory approximation for o, as

v, =V,
&, = 0555—[1([——[ (6)
r

If we take into consideration supply currents in the driving
stage and in the closest two neighbors, the total supply

current for rising edge signal is equal to

Ly e =5,C, +25,C,

dd rise

where S} stands for slew rate in the neighboring stages

when s is maximal:
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so that

Ir[d,r'i.s‘u = Sr (Cn + 2anCpJ (7)
Current peak for the falling edge signal can be expressed
in a similar way. Once both current peaks are known, we

can define the relative supply current ripple as
C, +20,C,

ss !
C,+2a,C,

dd rise

r

(8)
[ dd, fall

For each signal transition on the input, active driver stages
draw supply current lga(t). As the signal travels along the
pipeline, lq4a(t) alternates between leading edge (g rise) and
trailing edge (lao,ran) peaks. Signal transition time for the
whole chain is given by
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Figure 5:  Activity of the first neighbors (stages i-1, i+1), measured when Vi in the reference stage reaches Vuq/2.

Activity of stages next to the closest neighbors is practically equal to 0. The dashed line shows rising/

falling edge average.

T, +T
'TI:N [/12 hl (9)

Maximum supply current takes place in stages with rising
edges if r, > 7, or in stages with falling edges if the relation
is opposite. Regardless of the case, maximum current oc-
curs in every second stage so that the ripple period is equal
to

Tr =T, +T

pair ih hi

(10)

3. Noise optimisation

The supply current ripple can be minimized if the rising
and the falling edge peaks are made equal. By setting r; =
1, equation 8 gives optimal clock symmetry

_pt 2,

I opt T

+2a p an

If we now apply equation 6, we get optimal Ko/Kn ratio as

K — -
_r :255_1:3+<1 anxp 2) 15
2(1+205”p) (12)

e Jopt

For purposes of noise analyze it is convenient to define
the pipeline activity oy, as the ratio of switching currents of
the entire driver chain and one single stage:

__ “dd,mpipeline
G, = (13)

dd stage

In general, the entire switching event must be covered.
Rising and falling edge currents are equal as long as we
treat the optimized pipeline as a whole, but they can be
different inside individual stages. For that reason the single
stage current must be expressed by the average of rising/
falling edge values, so that o, of a noise-optimized pipeline
can be given by

dd rise, pipeline

C(p = 2 =
[ dd rise stage + [t/(/,./'a[[,.\'myc
[(l(/.fn[[,/)i/w/ine
2
]([(/\I'[.Y(,’,.&‘((Ig(: + ](l(/,full,xlagc

From the second expression we get

s AC, +2a,C, +2a
a/)zzf(l >:2[7 n
5,C, +s,C,

ss+ p (14)

Application of optimal symmetry from equation 11 gives

a,pl+aaipta
a/) :l+ i n n

15
ap’+pta, (19)

In spite of quadratic form the pipeline activity ¢p shows
almost linear dependence from a, and p in the range of
common design conditions. Influence of p is very low be-
cause the pipeline is optimized. In most cases Clp evalu-
ates to values around 1.4 = 1.5.
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4. Results

The power bus relaxation of a distributed clock system
compared to the central clock system can be estimated by
the ratio of peak supply currents. If C, is the total load of a
central clock buffer then the load of an equivalent N-staged
clock pipeline would be given by

c, =N, +C,)

We can assume that the central clock buffer has got sym-
metric switching characteristic, defined by s = (s, +s1/2.
In favor of fair comparisons we will consider only the last
stage of the central clock driver. According to table 1, the
switching current in that stage would reach

= 5-C, . The switching current of the distribut-

dd ,central
ed driver can be expressed by the average single stage
current and ¢, so that we can define the power bus relax-
ation factor R as

(s, +s, N, +C,)
o, (s,_C” + sj.C[,)

R = Izlzl‘cunlml

!

(16)

dd , pipeline
Application of equations 14 and 11 gives

(]H—l)z (20(” + 1)

R=N S
2p+da, (p + 1)“

(17)

For a typical design case withp = 2 andap = 0.15 we get R
= 1.24 N. Bus relaxation factor larger than N can be ex-
plained by optimal weighting of rising/falling edge currents
and local load discharging in the pipeline, leading to a sit-
uation where discharge currents disappear from the pow-
er supply lines.

Substrate noise reduction has somehow different back-
ground. Since only one pipeline node is active at a given
time, we can assume that the coupling capacitance of clock
nodes is virtually reduced by N. If the pipeline activity is
considered as well then a rough estimation for substrate
noise reduction can be given by

5= (18)

We see that substrate noise reduction is smaller than R,
particularly because equation 18 is probably too optimis-
tic. Typical values for S can be expected somewhere from
0.5Nto0.75N.
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It has to be pointed out that above noise reduction assess-
ments are valid for clock pipeline alone. Although being
known as an important source of switching noise, the clock
driver is not the only noise generator. Regular structure of
the pipelined driver allows relative high values for R and S
that cannot be achieved in other parts of the system.

5. Conclusion

One way to distribute activities of a synchronous digital sys-
tem in time is to replace the central clock by alarge number
of equally delayed signals generated by a clock pipeline.
The sum of switching currents in this case produces puls-
es with low amplitude and long duration, leading to sub-
stantial reduction of supply current spikes in comparison
to systems with central clock. The resulting power bus re-
laxation and substrate noise reduction are beneficial for
both pure digital and mixed projects.

Pipeline clocking has the potential to reduce three impor-
tant noise sources: power bus bouncing, signal cross-talk
and substrate noise. In order to find optimal design meas-
ures for noise reduction, switching properties of clock pipe-
fines have been studied. Neighbor activity has been de-
fined as the basis for calculation of a number of important
parameters, among which supply current ripple, ripple fre-
quency and length, optimal symmetry and the Kp/K,, ratio
have been found. Assessment of power bus relaxation and
substrate noise reduction have been given as well.
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PLACEMENT AND ROUTING OF HIGH VOLUME ICs

Andrej Vodopivec

Faculty of Electrical Engineering, University of Ljubljana, Slovenia
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Abstract: A place and route tool is an integral part of a modern integrated circuit design environment. It is often that a custom circuit requires a large block
of random glue logic for its operation. This paper introduces techniques for manual optimisation of area for blocks of random glue logic. An area reduction
of 25 % to 40 % is achievable compared with the results of modern commercial place and route tools.

Namescanje in povezovanje pri integriranih vezjih za
mnoziéno proizvodnjo

Kiju¢ne besede: polprevodniki, mikroelektronika, IC vezja integrirana, proizvodnja mnoZiéna, namescanje, povezovanje, optimizacija povréine vezja,
geometrija logike nakljuéne, geometrija celice brez mreZe, orodje za analizo gostote

Izvle¢ek: Orodje za namescéanje in povezovanje je obicajno vkljuéeno v moderno okolie za nacrtovanje integriranih vezij. Pogosto vezja ASIC vsebujejo
vedje bloke povezovalne logike. Clanek obravnava tehnike za roéno optimizacijo povrdine vezij povezovalne logike. Predstavijene metode omogodajo

izdelavo blokov na 25% do 40% manjsi povréini kot moderna komercialna orodja za namescéanje in povezovanje.

1. Introduction

The area used for the interconnections in a large block of
random glue logic designed for a traditional two level met-
allization process exceeds the effective area used by the
cells. With the increased number of devices this ratio of
channel area to cell area deteriorates. Ratios 2 to 3 in fa-
vour of the channel width are common. Assuming that the
logic can not be optimised there are two common ways to
decrease the block area: using a technology with better
resolution and using a process with multiple levels of met-
allization. As the most cost-effective process was selected
in the first place it is usually unacceptable to change the
process during the layout design.

With the advent of dense processes and useful place and
route tools integrated in the design environment a third
solution does not seem obvious. With a convenient set of
tools one can manually optimise the layout area better than
the best place and route tools.

Gain in circuit area is the result of library optimisation, place-
ment optimisation and routing optimisation. The task is la-
bour intensive but for high volume ICs it is cost effective.

In the following text it is assumed that cells are placed in
horizontal rows, metal1 (M1) is used for the horizontal wire
segments and metal2 (M2) is used for the vertical wire seg-
ments as well as for wire segments connecting cell pins
with the channel segments.

2. Library

Most commercial place and route tools require cells build
with arbitrary grid. All pins must aiso be placed on the grid.
With this constraints it is tedious to design cells and a cou-
ple of iterations required with a library conformance check-
ing tool to complete a cell.

A faster grid-less approach is used in the design of opti-
mised cells of the proposed method. Since each cell need
not be expanded to the first grid point and less area is lost
in on-grid placement of vias an average 10 % area gain is
achieved in total area of all cells for a block. This may not
look much with the channel area taking 2-3 times the cell
area but the decreased width of the row of cells results in
smaller width of the entire block.

The second advantage with the grid-less approach is the
number of vertical passes through cells. This is increased
by over 30 % for grid-less routing. This is a result of lesser
constraints in via placement.

The third amelioration in the proposed library is a number
of versions of each cell. The versions differ in the number
of pins with via and M2, which are accessible from the
channel. Observe a cell NAND2 on Figure 1, where all pins
have vias (fig. 1a), on (fig. 1b) where only the output pin
has vias, and a case with no vias (fig. 1¢). As quite a few
cells can be connected to the neighbouring cells using
metall in the area used for the cells without wasting the
space in the channel. This calls for some consideration in
vertical placement of pins. Attention must also be paid to
horizontal metal1 channels to as many pins of the cell as
possible.
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type_A type B

Figure 1:

[ Imetal2

cont

via

type_C

Three versions of NAND2: (A) every pin is accessible from channel, (B) only output is accessible from

channel, (C) all connections must be made in metall. Well is omitted to improve readability.

3. Placement

The placement is carried out in four phases: placement
using some well known algorithms, visual placement eval-
uation, local optimisation with using alternative layouts of
cells, and another visual placement evaluation.

A graphic density analysis tool (see fig. 2) displaying cell
placement and the horizontal and vertical wire density used
to evaluate both automatic phases. Entire block is split by
a raster with grid spacing in both directions equal to the
inter-row spacing. Various intensities of two colours are
used to paint each segment depending on the number of
wires passing. The number of passes through the row is
evaluated for each segment and compared against the
number of vertical wires that should pass this segment.
The third colour is used to emphasise the segments which
lack vertical passes through cells.

One can set a number of parameters with a typical place-
ment tool /1/ to change optimise the placement accord-
ing to the requirements of the task at hand. A configuration
with an appropriate ratio between a small sum of horizontal
tracks and a small number of vertical congestions is se-
lected alternately using placer and density analyser. As the
tool occasionally produces unacceptable results after mi-
nor changes to the set-up parameters the results of the
global placement stage are evaluated with the density ana-
lyser.

In the local optimisation phase of placement a trade off
between wire length increase and number of nets made of
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metall only is made. Converting a few nets to metal in
the areas of horizontal congestion saves a number of tracks,
which decreases the block size even though the overall
wire length may not be optimal. Local optimisation is made
by changing cell positions and swapping cells (type A) with
versions where less metal2 is used (type B/C). Besides
saving tracks (1.e. channel area) this increases the amount
of vertical metal?2 passes, which may cross the area thus
improving the vertical congestions. This also decreases the
number of feed-through cells, which need to be inserted
to feasibility of routing.

R
AN
T b
ssholsfis

Figure 2:  Density of a circuit
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After placement evaluation with the density analyser man-
ual optimisation of a few critical congestions can improve
the placement in a reasonable amount of time to obtain
another 5% gain in the block area.

4. Routing

Manual routing can be performed efficiently with a couple
improvements in the wiring capabilities of the layout tool
/2/. Starting or ending a wire on a label of the current net
when a button is pressed close to the label and the obsta-
cle avoiding ability when wiring through a row of cells are
in need. A vertical grid is imposed on the channel to im-
prove the quickness of routing.

The routing is started with sorted nets, which can be wired
entirely in M1. The additional cells of type A are swapped
for cells of type B/C to add vertical passes. Next, long
horizontal segments are routed close to the supply rail of
the cell rows. This improves compressibility of the chan-
nel. Lastly, all other nets a routed sorted by their length,
longest first.

When all the nets are connected and the circuit proves to
be LVS clean a channel optimisation is started. The hori-
zontal congestions in each channel are identified and im-
proved in the following ways:

- with large distributed nets a horizontal segments can
be moved to other channels with no vertical passes
used,

>31> 51739 x4

Figure 3: A closer look at the manual wiring.

ndzidz__ |i

- by a horizontal segment being moved a couple of
channels away to a non-congested area because of
additional vertical passes resulting from metal2-less
cell swap,

- by swapping the tracks and moving the contacts one
can wire a net entirely in M2,

This actions decreases the worst number of tracks in a
channel by 10% to 20%.

The channel compression is the last step in the routing
process. This operation is also performed by most rout-
ers. Some tools also attempt contact moving to improve
compression but manual inspection of critical areas with
some track swapping can shrink the cannel an additional
3% to 5%.

5. Conclusions

Cell design in area optimal layout of digital integrated cir-
cuits with good metal1 inter-cell connectivity and without
metal2 pins can improve block area in two ways: horizon-
tal tracks are saved in the channel and fewer feed-through
cells are needed for good vertical connectivity. The local
placement optimisation for a metal1 inter-cell connection
is more area efficient the minimum wire length. Interactive
routing yields smaller block areas and is a valid alternative
for very high volume ICs.

norzan2

*EI0$2> K510
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Abstract: In automotive applications the IC must withstand various hostile environments and still guarantee normal operation. One of the requests is the
survival of the overvoltage and reverse supply voltage. For that usually a high-voltage process is used. In this paper a protection structure for a 5V CMOS
process is presented. The proposed structure protects the internal circuit against up to +26V and down to - 16V of the external supply voltage.

Vezje za zascCito pred nasprotno in previsoko napetostjo v 5V
CMOS tehnologiji

Klju¢ne besede: polprevodniki, IC vezja integrirana, CMOS procesi, CMOS tehnologije, zadcita pred napetostjo obrnjeno, zasdita pred prenapetostjo,
zasCita integrirana, vezja zascitna, vezja krmilna, rezultati simulacije, izvedbe prakticne

Izvle€ek: Integrirana vezja, ki se uporabljajo v avtomobilskih aplikacijah, morajo biti odporna na razne sovrazne vpliva okolja, kjer delujejo. Ena od takih
zahtev je odpornost na previsoke napetosti in nasprotne napetosti na napajalnih priklju¢kih. Za doseganje teh zahtev se ponavadi uporabi visoko-napeto-
stna tehnologija in s tem elementi, ki so odporni na te napetosti. V &lanku je opisana zascitna struktura v 5V CMOS procesu. Predlagana zadcita $éiti

notranje napajanje integriranega vezja pred zunanjimi napetostmi v obmocju od =16V do +26V.

1. Introduction

The complexity and guantity of the embedded electronics
in today's automotive products is steadily rising. It is ex-
pected that the value of the built in electronics will grow up
to 5-10% of the total manufacturing cost of the car. Due to
the large series of production the automotive electronics is
usually integrated in a chip or chipset. Due to the safety
and reliability requirements the 1C must withstand hostile
environments. The most common failures originate from
various wiring problems. The most common wiring prob-
tems are shorted and disconnected lines. The IC must
sense these problems, survive and signalise the existence
of the problem. The IC usually operates with a regulated
low-voltage supply (5V), but the supply lines can be short-
ed to the automotive car battery or reversed. In this article
a standard CMOS technology protection structure against
these overvoltage and reverse supply voltages is present-
ed. A high-voltage CMOS technology is usually used in such
applications, but the standard CMOS technology offers an
advantage in the IC manufacturing cost.

2. Supply protection circuit

The supply protection circuit is made from two blocks. The
first one is the actual protection structure made from four
PMOS transistors, the gate controlling high-voltage NMOS
transistors and from poly resistors. The second block is
the control block, which monitors the supply voltage and
controls the behaviour of the protection block. Each block

is designed in such a way that it can also tolerate reverse
supply voltages.

2.1 The PMOS protection structure

The supply protection structure is constructed from four
PMOS transistors in series (the topology is presented in
Figure 1.). Each gate of these PMOS transistors is control-
led by a high-voltage NMOS pull-down transistor, which
can tolerate drain voltages up to 35V. The series PMOS
transistors are thereby switched on and off with the signal
con, which is generated by the contro! circuit. In normal
operation conditions the con signal is high, then the PMOS
gates are pulled down and thereby the transistors are
opened. The W/L ratio must be high and depends on the
supply current of the IC. In this application the supply cur-
rent is in the range of 5-10mA. The series resistance is
approximately 20Q2. Because the IC also incorporates dig-
ital logic the internal supply is decoupled with a low-ohmic
capacitor.

If the external supply voltage exceeds the allowed 7V, then
the con signal goes low and the PMOS transistors are
closed. The internal supply is shorted to the supply ground.
The complete external supply voltage is divided between
the four PMOS transistors. Because the maximum allowed
PMOS drain-source voltage is 8V and the maximum ex-
pected external supply voltage is +26V four transistors have
been used. If the supply voltage would stay below +24V
only three transistors would be sufficient. With the use of
series transistors the excessive voltage is divided between
anumber of devices and therefore preventing various break-
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downs (gate, drain-source, diffusion to substrate ...) due
to large voltages. The protection structure is made from
devices available in standard CMOS processes (this also
includes the high-voltage NMOS transistor).

If the IC is exposed to reverse supply voltages the numer-
ous N-diffusion and N-well in the P substrate diodes are
opened. The resulting current thermally destroys the IC. In
the presented protection circuit all NP diode structures are
protected by series poly resistors and thereby limiting the
reverse voltage current. Special care was taken in the lay-
out design to prevent the reverse current bipolar effects.

;
]
i
|7
)

CONTROL

e
ot
by
L

The overvoltage protection structure

Figure 1:

2.2 The control circuit

The task of the control circuit is to monitor the supply volt-
age and detect overvoltage conditions. This is achieved
with the comparison of a fraction of the external supply
voltage with the reference voltage. The control circuit is
made from a band-gap reference voltage source, compa-
rator and the supply protection (Figure 2.). Because the
control circuit must operate during the overvoltage condi-
tion it has its own supply protection. This protection is made
from a series resistor and five transistor thresholds. If the
supply voltage exceeds the 5*Vt voltage (which is process
and temperature dependent) the transistors begin to con-
duct and therefore causing a voltage drop on the resistor.
So the supply of the control circuit never exceeds the al-
lowed maximum voltage. Because of the high resistance
of the series resistor the current consumption of the con-
trol circuit must be kept low (in this case 50mA).

The band-gap voltage is compared to the fraction of the
supply voltage and if this voltage exceeds the predefined

:

The control circuit

Figure 2:
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voltage the control circuit outputs (con and conb) are
changed. These signals are also used 1o set the IC output
stage amplifier into a defined error signalising state, which
can be detected by the IC readout electronics.

The high resistance of the supply protection resistor is also
limiting the reverse voltage current.

2.3 Simulation results

Both conditions have been simulated to verify the various
voltages and currents across the circuit to check if there are
excessive values which could lead to the IC destruction.

Infigure 3. the overvoltage condition simulation results are
visible. The supply voltage is swept from 0 to 26V. At 7V
the control circuit switches off the PMOS transistors. The
voltage distribution across the transistors and the control
signal behaviour is visible.

Overvoltage condition; voltage distribution
and control signal

Figure 3:

The reverse voltage condition simulation can be seen in
Figure 4. The reverse voltage is swept from Oto -16V. The
voltages across the protection structure and the reverse
current can be seen on the plot. The reverse current is
limited to 1.6mA, which is sufficient to prevent damage of
the IC.
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Reverse voltage condition; voltage
distribution and reverse current

Figure 4:
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2.4 Implementation

The proposed protection structure has been implemented
in a double-metal, double-poly CMOS 0.8um technology.
A test IC was fabricated to measure the circuit behaviour.
The measurements proved the protection capabilities of
the structure in both overvoltage and reverse voltage con-
ditions. The layout of the implemented protection struc-
ture is in Figure 5. The protection structure is on the upper
side of the IC, the control circuit on the lower side.

The protection structure test chip layout

Figure 5:

3. Conclusion

The design and implementation of a supply protection struc-
ture was presented. It was shown that also low voltage
(standard) CMOS processes can be used for IC’s in appli-
cations, where the IC must withstand excessive voltages
on the supply lines.
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Abstract: A novel approach to decoupling of multiple RFID tags has been presented. It consists of reducing the effective inductance of the tag resonant
coil by switching on the part of coil to produce reverse mutual coupling. This happens when the tag is in inactive state. It has been shown that up to 50 tags
positioned very close to each other can be accessed in one second without any crosstalk.

Inteligentni sistem za zmanjsanje sklopov med mnozico
radiofrekvencnih identifikacijskih kartic

Kljuéne besede: informatika, identifikacija, RFID kartice za identifikacijo s frekvencami radijskimi, sklop elektricni, razklop elektriéni, presluh elektricni

lzvledek: Opisan je nov pristop za zmanjsanje sklopa med mnoZico radiofrekvenénih identifikacijskih kartic (RFID tag). Princip delovanja temelji na
zmanj$anju inductivnosti resonanéne tuljave kartice z vkljucitvijo dela tuljave na nacin, ki povzroéi nasprotni znak sklopa. To se zgodi ker je kartica v
neaktivinem stanju. Do 50 kartic, ki so zelo blizu skupaj je mozno prebrati v eni sekundi, brez medsebojnega presluha.

1. Introduction

Tagging of articles for identification and/or theft protection
is known. For instance, many articles are identified using a
bar code comprising coded information, which is read by
passing the bar code within view of a scanner. Many arti-
cles also include a resonant tag for use in theft detection
and prevention. More recently, passive resonant tags which
return unique or semi-unigue identification codes have been
developed. These tags typically include an integrated cir-
cuit (IC), which stores the identification code. Such “intel-
ligent” tags provide information about an article or person
that the tag is associated with and is detected in the zone
of an interrogator or reader. The tags are desirable because
they can be interrogated rapidly, and from a distance.

Radio frequency identification (RFID) tags or cards gener-
ally include a resonant antenna circuit electrically connect-
edtothe IC. The IC is essentially a programmable memory
for storing digitally encoded information. The interrogator
(transmit antenna) creates an electromagnetic field at the
resonant frequency of the RFID tag. When the tag is placed
into the field of the interrogator, an AC voltage is included
in the resonant antenna circuit of the tag, which is rectified
by the IC to provide the IC with an internal DC voltage. As
the tag moves into the field of the interrogator, the induced
voltage increases. When the internal DC voltage reaches a
level that assures proper operation of the IC, the IC out-
puts its stored data. To output its data, the IC creates a
series of data pulses by switching an extra capacitor across
the antenna circuit for the duration of the pulses, which
changes the resonant frequency of the tag, detuning the
tag from the operational frequency. That is, the tag creates
data pulses by detuning itself, which changes the amount
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of energy consumed by the tag. The interrogator detects
the consumption of energy in its field and interprets the
changes as data pulses.

Although such RFID tags or cards are known, there are
still technical difficulties and limitations associated with the
operation of such tags. One problem with attempting to
read multiple RFID tags within an interrogation zone of the
interrogator is that more than one tag may be activated by
the interrogator at about the same time. When such tags
are located proximate to each other, the fields generated
by one tag can disturb the fields generated by another tag.
This problem of mutual inductance is especially significant
for RFID tags, which transmit their information by detun-
ing, as described above. As a consequence, the reading
distance drops and the modulation of the tag can become
completely ineffective due to the fact that such modulation
depends upon the tag being in resonance (or close to it).
Thus, such detuning caused by other tags can make read-
ing of stored information impossible or nearly impossible.

Yet another problem often encountered when reading intel-
ligent tags or cards is a large variation in the received power,
forinstance, when the tag nears the power transmit antenna
of the interrogator. As the tag approaches the transmit an-
tenna, the received power increases, which can cause prob-
lems due to excessive voltage or power dissipation and,
because of a decrease in tag Q, an inability to sufficiently
modulate the tag with the data using the aforementioned
detuning approach. Such detuning or modulation problems
increase the difficulty of correctly reading the tag.

Accordingly, there is a need for a method of preventing
RFID tags from generating fields, which disturb or affect
other nearby resonant cards ortags. There is further a need
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for a RFID tag whose operation is not adversely affected
by large variations in received power. The present inven-
tion fulfils these needs.

2. Innovative solution for decoupling
multiple RFID tags

The present solution is a radio frequency intelligent trans-
ponder. The transponder includes an integrated circuit for
storing data and an inductor electrically connected to the
integrated circuit. The inductor includes the first coil elec-
trically connected to a second coil. A resonant capacitor is
electrically connected to the integrated circuit and to at
least one of the first and second coils, such that the reso-
nant capacitor and the at least one connected coil have
the first predetermined resonant frequency. A switch hav-
ing a position A and a position B is provided for selectively
allowing current to flow through the second coil. When the
switch is in the first position, exposure of the transponder
to an external field at or near the first resonant frequency
induces a voltage in the inductor and causes the first cur-
rent to flow through the inductor in the first direction, thereby
generating a local field. When the switch is in the second
position, exposure of the transponder to an external field
at or near the first resonant frequency induces a voltage in
the inductor and causes the first current to flow through
the first coll in the first direction, thereby generating the
first local field and the second current to flow through the
second coil in the second, opposite direction, thereby
generating a second local field. A sum of the first and the
second local fields approaches zero.

The described solution is a radio frequency intelligent trans-
ponder comprising an integrated circuit for storing data and
an antenna circuit. The antenna circuit comprises the first
coil and a resonant capacitor having a predetermined res-
onant frequency electrically connected to the integrated
circuit for providing power to the integrated circuit and for
transmitting the data stored in the integrated circuit to a
device reader. Exposure of the transponder to an external
field at a frequency near the predetermined resonant fre-
quency causes the first current to flow through the anten-
na circuit in the first direction, thereby producing the first
local field, which couples the transponder with its environ-
ment. The transponder further comprises means for se-
lectively generating the second local field, wherein a sum
of the first and the second local fields approaches zero,
for selectively decoupling the transponder from its envi-
ronment.

Furthermore the present solution comprises an intelligent
resonant tag comprising an integrated circuit for storing
data and the first antenna circuit electrically connected to
the integrated circuit. Exposure of the first antenna circuit
to an electromagnetic field at the first predetermined radio
frequency induces a voltage therein, which produces a
current flowing in the first direction therethrough, thereby
producing the first local field. The induced voltage also
provides power to the integrated circuit such that the data

stored therein is read therefrom and transmitted at the sec-
ond predetermined radio frequency. The tag also compris-
es means for generating the second local field, which at
least partially cancels the first local field generated by the
first antenna circuit.

The complete solution is shown in figure 1. The resonant
coil inductance in active state is the sum of inductances Lr
and Lc as shown in figure 1. The series coil resistance is
given by resistors Rs1 and Rs2 while switch resistance is
“ON” position is given by Rs3.

Figure 2a shows the implementation of the tag. Again the
total coil inductance in active state is given by the sum of
LL and Lc, Rs1 is given by the quality of the resonance
circuit, while resistance Rs is mainly the “ON” resistance
of the integrated switch. Figure 2b shows the equivalent
circuit of the tag in active state and figure 2¢ shows the
equivalent circuit of the tag in the non-active, decoupled
state.

3. Conclusions

Anovel approach for decoupling of multiple RFID tags has
been presented.. An ASIC has been designed to perform
the described function. The photomicrograph of the ASIC
is shown in fig. 3. The described system is widely used in
various applications from supermarket product tags to ware-
houses and libraries inventory monitoring.
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Figure 1:  An equivalent electrical circuit diagram of
an interrogator and resonant frequency
identification (RFID) device
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Figure 2a: An equivalent electrical circuit diagram of

the intelligent RFID tag
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Figure 2b: A schematic diagram of the equivalent
electrical circuit of the RFID tag in an active

state
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L I Figure 3: The photomicrograph of the ASIC
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Abstract: A patent pending principle for multidimensional capacitance sensing system was developed and tested using standard CMOS technology. The
described principle is suitable for a number of applications such as absolute angular or linear position , distance measurements, joystick pick-up or any
position control in one or more axes. The test chip implementation comprised two dimensional sensing system which was used as absolute angular
position sensor . The sensor resolution was limited only by external PCB limitations.

Vecdimenzionalni kapacitivni merilni sistem

Kljuéne besede: merjenje polozaja, merjenje kapacitivnosti, merjenje kapacitivnosti veédimenzionalno, prijave patentne, CMOS tehnologije, merjenje
razdalj, merjenje poloZaja kotnega, merjenje polozaja linearnega, polozaji absolutni, rezultaii praktiénii

lzvleéek: Clanek opisuje patentirani sistem za ve¢dimenzionalno merjenje kapacitivnosti, ki smo ga razvili in preizkusili v standardni CMOS tehnologiji.
Opisani sistem je primeren za $tevilne aplikacije, kjer potrebujemo meritev razdalje ali poloZaja v eni ali ve¢ oseh. Testno vezje ki smo ga razvili smo
uporabili za realizacijo absolutnega kotnega merilnika. Ta testni sistem je omogocal 8 bitno resulucijo, ki je bila omejena samo z tehnologijo izdelave

tiskanega vezja za merilne elektrode.

1. Introduction

A number of capacitance based position measuring sys-
tems are known. The vast majority of them is based on
differential principle where a ratio of two excitation signals
having a 180 degree phase difference is used. Qur sys-
tem solution is unique since it uses two 90 degree shifted
signals which are summed and subtracted to generate four
excitation signals. These excitation signals are fed to 4
excitation plates on external PCB. The arrangement of these
plates defines the position measurement system range (360
degree or any chosen angle).

The sensing plate is located on separate PCB which is
placed over the excitation plates PCB and can be freely
rotated. The electrical pick up from sensing plate is done
using a capacitor between the excitation and sensing PCB.
This capacitor can be realised as a metal rim on both plates.
Such arrangement requires no wire connection to rotating
sensing plate what makes the system very easy to use
and robust.

In the chip the signal from sensing electrode is processed
to determine the ratio of both excitation signals. Due to the
fact that there are four excitation signals we can determine
the amplitude and polarity of both basic excitation signals
thus knowing the absolute position of the sensing plate in
respect to four excitation quadrants.

Fig. 1 presents the basic layout of the two PCBs and the
cross-section of mechanical system.

SENSING PCB

EXCITATION PCB

Sensing plate

Four excitation plates Sensing plate coupling capacitor

Fig. 1a: PCB layout for absulute 360 degree angle
mesurement system

Sensing Plate  Excitation plate

To sensing electronic

Shaft

To excitation generator

Fig. 1b: Cross-section of mechanical assembly

2. Electrical system

The system electronic can be divided in two main blocks .
The excitation signals generation and the sensing signal
processing.
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The excitation signal generation uses internal RC oscilla-
tor to generate the basic frequency. This frequency is di-
vided down to generate two 90 degree shifted signals. In
case more than two dimensional system is required an
additional pair of 90 degree shifted signals can be gener-
ated using a factor of two higher or lower frequency than
the basic one. The two 90 degree shifted signals (called A
and B) are fed to four summing points where the combina-
tions A+B, A-B,-A+B,-A-B are generated. Those four com-
bination present the four excitation signals needed for ab-
solute position measurements.

The receive signal on sensing node is first amplified using
a low noise amplifier having a capacitor in the feedback.
To ensure correct DC potential a high ohm resistor
(~10Meg Ohms) is needed. If the technology does not pro-
vide this possibility also so called “house keeping cycle”
system can be used. In this case the DC potential is re-
stored by discharging the feedback capacitor in a special
clock cycle during which the measurement system is not
operating. Since these cycles can be generated every 64
or 128 normal clock cycles they do not degrade the meas-
urement system.

The amplified signal is fed to two phase selective rectifiers
controlled by the two 90 degree shifted excitation sig-
nals, In case more dimensional system is used also the
number of phase selective amplifiers is increased to match
the number of basic excitation signals. The two (or more)
phase selective rectifiers outputs directly present the level
of each excitation signal content (which is used to control
the rectifier) in the receive signal . The signal generated by
the 90 degree shifted excitation signal is suppressed by
further low pass processing of the rectifier output using
integration.

To ensure perfect linearity the integrator output voltages of
both channels are chopped by their excitation signals
and fed back to the low noise amplifier input. There they
are summed with the receive signal. This close loop con-
figuration keeps the output of input amplifier and both phase
selective rectifiers at zero signal level.

The signal representing the measurement value is displayed
in the output voltages of the two integration blocks needed
to keep the “zero signal state”. Since there is always zero
signal voltage in the most critical part of receive channel it
quarantines perfect linearity.

Fig2. presents the basic schematic of excitation and re-
ceive block.

3. Conclusion

The described system was realised in 0.8um standard
CMOS technology. The test chip was evaluated both as
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stand alone electrical system and in combination with ex-
ternal PCB and mechanical assembly as absolute angle
measurement system. The achieved resolution of angle
measurement system was 8 bit. The limiting factor was not
the electrical characteristic of measurement system but the
precision of PCB manufacturing.

The electrical characterisation of capacitance measurement
system yielded excellent results:

- measurement gain 1V/pF, 10V/pF, 20V/pF

- outputspotnoise 1.5uV/root(Hz) or 0.075aF/root(Hz)
- output offset <6mV

- output temperature drift <2uV/degree

- signal to noise ratio 110dB in 100Hz bandwidth

~~~~~~~ it

ey

EXCITATION OUTPUTS

Fig. 2: Basic electrical shematic of test chip
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Abstract: The paper describes an integrated optical microsystem for motion detection, which combines the following: an analog programmable interpo-
lator, digital drivers, a differential analog front-end, signal monitoring outputs, error handling and an array of light-sensitive cells with a micro-strip raster.
The interpolator outputs are generated from orthogonal sinusoidal signals coming from illuminated integrated photo-sensors. The optical microsystem is
composed of an autocalibration on an analog front-end to get proper interpolating signals. It consists of three symmetrical analog channels: sine, cosine
and reference signal channel. Each channel combines a current-gain stage operating as a fully differential current-to-voltage converter and thus guaran-
tees the best phase relation between the ordinary and the inverted analog signals. Integrated analog buffers are used for monitoring the processed analog
signals. The signal bandwidth of the analog channels is designed to be large enough so as not to limit the system response and therefore maximize the
useful signal range.

An ASIC was fabricated using standard in-house CMOS technology and three different types of photo-diodes having an area of 800um x 1500um each
was integrated. The P+P/N substrate diode's responsivity of 0.52A/W and the 12uA typical diode current was the best result that was achieved by the
motion detection system. Programmed interpolating factors of 4, 20 and 40 were realized (1, 2, 5, 10 in standard industrial notation Fig. 10).

Vezje za merjenje pozicije z integriranim opti¢nim senzorjem
in nastavljivo loéljivostjo

Klju€ne besede: mikroelektronika, meriiniki polozaja, interpolatorji programljivi, lodliivost programijiva, optoelektronika, optoelekironika integrirana, mikro-
sistemi integrirani, gonilniki diferencialni, senzorji opti¢ni, OMS mikrosistemi optiéni, AFE analogni del elni

Izvlecek: Opisan integrirani merilni sistem sestavijajo programljiv A/D pretvornik, diferencialni vhodni ojacevalniki, svetlobno obcutljivo polje senzotjev,
testne strukture, digitalni procesor, detektor napak ter mikroraster.

Analogni signal (sinusni in cosinusni tokovni signal iz fotodiod) se pretvarja v napetostni signal ter ustrezno ojaéi. Vgrajena je kalibracija napetosti nicenja
ter korekcija faze med vhodnimi kanali. Le-ti so trije: sinusni, kosinusni ter referencni kanal. Procesiranje analognin signalov je diferenc¢no, kar zagotavlja
visok rejekcijski faktor na spremembe napajalne napetosti ter na motnje. Vezje ima vgrajeno detekcijo faznih nepravilnosti izhodnih pravokotnih signalov A
in B ter pozicije referencnega impulza. Za kalibracijo in opazovanje so dodani hitri operacijski ojacevalniki,

Integrirano vezje je bilo proizvedeno v laboratoriju za mikroelektroniko na Fakulteti za elektrotehniko v Ljubljani, v standardni tehnologiji CMOS z uporabo
dodatne maske za eleminacijo ekstremov v spektralnem odzivu integriranih P+P/N optiénih sensorjev, katerih najvedja izmerjena obCutljivost je 0.52A/W pri
valovni dolZini 820nm. Vezje ima tudi nastavijive interpolacijske faktorje: 1, 4, 10 in 40.

source and the light cross-talk between the integrated di-
odes are most important. If we have accurate analog sig-
nals from the OAFE, the remaining difficulties related to
high interpolating factors come from the analog-to-digital

1. Introduction

The integrated optical microsystem (OMS) described here
is an interpolating system combined with a solid-state opti-

cal sensor. The crucial requirements of an OMS are: pho-
tosensitivity, responsivity, dark current, dynamic range, and
spectral response /3/. There are a number of ways to
achieve optical-position detection. One methodis to use a
linear photodiode array to produce a signal that is a linear
function of position. When the position has to be expressed
incremental-digitally or absolute-digitally, the generation of
orthogonal sine-wave signals is required /1/, and it is ad-
visable to use a coded optical wheel or a linear glass scale
and glass reticle (Fig.8 and Fig.9). To achieve high resolu-
tion and accuracy, the large dynamic range and wide band-
width of an optical analog front end (OAFE) are required.
In order to be able to use a large interpolating factor up to
1000, the sine-wave signals have to be generated very
precisely. Therefore, the precision of the coded glass, the
distance from the glass to diode’s surface, the IR light

conversion (interpolator). To guarantee a motion measure-
mentthat is fast, the response of the overall system should
also be fast.

The system presented in this paper acquires analog sig-
nals from four regular integrated diodes that are 200um
apart and a single reference diode. The optical part of the
system is integrated with the electronic part for signal
processing in the silicon area without peripheral structures.
Integrated diodes in the micro-raster structure help to re-
duce the opto-electronic response time and can be used
as an integrated glass reticle, -the first time this has been
used in a completely integrated system. The AFE is capa-
ble of operating in either current or voltage mode.

An integrated programmable interpolator combines spe-
cially designed comparators and a single-level-delay EXOR
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array. The interpolator exhibits high noise immunity and is
highly insensitive to amplitude and the offset difference
between channels. It converts the gained and converted,
orthogonal photo-current signals to an orthogonal pulses
sequence named A track and B track, and a reference-
position signal that is counted in an external counter and
gives an incremental linear position with a different resolu-
tion. The programmed interpolating factors of 1, 4, 20, and
40 are realized. The optical microsystem also combines a
self-test feature and an error detection function, which is
very important for dustrial use.

The dimensions in the stripped junction’s area were cho-
sen to achieve the minimum time constant and, therefore,
a fast response. This guarantees a higher speed of posi-
tion detection and reduces the higher harmonics. There
are numerous important electrical and electro-optical pa-
rameters that we followed and measured.

Different junctions are available in standard p-well CMOS
technology. We looked for the best sensitivity, the lowest
possible diode capacitance, the minimum parasitic diode
current and the proper reverse-current versus temperature
behavior. The diodes inherent electrical and optical behav-
fors are well known and it was not necessary to evaluate
them /1/. The following properties of the integrated sys-
tems were measured: the diode’s capacitance versus re-
verse operating voltage, the reverse current versus tem-
perature and the spectral response of the integrated light
SEensors.

The opto-electronic properties were first measured with-
out any change of the protective nitride and the field oxide
thickness. The ASIC were then fabricated again with di-
odes nitride and oxide modification to remove the peaks in
the spectral response. The results of the measurements
are reported along with the best selected junction struc-
ture. The OMS structure and the overall system is described
in the paper as well as the system’s remaining external
components. The integrated micro-optics, together with the
mixed analog/digital electronics, results in a useful minia-
turization (Fig. 10), that made it easier to test and improved
the reliability of the system for industrial use /4/.

2. Circuit architecture

A. Opto-electronic OAFE and calibration

A simplified block diagram of the system is shown in Fig.1.
It consists of the AFE, an optoarray, analog output buffers,
an analog/digital programmable interpolator and a digital
output structure.

The analog channel, as part of the AFE, is shownin Fig. 2.
An orthogonal sinusoidal current or voltage enters the gain
stage where the analog signal ground is used as an output
balance signal. In current-mode operation the signal-ground
also stabilizes the input operating point (i.e. diodes). This
means that the variations in the reverse-operating diode’s
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Figure 1:

voltage are a few milivolts, with a maximum signal current
of 20UA (with the diode illuminated).
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Figure 2:  The AFE signal-channel half of the

symmetrically-balanced stage. The current
input inl or the voltage input inV is selected
by the clV signal. The loffs input current is
selected for the offset correction of the
AFE. Integrated diodes are connected from
inlinputs to the substrate (VDD) in reverse
polarity. Each channel has two
photodiodes.

Measuring the phase shift between the two AFE channels
provides us with the signal for phase compensation. A part
of a sine signal is used as a phase correction for the co-
sine signal. This principle has no effect on the signals’
amplitude. The small sine signal is converted into a differ-
ential current by means of temperature tracking with cur-
rent gain and is fed back to the input terminal of the cosine
gain stage.

The phase adjustment is digital with a minimum step size of
0.2 angle deg. Therefore the principle looks like an align-
ing process between two analog channels. It is important
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to note that the phase-aligning process aligns the signal
phases to 80 deg. This means that aligning two orthogo-
nal signal phases may include the overall system, i.e. it
may include the external-mechanical components, too.
Fig.3 shows a simplified schematic of the cosine phase-
correction circuit.

Detail from the phase-correction circuit

Figure 3:

A very similar adjustment is used for the system-offset cor-
rection. As the analog signal-ground is used for balancing
the signals going to the interpolator inputs, a part of the
constant DC signal is converted into a current and feeds
back into the virtual ground of the gain stage. Therefore,
one analog channel is selected to be the reference, and
the second channel’s offset is adjusted to the first chan-
nel's offset. This is sufficient for proper operation of the
analog/digital interpolator. The interpolator handles only
four sinusoidal signals and does not require a signal-ground.

The corrected phase and offset stability over temperature
is guaranteed by a proper design technique. The signal
voltage is converted into a phase or offset current-signal
error via a polysilicon resistor, which is matched with the
gain-setting resistor in the AFE, where the error signal is
converted back into phase or offset voltage information.

B. Interpolator

The programmable interpolator combines a novel design
of comparators, aresistor chain and an EXOR array to proc-
ess the comparators’ output signals into two orthogonal
pulses: A and B. Comparators have built-in hysteresis in
such a way that their inputs remain high ohmic. The ampili-
tude ofthe hysteresis tracks the photodiode signal on AFE
output with temperature and process.

The A and B signals are generated using a 4-transistor
EXOR logic to generate a single-level delay function and
include the N-channel device of a multiple input NOR gate.
Instead of P-channels, a simple current source is used.
Because there is just one event at a time a larger DC cur-
rent can be used. With more than 200 comparators and a
SOUA pull-up current, the logic converter's overall delay of
1nsec is achieved. Fig. 5 shows a detail from the sche-
matic.

C. Error detection and testing

The photosensitive elements act as good protection diodes
to the substrate due to the large diode area. As a result,
extra protection is not needed when the diode’s anode (am-
plifier inputs) is routed to the PAD. External access is use-
ful to inject the signal current for test purposes. When op-
erating in voltage mode an externally generated differential
voltage is required. It is also enough to generate a single-
ended input signal and to connect one input to the gener-
ated voltage signal-ground (buffered output). In current
mode, one input terminal may stay unconnected. Using a
single driving input signal the AFE output is reduced by
6dB. The AFE output voltage can be monitored on exter-
nal pins via integrated analog output buffers.

The sequence of the generated orthogonal pulses named
A track and B track can be monitored at the output and
verified in terms of position in two different ways.

The first one requires synchronization between the analog
input signal and the sampling square wave, which samples
the A and B tracks. The sampled tracks can trigger the
counter, the contents of which can be verified at the end of
sine wave period. For a low input sinusoidal frequency this
test procedure is simply realizable in the LabVIEW environ-
ment.

The second principle is more or less completely integrat-
ed. Allthat is need is an external clock, which, for precise
testing, needs to be synchronized with the sinusoidal fre-
quency and requires “n” periods per one sine wave peri-
od. Fig.4 shows the measuring principle and the appropri-
ate period relations with respect to the division factor and
the absolute interpolation error for n=4. The resolution of
the error detection is increased when a larger “n” is used.
Two principles are used: error is not detected if there is a
clock edge inside two tracks' edges (Fig.4a) or at least
one positive and one negative clock edge is required be-
tween tracks’ edges (Fig.4b).
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Error function: principle of operation.
External clock frequency is
f_ext>4FD.f_sin. Error is not detected if
there is clock edge between track A and
track B.

Figure 4a:

283



Informacije MIDEM 31(2001)4, str. 281-286

A. Pletersek: Integrated Optical Position
Microsystem with Programmable Resolution

7 N > s N %
e s
‘4
3
2
1
s
i 3 s sex R
s
§
3
3
1

N EY 2 e e

Figure 4b: Error detected (errout = LOW), edge
separation is less than a half clock period.

3. Considerations for alarge
dynamic range

The integrated system dynamics is limited by a number of
factors. The first important limitation comes from an inte-
grated optical array related to its size, resistivity, capaci-
tance and noise performances. The second limitation is
imposed by the noise characteristic of the analog front-
end channels. Let us first consider the integrated electron-
ics, where the current mode is active.

L1F
L T Tm

EXnOR logic

Figure 5:

The feedback resistor has a nominal value of 100kQ and is
used as a current-to-voltage conversion element. It largely
determines noise and bandwidth as well as gain. Resistor
acts as an important wide-band noise source (4NR) in
nV/VHz, and appears directly at the output of the current-
to-voltage converter without amplification (where R is the
resistivity in k&). The fully differential amplifier in a typical
application (e.g. AFE) including a biasing circuit has the
voltage noise shown in fig.6. Most of the noise power is
concentrated in the frequency band at low frequency and
where the gain peaking occurs.

If we choose only the 100kHz bandwidth, the 50pF diode
capacitance and the 1/gm=100k€, than the rms spot noise
voltage of the AFE is 20uV. To achieve a 9-bit resolution of
the AFE channel, the minimum output voltage on the AFE
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Figure 6:  Output noise voltage on the AFE channel

channel should be 0,1024V,, which requires at least a
1,024 1A, photocurrent. This means the rms photodiode
current noise level must be below 2nA. For the above cal-
culation, only the electronic noise was counted. But there
is also an edge effect from the coded plate, a light modula-
tion effect, light bends on the patterns’ edges of the meas-
uring plate (small hole dimensions), a non-constant dark
current, aleakage current, etc. Taking into account all these
effects, a margin of 4 is estimated to be sufficient. To cal-
culate the minimum comparator’s hysteresis and therefore
the minimum required photodiode signal current, the ex-
pected comparator’s offset voltage has to be considered,
too. For an interpolation factor of 40, an additional margin
is not required and a 4uA, photodiode current is sufficient.

4. Opto-electronic system
characteristics

The photodiode operating reverse voltage is always mid
supply level, that increases the diode capacitance and
slightly reduces the diode noise. Separate optical meas-
urements were done using reverse diode voltage of 5V
(P+P/N) /3/.

- Supply voltage: 3V (min), 5V (nom)

- Supply current: B6mA

- Photodiode current; 1mA (min), 20mA (max)
- Photodiode responsivity 0.52A/W

- Photodiode peak wavelength 820nm
- Photodiode capacity @ -5V 19pF
- Photodiode Q.E. 80%

- Photodiode reverse current @-5V  200pA

- Operating frequency range: DC to 200kHz

- S/N ratio: 62dB (AFE)

- Common-mode signal rejection: -64dB

- Resolution: 9 bit(AFE)

- Technology: 2um, p-well CMOS

- Programmable division factors: 2, 4,8, 20,40

- Balance voltage internally generated requires exter-
nal capacitor, min 100nF.
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20nsec
below 0.5°

- Max internal delay:
- Absolute interpolator error:

5. OAFE transimpedance channel
characteristics

- Fully differential topology
- Low noise

- Short recovery time

- Large dynamic range

- Operating point control

- Upper corner frequency independent on optosensor

capacitance
- Offset regulation
- Phase control
- Programmable gain
- DC and DARK current compensation

6. Layout constrains

The geometry of the combined AS/C has the PADs for the
external connection placed away from the optodevices'
area. Fig.7 shows the microphotograph of the chip. Only
test pads may be placed close to or in the illuminated area.
This separation is also good for better positioning of the
external mask patterns.

Figure 7:

ASIC die including opto-array

The photodiodes'’ structure that we used was a P/N diode
(p-well/n-substrate). P+ diffusion strips with narrow met-
all and metal2 aluminum layers were also used to reduce
the surface resistivity of the diode. The same was done for
better substrate conductivity. P+ diffusion therefore reduces
the response time, while the sensitivity versus wavelength
remains unchanged (P+ mostly covered by aluminum). The
stripped diodes (1500um long) and the movement of the
external mask have the same orientation. This means that

all stripped diodes are illuminated simultaneously and the
generated current is an integral over dx along the diodes.

7. Conclusions

The proposed system needs to be optimized on high com-
mon mode rejection on input. Due to P+P/N substrate di-
odes and conversion to differential output signal, the ef-
fective generated signal is reduced by 6dB.

Figure 8:  Opto-ASIC in rotary-incremental

application

Optical shielding is used between the diodes (polysilicon,
metal layers). Because there are no bonds on the optical
area the minimum distance (d) of the monitoring pattern
plate {(glass) to the ASIC surface can be expressed as:

| .
d S;)—-P//l where P is the period size (pattern to pattern)

and A is the wavelength (820nm).

Figure 9:

Opto-ASIC in linear-incremental-position
application
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The test using a microstrip raster formed by both aluminum
layers was expected to be used instead of a receiving cod-
ed plate. The advantages of the integrated diodes and the
proposed PAD position are that the distance (d} of the pat-
terned glass from the ASIC surface can be reduced al-
most to zero. Using patterned glass above the die over-
rides the integrated strips, which makes the system more
flexible.

The next important result is the noise figure for the overall
integrated electro-optical system. This was measured with
different illumination (LED diodes). If this noise is evaluat-
ed and calculated as a noise current to the diode termi-
nals, the possible minimum illumination can be found. This
value is close to the expected 3nA peak on input. The larg-
er measured value is due to the noise contribution of the
analog output buffer. The measured results printed in chap-
ter IV showed behavior of the integrated system and of the
opto-elements separately.

The temperature characteristics of the photoeffect are not
so important as the dark current of the P+P/N integrated
diodes /3/. This current increases rapidly with tempera-
ture. In our case, the voltage on the diode is not close to
zero and therefore the increasing leakage with tempera-
ture is not negligible. A possible solution could be a con-
tinuous offset cancellation using a dummy DARK optochan-
nel. As can be clearly seen from Fig.2, the DARK and the
common-mode DC components are canceled out by means
of a floating input common-mode level. All the diodes need

Optical Encoder Boards

ORELX251

Dirnensions

ARY 1

w8 8

Figure 10: Opto-ASIC microsystem and application
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to be matched. Along with the phase matching this is a big
advantage of the designed analog front end (AFE).

All the designed ASICs are used in RLS incremental linear
and rotary encoders (Fig. 10). They are available also as
modular COB component.
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Figure 11: Measured spectral response of the diodes

Only one additional mask for the antireflection coating of
85nm of the Si,N, with refracted index of 1.98-2.02 was

finally added to the standard CMOS process. The size of
the integrated diode is 600um x 1500wm with a peak re-
sponsivity of 0.52A/W at 820nm (Fig. 11).
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Abstract: A description of the low cost, fully automated on silicon wafer testing procedure of the magnetic angular positioning integrated sensor is
presented. The problem to be solved is, how to implement repetitive and rotating magnetic field around the silicon wafer. This must be done while testing
integrated circuits on the wafer prober, Such magnetic field is needed for proper measurements of the integrated hall sensor array functionality.

Testiranje integriranega magnetnega senzorja
za merjenje kota

Klju€ne besede: merjenje kotov, HALL senzorji integrirani, senzorji magnetni, polje HALL senzorjev, tuljave integrirane, polprevodniki, mikroelektronika,
rezine silicijeve, polja magnetna, ASIC vezja integrirana za aplikacije specifiéne, preskusanje funkcionalnosti, naprave preskusne, naprave preskusne za

rezine silicijeve, preskusanje avtomatsko

lzvleCek: Predstavljen je nacin avtomatskega testiranja silicijevih rezin z integriranim magnetnim senzorjem za merjenje kota. Potrebno je bilo resiti
problem, kako zagotoviti ponavijajoce in vrteCe se magnetno polje okoli silicijeve rezine med testiranjem na testni napravi. Taksno magnetno polje je

namre¢ potrebno za meritev integriranega polja Hall-ovih senzoriev.

Introduction

Positioning systems are very common devices in modern
machinery. There is strong demand for inexpensive, accu-
rate magnetic angular positioning device - monolithic
CMOS circuit. Such devices can be used for example in
automotive industry for reliable throttle position sensor or
drive by wire implementations. Cost of such sensors can
be further reduced by fast, on silicon wafer functionality
testing. This enables us to skip expensive die bonding,
wiring and packaging of bad dices.

Figure 1. Rotating magnet above the chip

Description of the magnetic angular
positioning integrated circuit

The magnetic angular positioning circuit determines the
absolute angular position of the magnet rotating above the
chip. Such magnet produces a rotational magnetic field as
shown in figure 1. This can be done with an array of Hall
magnetic sensors, positioned around the circle with the
same center as the axis of the rotating magnet. Outputs of
these sensors are connected to two adders, whose output
defines signals S (1) and C (2). The signals S and C are
orthogonal and have function of sinc and cosa, where o is
actual angle of the magnet rotation. Such array of Hall
magnetic sensors is shown on figure 2.
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Figure 2. Structure of the sensors
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S:iSc¢i+iSbi—iSci—iS[Zi (1)
i=| i=1 i=| i=1

C:—iSai +2Sb,. +iSc,. —iSdl. (2)
i=1 i=1 i=1 i=t

As we mentioned before, the problem to be solved is, how
to test the chip without implementing the mechanical envi-
ronment as shown on figure 1. Such environment is almost
impossible to realize on the silicon wafer test level.

Implementation of the functionality test

Instead of building a special mechanism for fixing and ro-
tating the magnet above the chip, it is possible to generate
magnetic field with on-chip integrated coils as shown on
figure 3. Here we can see a layout of the magnetic Hall
sensor in the middle of the coil with six turns. For that pur-
pose two metal layers are used.

Figure 3. Layout of the integrated coil

Figure 4 demonstrates the structure of all sensors with coil.
All coil turns are in the same direction. We can also see,
how the coils are connected together. N coils have one
input and one output terminal.

Structure of the integrated coils

Figure 4.

288

As we can see on figure 4, it is also possible to reverse the
sign of magnetic field by reversing the coil terminals. When
applying the same current I4 through the sensor coils La; and
through reversed coils Lejthe signal 8 correspondsto +2nla,
due to the current I4 and when applying the same current Ig
through the coils Lb; and through reversed coils Ld}, the sig-
nal C corresponds to +2nlg, due to the current Ip.

However, according to (1) and (2) the contribution of cur-
rent Ig to signal S is +2nlg and the contribution of current
14 to signal Cis -2nls. Therefore we have:

S=2nl,+2nl, (3)
C=2nl,-2nl, {4)
This is shown on figure 2. If we use current A equal to I4=

Iasinwt and current B equal to Ig= Iscoswt signals § and
C become orthogonal functions with the amplitude:

%/(2111,‘)2 +(2nl,) (5)

This shows, that properly controlled, on chip integrated
coils can actually replace the rotating magnet while testing
the functionality of the sensors on the magnetic angular
positioning integrated circuit.

In our test environment we have wafer prober, semicon-
ductor parametric test system HP-4062B with switching
matrix, multifunction card DAQ-1200 with analog output
capability from National Instruments and two personal com-
puters. One of them is equipped with HP-IB (Hewlett Pack-
ard Interface Bus) card. This card is used to control wafer
prober and Hewlett-Packard test system. Figure 5 repre-
sents our test configuration.

HPTEST |,
SYSTEM
HP-18 1
T B
PCT |44] INTERFAGE I
WAFER
PROBER

SINE & CQSINE WAVES

Figure 5. Test environment

Conclusion

By adopting and properly controlling on chip integrated
coils, we transformed mechanical rotation ¢ into measura-
ble harmonic function jw of selected integrated coil cur-
rents. The equivalence between actual signal from the ro-
tating magnet and the signal generated from the properly
controlled integrated coils has been also determined.

Figure 6 presents the photograph of the integrated circuit
for angular positioning. On this picture we can see, how
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magnetic sensors with amplifiers are distributed on the cir-
cle within the chip surface.

Diagram on figure 7 presents an example of measuring
results compared with reference angular positioning de-
vice. We can easily determine that the absolute error is
about £1bit. Since measured chip has nine bits for abso-
lute angular positioning, it is capable to determine 512 dif-
ferent angular positions. in this case absolute error of +1bit
means actual error of £0.7 angular degree.

Figure 6. Integrated circuit for magnetic angular

positioning

H

Figure 7. Diagram for absolute error while rotating

360 degrees.
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KONFERENCA MIDEM 2001 - POROCILO
CONFERENCE MIDEM 2001 - REPORT

37" International Conference on Microelectronics,
Devices and Materials - MIDEM 2001

with the WORKSHOP on

OPTOELECTRONIC DEVICES AND APPLICATIONS

10.10.2001 - 12.10.2001
HOTEL ZLATOROG, BOHINJ

REPORT

37™ International Conference on Microelectronics,
Devices and Materials, MIDEM 2001, continued the tra-
dition of annual international conferences organised by
MIDEM, Society for Microelectronics, Devices and Mate-
rials, Ljubljana, Slovenia. These conferences have always
involved a large number of Slovene and foreign experts
working in these fields as well as attracted distinguished
guest speakers. Once a year our scientists have the op-
portunity to present their activities and research results to
domestic audience and to discuss news, trends and prob-
lems related to their fields of work with colleagues from
abroad.

This year 43 papers and eight invited presentations in five
sessions during three days, from Wednesday to Friday, were
presented. On 345 pages, Proceedings of the MIDEM
2001 conference contain all invited, as well as 43 regular
papers covering up-to-date topics on integrated circuits;
device physics and modelling; optoelectronic devices and
applications; thick and thin films and ceramics, metals and
composites.

Workshops were added to the programme of the MIDEM
Conferences in 1998. The workshops are dedicated each
year to the selected specific topic.

For the year 2001 we organised Workshop on Optoelec-
tronic Devices and Applications. Selected topics asso-
ciated with advanced aspects within lasers, light emitting
devices, thin-film transistors, optical fiber systems, nonlin-
ear optical devices, etc. were presented, covering the ba-
sic physical principles, as well as actual and possible ap-
plications of these optelectronic devices and systems.
Seven invited speakers presented the chosen topic from
different aspects, thus offering the audience valuable in-
formation.
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The work of the Conference was divided into five sessions:
Integrated Circuits; Optoelectronics; Device Physics and
Modelling; Thick and Thin Films; and Ceramics, Metals and
Composites.

This year, distinguished guest speakers presented the fol-
lowing invited papers:

Prof.Dr.Radivoje S.Popovi¢

EPFL-Swiss Federal Institute of Technology Lausanne,
Switzerland

Christian Schott and Robert Racz

SENTRON AG, Zug, Switzerland

Integrated Hall Sensor/Flux Concentrator Microsys-
tems

Prof. Dr. Martin Stutzmann
Walter Schottky Institut, Technische Universitat Minchen,
Germany

The Status of GaN-based LEDs and Laser Diodes

Prof. Dr. R. E. . Schropp, B. Stannowski, J.K. Rath
Debye Institute, Physics of Devices, Utrecht University, The
Netherlands

Hot Wire Deposited Materials for Thin Film Transistors

Prof.Dr.Gil Rosenman, P. Urenski
Department of Electrical Engineering-Physical Electronics,
“Tel Aviv University, Israel

Tayloring Ferroelectric Domain Configurations for
Nonlinear Optical Devices

Dr. Christian Hanke
Corporate Research Photonics, Infineon Technologies,
Munich, Germany

High Power Semiconductor Laser Diodes

Dr. Helmut Stiebig, D. Knipp, H. Wagner
Institut fir Photovoltaik, Forschungszentrum Julich, Germany

Color Aliasing Free Detectors
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Dr. Matjaz Vidmar Some statistical data:
Faculty of Electrical Engineering, University of Ljubljana,
Slovenia

Optical-fiber Communications:

Components and Systems

Number of participants: 65, 14 from abroad

Number of published papers in the Proceedings: 51,
15 from abroad

Number of presented papers: 51, 15 from abroad
Participating countries: Slovenia, ltaly, Poland, Slovakia,
Switzerland, Germany, Israel, Hungary, The Netherlands
and Croatia.

Dr. Gvido Bratina, R. Hudej
Nova Gorica Polytechnic, Slovenia
Organic Semiconductors as Candidates for Advanced
Optoelectronic Devices
For MIDEM 2001 Programme Committee

F.Smole, M.Topié and I.Sorli

KONFERENCA MIDEM 2001 - SEZNAM UDELEZENCEV
MIDEM 2001 - LIST OF PARTICIPANTS

NAME COMPANY - INSTITUTION ADDRESS P.CODE CITY COUNTRY
1 ALJANCIC UROS FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
2 AMON SLAVKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
3 BELAVIC DARKO HIPOT-HYB TRUBARJEVA 7 8310 SENTJERNEJ SLO
4 BENCAN ANDREJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
5 BERNIK SLAVKO INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
6  BRATINA GVIDO POLITEHNIKA NOVA GORICA VIPAVSKA 13 5000 NOVA GORICA  SLO
7 CERGOLJ MIRJAM ISKRA VARISTOR STEGNE 35 1521 LJUBLJANA SLO
8  CVIKL BRUNO UNIVERSITY OF MARIBOR SMETANOVA 17 2000 MARIBOR SLO
9 DRAZIC GORAN INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
10 DZIEDZIC ANDRZEJ WROCLAW UNIVERSITY OF WYBRZEZE 50370  WROCLAW POL
TECHNOLOGY WYSPIANSKIEGO 27

11 GORECKI KRZYSZTOF GDYNIA MARITIME ACADEMY MORSKA 83 81226  GDYNIA POL
12 HANKE CHRISTIAN INFINEON TECHNOLOGIES CPRPH  OTTO-HAHN-RING 6 81730  MUNGCHEN D

13 HORVATH ZSOLT JOZSEF  MTA MFA P.O.B. 49 1325 BUDAPEST H

14 HROVAT MARKO INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
15 JANKOVEC MARKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
16 JAVORIC SASA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
17 JENKO BOJAN MINISTRY OF SIT OF THE RS TRG OF 13 1000 LJUBLJANA SLO
18 KEK DARJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
19 KLANJSEK-GUNDE MARTA NATIONAL INSTITUTE OF CHEMISTRY HAJDRIHOVA 19 1000 LJUBLJANA SLO
20 KOKALJ MATEJA MIKROIKS STEGNE 11 1000 LJUBLJANA SLO
21 KOROSAK DEAN FAKULTETA ZA GRADBENISTVO SMETANOVA 17 1000 LJUBLJANA SLO
22 KOVAC JANEZ (TPO TESLOVA 30 100 LJUBLJANA SLO
23 KRC JANEZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
24 LIMPEL META MIDEM STEGNE 11 1521 LJUBLJANA SLO
25 MACEK MARIJAN FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
26 MACEK SRECKO INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
27 MALC BARBARA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
28 MERC UROS FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
29 MIELCAREK WITOLD INSTITUTE OF ELECTROTECHNICS M.SKLODOWSKIEJ- 54242  WROCLAW POL

CURIE 55/61

30 MOZETIC MIRAN ITPO TESLOVA 30 1000 LJUBLJANA SLO
31 MOZEK MATEJ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
32 MURKO DARJA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
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NAME COMPANY - INSTITUTION ADDRESS P.CODE CITY COUNTRY
33 OSVALD JOZEF INSTITUTE OF ELECTRICAL ENGN., DUBRAVSKA CESTA 9 84239  BRATISLAVA SLOVAKIA
34 PIGNATEL GIORGIO UNIVERSITY OF TRENTO MESIANO 77 38050 TRENTO |
35 PLETERSEK ANTON FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
36 POMPEIGOR TC SEMTO STEGNE 25 1000 LJUBLJANA SLO
37 POPOVIC RADIVOJE S. EPFL-SWISS FED. INST. OF TECH. CH-1016 LAUSANNE 1015 LAUSANNE CH
38 PUHAR PRIMOZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
39 RESNIK DRAGO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
40 ROCAK DUBRAVKA INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
41 ROSAC TADEJ INSTITUT JOZEF STEFAN JAMOVA 39 1000 LJUBLJANA SLO
42 ROSENMAN GIL TEL AVIV UNIVERSITY RAMAT AVIV 69978 TELAVIV ISRAEL
43 SANTO-ZARNIK MARINA HIPOT-HYB TRUBARJEVA 7 8310 SENTJERNEJ SLO
44 SCHROPP RUUD UTRECHT UNIVERSITY P.O. BOX 80000 3508 UTRECHT NL
45 SESEK ALEKSANDER FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
46 SMOLE FRANC FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
47 STARASINIC SLAVKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
48 STIEBIG HELMUT FORSCHUNGSZENTRUM JULICH 52425  JULICH D
49 STRLE DRAGO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
50 STUTZMAN MARTIN TECHNISCHE UNIVERSITAT AM COULOMBWALL 85748  GARCHINF D

MUNCHEN

51 SORLI IZTOK MIDEM DUNAJSKA 10 1000 LJUBLJANA SLO
52 STERN ANTON FAKULTETA ZA GRADBENISTVO TRZASKA 25 1000 LJUBLJANA SLO
53 TASEVSK! MILAN SIPO-MZT KOTNIKOVA 6 1000 LJUBLJANA SLO
54 TAVCAR LOJZE ISKRA VARISTOR STEGNE 35 1521 LJUBLJANA SLO
55 TOPIC MARKO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
56 TRONTELJ JANEZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
57 VERDERBER MATJAZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
58 VIDMAR MATJAZ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
59 VODOPIVEC ANDREJ FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
60 VOJNOVIC BOZIDAR INSTITUT R.BOSKOVIC BIJENICKA 54 10000  ZAGREB CRO
61 VRTACNIK DANILO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
62 VUKADINOVIC MISO FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
63 ZAJEC DAMIR ISKRA EMECO SAVSKA LOKA 4 4000 KRANJ SLO
64 ZAREBSKIJANUSZ GDYNIA MARITIME ACADEMY GDYNIA MORSKA 83 81225  GDYNIA POL
65 ZELINKAIGOR FAKULTETA ZA ELEKTROTEHNIKO TRZASKA 25 1000 LJUBLJANA SLO
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Zavod TC SEMTO -~ Technology centre for circuits,
components, materials, technologies and equipment for
electrotechnic (TC)

Who are we ?

We are a non-profitable institution established by interest-
ed production enterprises and research institutions of Slov-
enia in conformance with regulations and laws prescribed
by Ministry of Science and Technology, Republic of Slove-
nia, with the aim to better use existing knowledge and
equipment and create new knowledge in joint opera-
tion - vertical and horizontal cooperation in the field
of electrical and electronic components and to assure
the participants competitive advantages in joint and
coordinated work.

The cooperation between members is not new. It started
decades ago on bilateral basis or while the enterprises were
members of big industrial system. Now they realized that
by help of technology center, the flow and level of informa-
tion and cooperation can be higher.

Address: Stegne 25, 1000 Ljubljana
Telephone: +386 (0)1 15191281
e-mail: pompa.mechatronica@siol.net

Founders and objectives

Founders - members:

production enterprises: Iskra TELA, Iskra Feriti, Iskra SEM,
Iskra Kondenzatorji, Iskra Varistor, Iskra Zaséite, TEM
Catez, Magneti Ljubljana, Kolektor Idrija, RLS, KEKON
Zuzemberk, Contrex,

institutions: Univerza v Ljubljani- Fakulteta za elektroteh-
niko, Univerza v Ljubljani- Fakulteta za strojniétvo, Univerza
v Mariboru- FERI, Institut Jozef Stefan, Institut za kovinske
materiale in tehnologije, Mechatronica, SIQ.

TC is opened to other participants.

The main objective of the institution is to collect and trans-
fer the information about available and needed knowl-
edge, consult and motivate joint action and profes-
sional education of the R&D and marketing staff of the
founders.

TC has established The research group for materials,
electronic components and technologies, where re-
searchers from various production enterprises and research
institutions work together on the projects of common inter-
est.

In their strategic plans the members allocate consider-
able funds for innovation of the products-to adopt them
to the specific requirements of the customers and develop

new products, technologies and equipment. Use of syner-
gy effects makes the realization of the goals easier.

The result of cooperation can be seen in the business re-
sults of participants. Researchers publish their results on
various research work presentations and conferences.
Majority of researchers are members of Professional So-
ciety for Microelectronics, Electronic Components and
materials - MIDEM and publish their results in the profes-
sional-scientific publication Informacije MIDEM.

First half year of activities (second half-
year of 2000)

Exchange of information about, new events, national and
international tenders, knowledge needs and availability.

All the members receive Obvestila S-xy (=Information) in
which their attention is directed to new events and oppor-
tunities. They are informed of the following meetings of the
group and get the minutes of them.

Seven presentations in R&D departments and laboratories
of our members have been done to co-members. A lot of
information have been exchanged and new cooperation
opportunities have been discovered. The existing knowl-
edge can be used for new purposes after small additional
research.

Many interested thematic of common interest have been
discussed at the meetings and local experts have been
invited to answer the questions. Besides the technology
problems we discussed the Project proposals preparation,
Conditions to present proposals for 5-th frame program,
Access to the information bases, Quality management and
testing, products and systems assessment and certifica-
tion, measurements and instrumentation calibration, pPOS-
sibilities of getting venture capital for new investments,
Possibilities of joint presentation of new research results,
joint participation on fairs, etc.

Presentation of project proposals for national and
international R&D project subsidy

In year 2000 ten of our members presented their project
proposals (23 in total) to Ministry of Science and Technol-
ogy. Sixteen projects were awarded subsidy by the minis-
try for the next two years.

The policy of Zavod TC SEMTO is to help to its members
at preparation of proposals. In accordance with the rules
and procedure the industrial enterprises are the project
proposers. Enterprises that have their oven registered R&D
departments are also the R&D performers. Those, whose
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development departments are not registered, delegate their
researchers to work in mixed groups in the frame of Zavod
TG SEMTO, who acts in these cases as R&D performer.

In 2000 we prepared two Exploratory award proposals sent
to CORDIS to be included in 5-th frame program and to be
followed by CRAFT proposals.

Tradition of electronic components and
materials research and development
and production in Slovenia

The development and production of electronic components
in Slovenia started after the second world war, when the
development of electronic was considered as strategic goal
of Yugoslavia. The University of Ljubljiana produced big
number of good trained engineers who were stimulated to
follow the most up to date development in the world.

Yugoslav market was closed and the foreign currency
scarce. The local marked required all types of products.
As the Yugoslav marked was too smali to enable series that
would justify automation and enable competitive prices, the
sales and production were oriented to European markets
and the production has been enlarged. The products had
to correspond to valid standards and specific customers’

294

wishes. The quality was essential. Contacts with custom-
ers research groups were established.

Iskra group within Slovenia became the main Yugoslav elec-
tronic components producer. lts products were well ac-
cepted in the European market. Mainly passive compo-
nents were produced (film and wire resistors, potentiome-
ters, nonlinear resistors, ceramic, foil and electrolytic ca-
pacitors, technical ceramic, ferrites, strip wound cores and
inductive components, filters, over-voltage and EMI pro-
tection, Sidiodes, relays, switches, printed circuits boards,
antennas, batteries, automotive components etc.).

When the marked was opened after separation from Yugo-
slavia, the Slovene components producers were prepared
for the open competition. The production program has been
revised and narrowed. The R&D has been intensified and
oriented to some fields. Slovene components producers
are important, well accepted European producers and
partners to many European and American groups.

Electronics and material science is well established in Slov-
ene universities and R&D institutes, who are cooperating
with industry in joint development projects and providing
the needed R&D specialists.
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Umrl je prof.dr.Janez Dobeic,
castni predsednik drustva MIDEM

V 87 letu starosti je umrt prof.dr.Janez Dobeic, ¢astni predsed-
nik drustva MIDEM in doigoletni profesor na Fakulteti za
elektrotehniko v Ljubljani.

Objavljamo poslovilni govor prof.dr.Tadeja Bajda, dekana
Fakultete za Elektrotehniko:

Danes se poslavljamo od nasega kolega profesorja Jane-
za Dobeica. Bil je vsestranski strokovnjak, odlicen peda-
gog in ustvarjalen umetnik.

Rodil se je v Kranju leta 1914, maturiral leta 1932 na Poljan-
ski gimnaziji v Ljubljani in leta 1940 diplomiral na elektroteh-
niskem oddelku tedanje Tehniske fakultete na Univerzi v
Ljubljani. O njegovem vizionarstvu pri¢a ze diplomsko delo
z naslovom »Motoelevator«. Pred ve¢ kot Sestdeset leti je
podal teoretiéno in prakticno zamisel v prostoru lebdecée
lokomotive brez nosilnih in pogonskih koles.

Med vojno se je vkljucil v delovanje OF in bil zaprt v zloglas-
nih Begunjah.

Kmalu po vojni je bil imenovan za asistenta na oddelku za
elektrotehniko. Zdi se, da je bila $tipendija francoske viade,
ki ga je popeljala na izpopolnjevanje na parisko Sorbonno,
tisti pomembni Zivljenski vzgib, ki je profesorja Dobeica za
vselej zaznamoval kot elektrotehnologa. Od tedaj je bil raz-
pet med dva pola. Po eni strani je snoval nove in nove iz-
boljsave in izume za potrebe slovenske industrije, po drugi
strani pa se je izdatno posvecal pedagoskemu delu.

Zasnoval je domac nadin izdelave tiskanih vezjj, izboljsal
postopek za naparevanje silicijevega oksida in razvil stek-
lene skale za prve radijske sprejemnike. Se bilahko naste-
val njegove izvirne zamisli, vendar naj na tem mestu omen-
im samo Se en, posebno imeniten dosezek. Profesor Do-
beic je skonstruiral nekaj ton tezko makrovezje za potrebe
selezarne Store. '

Kot pedagog je predvsem ustvaril predmet Elektrotehnolo-
gija. Odlicno pripravijene vsebine predmeta so po profe-
sorju Dobeicu povzeli Se na petih elektrotehniskih fakulte-
tah tedanje Jugoslavije. Predaval je tudi na Fakulteti za grad-
benistvo, na vojni akademiji v Sentvidu, ter na univerzah v
Mariboru in Splitu.

Bil je prodekan Fakultete za elektrotehniko in dolga leta
predstojnik katedre za Uporabo elektricne energije in teh-
nologijo. Bil je ¢astni &lan ved nacionalnih in mednarodnih
zvez in drustev in veckrat je bil za svoje izvirno delo odliko-
van.

Profesor Dobeic je bil tudi moj profesor. V spominu sta mi
ostali predvsem dve stvari. Naprej moram omeniti njegov
obsezen ucbenik Elektrotehnologija. Pred ved kot 30 leti
studentje nismo bili navajeni, da bi nas profesorji pri svojih
predmetih razvajali z uébeniki, zato smo prizadevanje pro-
fesorja Dobeica Se posebej cenili. Spominjam se tudi, da
je bil ucbenik napisan v izbrani slovenddini. V spominu pa
mi je ostal tudi profesor sam, kako v delovni halji stoji ob
struznici in z lastnimi rokami uresni¢uje svojo zamisel. Ni
mu bilo dovolj, da je tehnoloske probleme razumel, vse je
zelel tudi sam izdelati in preizkusiti.

Ob vseh teh pomembnih tehniénih dosezkih smo na
Fakulteti manj poznali njegove umetniske stvaritve. Vedeli
smo, da ima fotolaboratorij in da odli¢no obvlada postopke
barvne fotografije. Manj pa nam je bilo znano, da je bil tudi
veckrat nagrajen za svoje umetniske fotografije. To pa $e
ni vse, profesor Dobeic je bil tudi avtor operet in lutkovnih
igric za otroke.

Profesor Dobeic je bil miren, prijeten in skromen &lovek.
Bili smo srecni, da smo lahko bili njegovi $tudentje in sode-
lavci.
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Letosnja konferenca, MIDEM 2001, se je odvijala v
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Front page:

MIDEM 2001 Conference was held in hotel
Zlatorog, mirrored in crystal waters of Lake Bohinjin
the heart of Triglav National Park and surrounded by
the peaks of the Julian Alps.
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