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PREFACE

VTT Electronics is one of the six operative units of VTT, the Technical Research Centre of Finland, an independent, multi-
field contract research organisation. The main task of VTT Electronics is to work as a strategic R&D partner of the elec-
tronics industry, thus for its part, ensuring the prospected growth in this sector. At VTT Electronics, 72 of its 300 staff
members are involved in optics and optoelectronics.

The main goal of Optoelectronics research is to assist companies in utilizing advanced optical, photonic and optoelec-
tronic technologies in their products. Our core competence is in the integration of optoelectronic modules and in-
struments. This focus includes challenging research and development aims in modelling, simulation and design, new
advanced materials, cost-effective fabrication, manufacturing and packaging applied for multi-technological solutions
in optics, optical communication, optical measurements and also sensors and instrumentation. A big thing in 2002 was
the inauguration of our Micromodule Centre, offering new and better services to our customers in photonic fabrication
and packaging, high precision machining, and a unique pilot environment for printable optics and electronics. Also the
"Microfabrication incubator’ activity has been launched to promote new start-ups and manufacturing businesses.

In this report you will find extended abstracts concerning some of the published research and development work car-
ried out in 2002. The abstracts of the examination theses completed by our personnel and a list of publications are also

included.

Oulu, May 8, 2003

Further information: www.vtt.fi/ele

Jouni Tornberg
Head of Optoelectronics research
Jouni.Tornberg@vtt.fi

Harri Kopola
Research professor
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VTT MICROMODULE CENTRE

VTT Micromodule Centre Inauguration

The VTT Electronics Micromodule Centre facilities form
an unique entity - the largest optoelectronics research fa-
cility in the Nordic Countries - allowing versatile manu-
facturing of optics, electronics and optoelectronics, com-
bined with design, simulation and characterisation ser-
vices. They include clean room facilities for component
and module assembly and packaging, a glass and optics
workshop, 5-axis mechanical manufacturing and versa-
tile design, simulation and characterisation tools. These
enable services to be provided in innovative electron-
ic and optoelectronic integrated module and instrument
R&D using modern optics, electronics and manufactur-
ing technologies (http://www.vtt.fi/ele/services/).

The environment especially supports the development of
new manufacturing technologies and businesses by of-
fering not only product development and research co-op-
eration to industry, but also laboratory rooms and the
right to use VTT’s other facilities, as well as prototype
and small-scale manufacturing services in ourmicroma-
chining incubator. Services to industry decrease the need
for investments, especially in the testing and develop-
ment phase. One of the goals of activities is therefore to
support new spin-off -companies.

THE MAIN FACILITIES:
In November 2002 VTT Electronics’ new clean rooms
were taken into use. This doubled the total clean room
area to about 1000 m? (classes I1SO5 and 1SO7). They form
part of an environment designated for the development
of micromodule and optoelectronic component technolo-
gies and product applications. The environment includes
various pieces of equipment and tools which allow state-
of-the-art research work and services.

With thin and thick film processing equipment, new thin
film, polymer and hybrid materials are manufactured us-
ing evaporation, sputtering, spinning or sol-gel process-

ing. They have many application fields, such as commu-
nication, chemical and biosensing, microfluidistics and
optics, and electronics packaging. The applications man-
ufactured include protective materials for electrical and
optical components (including scratch-resistant, EMI and
EDS coatings, and hydrophobic coatings) and components
for micro-optics (waveguides, OLEDs, diffractive and in-
tegrated optics devices). As a new research item, technol-
ogies for printable optics and electronics have been intro-
duced, which allow these materials and structures to be
produced fast and cost effectively on flexible substrates
(plastics and paper) using PICO pilot machine.

<

Interconnection and packaging technologies are used, for
example for micromodule encapsulation. There is work
being carried out with photonic modules, MEMS pack-
aging and RF and microwave modules for telecommuni-
cation electronics. Services include the design and im-
plementation of electronic and optoelectronic modules as
well as reliability testing.

The Low Temperature Co-fired Ceramics (LTCC) manufac-
turing line allows electronic and optoelectronic modules
to be designed and implemented using multilayer ceramic
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technology. Services include - in addition to the R&D co- technologies (especially for wireless and optical commu-
operation — the prototype and small-scale manufacture nication), optical instruments and sensors (for the pro-
of LTCC substrates and modules for electronics and opto- cess industry), biomolecular recognition and polymer op-
electronics as well as sensor packaging. The off-the-self toelectronics (for product packages, printed matter and
LTCC materials used currently include DuPont951, Du- electronic products). The new clean rooms, combined
Pont943, Heraeus CT2000 and Ferro A6-S tapes. with the new equipment and VTT’s own research and de-

velopment work, together with skilled personnel ensure
that we can stay at the forefront of the R&D communi-
ty and supply high level services to our customers long
into the future.

For characterisation and testing there are versatile facili-
ties, for environmental and electrical testing, characteri-
sation of optical devices. There are also high quality lab-
oratories for optical spectroscopy and machine vision.

Tero Majamaa
Tero.Majamaa@uvtt.fi

Harri Kopola
Harri.Kopola@vtt.fi

Within the area of precision machining VTT Electronics
has versatile environment for various processes. There
is a glass and optics workshop (with cutting, polishing,
rounding and drilling equipment) and an optical clean
room with a pneumatically suspended optical bench, a
high precision alignment station, optical design, model-
ling and simulation tools, and mechanical design tools.
There is also a workshop containing, for example, a state-
of-the-art 5-axis CNC milling machine.

Jyrki Ollila
Jyrki.Ollila@vtt.fi

Timo Salo
Timo.Salo@vtt.fi

The purpose of the ongoing development activities is to
increase R&D in the fields of micromodule and photonic
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Near Field Beam Properties of the Very Small Aperture Laser

The near field beam properties of the very small aperture
laser were studied using a finite difference time domain
method.

1 INTRODUCTION

Near field optical data storage (ODS) has been studied ex-
tensively as a potential choice for the future generation
ODS. Solid immersion lens' (SIL), direct semiconductor
laser readout?® (DSLR) with the very small aperture laser*
(VSAL) source, and super resolution® (SR) technique are
among the technologies which take advantage of the eva-
nescent coupling of the electromagnetic field to the disk’s
data layer. The DSLR system, using a conventional Fab-
ry-Perot (FP) laser diode, can be used as a source, but the
smaller spot size obtained using the VSAL is tempting.

In our work a two-dimensional finite-difference time do-
main (2D FDTD) (see, for example, Taflove®) model was
used to study the beam properties in a DSLR system us-
ing the VSAL as a source. The simulation results obtained
from the VSAL structures were compared to ones from a
conventional Fabry-Perot (FP) laser diode. We studied the
decrease in spot size and the power density in the disk’s
data layer achieved by the use of the small aperture. From
the simulations it was noticed that the resonance effects
within the laser front facet and the optical disk signifi-
cantly affect the system.

In the next section the simulation model is briefly de-
scribed. The results from the simulations are presented in
section 3 and in the last section there are some discus-
sion and conclusions.
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Figure 1. Schematic picture of the modelled VSAL laser
and the first surface recording optical disk.

2 SIMULATION MODEL

Figure 1 shows the schematics of the simulation mod-
el. The laser waveguide is shown in the central part on
the left side of the figure. Around the 0.4 um tick mark
are located the material boundaries between the clad-
ding, the insulating layer and the metal layer with the
aperture. The air gap is the white region between the la-
ser end and the optical disk. The disk is assumed to be a
first-surface-recorded phase change disk. In Figure 1, the
disk surface is located around the 1.0 pum tick mark. The
thin film structure of the disk consists of a cover layer, a
phase change data layer, a spacer, a metal reflector and a
substrate. In this work we did not intend to optimise the
optical disk structure in any way. The disk parameters for
the FP laser source have been studied in more detail, for
example in Kataja et al.’, and the flying height (airgap)
for the simplified system in Kim et al 2.

The absorption density as a function of the airgap, shown
in Figure 2, is calculated with a system where aperture
diameter and metal layer thickness are 400 nm and 100
nm respectively. In the figure, the FWHM diameter is
shown with a thicker red line. The oscillations in the ab-
sorption density and the spot size are clearly seen in this
plot. If the plot is studied in more detail it is observed that
the minimum spot size occurs just before the maximum
absorption density.

Absorption

Figure 2. Absorption density in a system where aperture
diameter and layer metal thickness are 400 nm and 100
nm respectively.

3 SIMULATION RESULTS

A comparison of the FWHM spot size of the isolated laser
and the ESEC configurations is shown in Figure 3 for both
the VSAL system and the conventional FP laser system.
In this figure we see how the ESEC affects the beam shape
and spot size via the resonance effects in the ESEC. The
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Figure 3. VSAL and conventional laser spot size in the
isolated and ESEC system.

oscillations in spot size and absorption density are with
a half wavelength period as the function of the air gap
thickness and it seems that the free space spot size gives
only an average value for the spot size of both the VSAL
and the conventional system. Therefore it is obvious that
the spot size cannot be studied independently by looking
at the beam propagating in the free space, but rather the
whole optical system has to be taken into account.

Figure 4 shows the FWHM spot size in three VSAL cases,
comparing them to the conventional FP laser. Using these
parameters the VSAL spot size is smaller than with the
conventional FP laser until an airgap of about 300 nm is
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Figure 4. VSAL spot size compared with convention-
al laser in ESEC system. In VSAL first number is metal
thickness and second aperture diameter.

reached. After that the VSAL spot size starts to increase
rapidly. In an airgap of around 600 nm, the VSAL spot
size is again smaller than the spot size of the convention-
al laser. An interesting feature is that the spot size with
a 150 nm aperture is slightly (~30 nm) bigger in the air-
gap range 70 - 200 nm than the spot size with a 400 nm
aperture. The same phenomena occur in the range 400-
600 nm but the difference is significantly larger. These
could be explained with a larger divergence angle from
the smaller aperture. But this explanation does not hold
between these regions where spot sizes, as a function of
aperture size, are about the same between the VSAL sys-
tems. With these geometries the spot size with the 150 nm
aperture is smaller than with the 400 nm aperture only in
a very close region (airgap < 70 nm).

The metal layer thickness of the VSAL aperture does not
seem to have an effect on the spot size. However, when
the metal layer thickness is increased, the reflectivity of
the front facet of the VSAL is also increased and the to-
tal absorption in the PC layer decreased. An increased re-
flectivity from the aperture itself means a weaker signal
from the disk and therefore reduced readout signal levels.
Absorption density, on the other hand, is important when
writing to the disk is considered.

4 DISCUSSION AND CONCLUSION

The spot size of the VSAL system was studied and com-
pared with the conventional FP laser source. The differ-
ences between spot sizes for an isolated laser and a la-
ser with the ESEC system were considered. It was noticed
that spot size is affected by the ESEC system and there-
fore when the VSAL system is characterised one has to
remember that the measurement setup affects the beam
properties. The difference in VSAL spot size compared
with the conventional FP laser is constant over a short
range (airgap < 300 nm), which could be useful in ODS
because the spot size is not sensitive to airgap in this re-
gion. After this range the VSAL spot size begins to oscil-
late along with reflectivity and absorption. On the other
hand if an extremely small spot size is desired the airgap
should be as small as possible.
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UV-photoreactive Organo-tin Compounds for
Photolithographic Patterned Transparent Electrodes

ABSTRACT

Fabrication of directly UV-photopatternable pure and an-
timony doped organo tin films is presented. Direct UV-
photopatternability has been achieved by modifying tin
and antimony alkoxide precursors with UV-photoreac-
tive methacrylic acid or benzoylacetone ligands. Spin-on
deposited films were lithographically patterned using a
UV-light source (I-line) with a contact mask. After de-
veloping, structures were thermally converted to crys-
talline, conductive pure and Sh-doped tin oxides. The ef-
fects of UV-irradiation, increasing antimony doping level
and the used photoreactive ligand on the electrical prop-
erties of the single layer films are analyzed.

INTRODUCTION

Directly photopatternable antimony doped tin diox-
ide (ATO) thin films are of great interest in applications
where transparent conductive materials are required.
These include transparent electrodes in display devices
[1] and solar cells [2]. For these applications ATO material
is a potential alternative due to its lower costs compared
to widely used tin doped indium oxide coatings (ITO). Tin
dioxide and its derivatives also have a sensitivity for gas
detection [3]. However, due to the high chemical durabil-
ity of tin dioxide, the fine patterning of tin dioxide thin
films by wet etching has been reported to be rather com-
plicated. Although dry etching patterning methods have
been successfully demonstrated, they are usually time-
consuming, expensive, substrate size limited and special
equipment is needed. Therefore new material approaches
for the fast and cost-effective fine patterning of tin diox-
ide and its derivative thin films are required.

We have successfully demonstrated a new approach for
the fine patterning of pure and doped tin dioxide thin
films [4]-[6]. This new approach employs a combination
of direct photolithographic processing of liquid phase de-
posited organo-tin films, followed by thermal annealing.
In order to fabricate UV-photoreactive organo-tin films,
organic ligands such as methacrylic acid (MAA) and
benzoylacetone (BzAc) have been used to form bidental
chetale type complexes with tin and antimony alkoxides.
Materials modified using MAA and BzAc behave as neg-
ative tone photoresist under UV-irradiation. Hence, the
solubility of the UV-irradiated areas decreases and struc-
tures can be developed by dissolving the unexposed ar-
eas with alcohols and ketones. In order to obtain conduc-
tive transparent conductors, UV-photopatterned organo-
tin structures are transformed to crystalline and conduc-
tive form by thermal annealing.

EXPERIMENTAL

The directly UV-photopatternable, pure and antimony
doped tin dioxide materials were synthesized by reacting
methacrylic acid or benzoylacetone with tin and antimo-
ny alkoxides [4]-[6]. *H & **C NMR, IR- and mass spectro-
scopic techniques were used for the identification of the
bidental chelate type reaction products.

In order to obtain the UV-photoresponse, a radical UV-
photoinitiator was added to the solutions of methacrylic
acid modified tin and antimony alkoxides. The UV-photo-
initiator forms free radicals under UV-irradiation. These
radicals assist the photopolymerization of the methacryl-
ic ligands which furthermore leads to the diminished sol-
ubility of the UV-irradiated parts of the material. In the
case of benzoylacetone modified alkoxides, B-diketonate
type of ligands forms chelate rings which show absorp-
tion bands at UV wavelengths. These absorption bands
are characteristics of the T= 1T transitions in chelate rings
[7]. The UV-irradiation at the absorption band wave-
lengths dissociates the chelate bonds and simultaneously
changes the solubility of the material in solvents such as
alcohols, ketones or acids.

Thin films of both types of material were formed in a
two stage spinning process: first the solution was spread
on the substrate for 5 seconds at 500 rpm and then spun-
on for 30 seconds at 1250 rpm. Formed single layer thin
films were patterned using a binary photomask with UV-
irradiation from a mercury UV-lamp source. After UV-ir-
radiation the unexposed areas were removed using iso-
propanol (methacrylic acid modified materials) and ace-
tone (benzoylacetone modified materials). After this the
patterned pure and antimony doped organo tin structures
were decomposed onto the crystalline, pure or antimony
doped tin dioxide in an ambient atmosphere at an elevat-
ed temperature (560°C).

RESULTS

In Figure 1, conductor line images (Wyko NT 2000) with
25 um line widths are presented. Figures 1a and 1b show
air annealed conductor lines fabricated using MAA and
BzAc modified precursors, respectively.

Air annealed films are highly transparent at visible wave-
lengths with transmission values of over 85 %. In Table 1
the electrical resistivities of the fabricated slab films are
shown. For comparison, the electrical resistivities of the
unexposed (unpatterned) samples are also shown.
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Figure 1. Figure 1a shows a conductor line fabricated using MAA modified precursors. Figure 1b shows a corresponding
line fabricated using BzAc modified precursors. Film thicknesses are 55 and 68 nm, respectively.

74.2 um

Table 1. Electrical resistivities of the unexposed (unpatterned) and UV-irradiated (patterned), pure and antimony
doped tin dioxide thin films.

Sb-doping level Electrical resistivities ( Qdm)
(%) Unpatterned BzAc Patterned BzAc Unpatterned MAA Patterned MAA
0 213 149 132 67
1 0.21 0.17 0.85 0.21
5 0.05 0.05 0.20 0.08
10 0.11 0.13 0.49 0.28
From the values shown in Table 1 it can be concluded modified precursors with antimony doping concentration

that in all cases the lowest electrical resistivities were of 5 mol.-%.

obtained when antimony doping concentrations were 5

mol.-%. The lowest resistivity was obtained with ben- REFERENCES

zoylacetone modified samples. In this case UV-irradia- [1] S.-S. Park, J.D. Mackenzie, Thin Solid Films 258

tion has only a negligible effect on the resistivities of the (1995) 268, and references therein.

fabricated samples. In the case of methacrylic acid modi- [2] C.M. Lambert, Sol. Energy Mater. 6 (1981) 1.

fied samples, electrical resistivities were lower for UV-ir- [3] D. Kohl, Sensors and Actuators 18 (1989) 71.
radiated samples. This phenomenon was investigated us- [4] T. Kololuoma, A. H.O. K&rkk&inen and J. T. Rantala,
ing atomic force microscopy, X-ray photoelectron spec- Thin Solid Films 408 (2002) 128.

troscopy (XPS) and X-ray powder diffraction (XRD) tech- [5] T. Kololuoma, L.-S. Johansson, J. M. Campbell, A.
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mainly resulting from the increased crystal size of the [6] T. Kololuoma, A. H. O. Kérkkainen, A. Tolonen and
fabricated materials but also from differences in the an- J.T. Rantala, Thin Solid Films, Submitted for publi-
timony distribution between unexposed and UV-irradi- ca- tion.

ated samples [6]. [7] D.W. Barnum, J. Inorg. Nucl. Chem. 21 (1961) 221.
CONCLUSIONS

Terho Kololuoma
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We have prepared directly photopatternable pure and an-
timony doped organo tin thin films using coating solu-
tions of benzoylacetone and methacrylic acid modified
alkoxide precursors. All investigated materials can be di-
rectly photopatterned using UV-irradiation from a nor-
mal pressure mercury lamp. The highest obtained con-
ductivity, 20 S/cm (lowest resistivity 0.05 Q[dm), for the
single layer thin film was achieved using benzoylacetone

Ari H. O. Karkkainen
J. T. Rantala

GuideOptics Oy, P.0.Box 114,
FIN-90571 Oulu, Finland
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Sol-Gel Waveguides as Platform for Lab-on-a-Chip

Applications

1. INTRODUCTION

There are many applications where multi-parameter
sensing capability is hugely attractive. 2 The device can
be expanded to measure a wide range of analytes for ap-
plications in the biomedical (i.e. blood gas monitoring),
automotive (in-car comfort and condition control) and
‘household’ (Indoor Air Quality monitoring) sector.

Novel miniaturised systems capable of measuring a num-
ber of parameters simultaneously are of great interest and
are based on a “concept” patent developed by Professor
MacCraith at DCU. 3

The new generic platform is based on photopatternable,
organically modified silane materials and sol-gel tech-
nology, used for fabrication of the multi-mode waveguide
structures, and for immobilisation for analyte-sensitive
complexes.

As opposed to conventional techniques used to obtain
waveguide structures, the low-temperature sol-gel tech-
nology based on photopatternable, organically modified
silanes, avoids high processing temperatures (>1000°C)
or multi-step etching. Key advantages are simplicity, low
cost and adjustable chemical composition of hybrid ma-
terials.

2. EXPERIMENTAL

2.1 Multi-parameter sensing system on a sol-gel plat-
form (lab-on-a-chip)

The Efficient Capture System has been based on a US Pat-
ent by Professor MacCraith et al.® Sensor spots, immo-
bilised in a sol-gel matrix, are applied on waveguides
and excited by a blue LED. Sensor fluorescence is guided
along the waveguide and optical signals are detected at
the end face of the waveguide (Figuresl and 2).
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Figure 1.Scheme of a lab-on-a-chip concept
Figure 2. CCD image of fluorescence from waveguides
and corresponding intensity profile

2.1 Fabrication and analysis of waveguide structures
for miniaturised sensor systems

Photopatternable, organically modified material has been
synthesised by the hydrolysis and condensation of silane
precursors. The product of condensation was stirred with
the crosslinking agent (trimethylolpropane triacrylate)
to increase material UV-sensitivity. Figure 3 shows the
organically modified material with a sufficient amount
of double bonds to react via radical polymerisation trig-
gered by UV-irradiation.
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Figure 3. Radical polymerisation through double bonds

The fabrication of sol-gel waveguides is achieved through
the photolithography process. The sol-gel material is spin
coated onto the silicon substrate. Residues of the solvents
used during synthesis are removed in the pre-bake stage.
Waveguides are “written” by UV-exposure using a UV-
mask aligner (Figure 4). Unexposed areas on the sub-
strate are rinsed off using isopropanol as the developer
solvent.
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Figure 4. Principles of spin coating, mask UV-irradiation
and developing steps within waveguide fabrication

Waveguide microstructures were investigated using a
White Light Interferometer (Figure 5). Surface roughness
values (rms) of the developed films, analysed using the
same technique, are in the range 0.7 to 1.1 nm for a 1 x1
pum area. This meets the requirements of most optical ap-
plications (Figure 6).

Multiple analyte-sensing complexes, like oxygen sen-
sitive ruthenium complex [Ru'-tris (4,7-diphenyl-1,10-
phenanthroline)]?*, can be deposited on the top of the
waveguide using stamp, ink-jet or pin printing.® This al-
lows for the capture of multiple data parameters on one
sensor chip.

3. CONCLUSIONS

The simultaneous detection of several analytes is a ma-
jor requirement for fields such as food and environmen-
tal control and medical diagnostic. The main objective of
future research will be the positioning of oxygen, carbon
dioxide, humidity and temperature sensors on the same
miniature system.
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Figure 5. Image of waveguides generated using a White Light Interferometer

Figure 6. Generated image of the surface on top of the waveguide with a rms value of 1.05 nm



OPTICAL AND OPTOELECTRONIC MATERIALS AND COMPONENTS

Sol-gel waveguides are a promising platform for the cap-
ture of fluorescence signals. They are also low cost and
relatively easy to produce to the required standards.

The photopatternable, organically modified hybrid ma-
terial for the multi-channel waveguide fabrication has
good optical properties, and its refractive index is tune-
able. Several other properties of the material such as ad-
hesion, porosity and sensitivity are also adjustable.

The focus of future research is to find an optimised and
repeatable deposition technique for a multi-channel
waveguide and improve the performance of the sensing
complexes currently under experimentation.

4. REFERENCES

1. “Tailoring of sol-gel films for optical sensing of
oxygen in gas and aqueous phase”; McDonagh, C.,
MacCraith, B.D., McEvay, A.K.; Anal. Chem., 1998,
70 (1), 45-50

2. “Optical chemical sensors based on sol-gel mate-
rials: Recent advances and critical issues”; Mac-
Craith, B.D., McDonagh, C., McEvoy, A.K., Butler, T.,
O’Keeffe, G., Murphy, V.; J. Sol-Gel Sci. Tech., 1997,
8, 1053-1061

3. US Patent US6137117; MacCraith B.D., Feldstein
M.J., Ligleer F.S., 2000-10-24

4.  “Development of Polymeric Materials for Wave-
guide Components”, M.Kusevic, M. Hiltunen, SPIE’s
International Symposium Photonics West 2002, San
Jose, USA

5.  ‘Phase fluorometric dissolved oxygen sensor’;
McDonagh, C., Kolle, C., McEvoy, A.K., Dowling,
D.L., Cafolla, A.A., Cullen, S.J., MacCraith, B.D.;
Sensors and Actuators B, 2001, 74, 124-130

Maja Kusevic
/ Maja Kusevic@vtt.fi

0. MacOughey, A. McAvoay, B. MacCraith, J.M. Sabatie
Optical Sensors Laboratory, Dublin City University, Ire-
land



OPTICAL AND OPTOELECTRONIC MATERIALS AND COMPONENTS

Photolithographically Miniaturised Organic Light-emitting

Devices with Red, Green, Blue and White Electroluminescence

ABSTRACT

We report on BAIg, Alg, and DCM-based miniaturised or-
ganic light emitting devices (OLEDs). The electrolumi-
nescence spectrum consists of blue, green and red bands
at 493 nm, 528 nm and 629 nm, respectively. The organ-
ic white-light emitting device was demonstrated with the
direct mixing of two colours from two different emissive
layers separated by a carrier blocking layer. The diame-
ters for emissive areas varied from 100 pm to 800 pm.

INTRODUCTION

Organic light-emitting devices (OLED) meet many of the
targets necessary for display and instrumentation appli-
cations. For example in devices that use small screens,
such as cell phones, personal digital assistants, wrist-
watches and cameras. The important advantage of OLEDs
is their wide range of emission spectra made possible by
tailoring organic materials. Other advantages are their
potential for low-cost processing, the possibility of fab-
ricating large-size displays and their mechanical flexi-
bility. The fabrication of lithographically miniaturised
OLED light sources has been demonstrated and these
techniques can be used to produce emissive areas of var-
ious sizes [1].

The basic OLED structure consists of a transparent con-
ductive anode layer, organic layer(s) and a metal cath-
ode layer. An externally applied voltage drives electrons
and holes from cathode and anode, respectively, into the
recombination region where they form an excited state,
called exciton. The recombination of the electron-hole
pair in the organic layer leads to a photon emission.

EXPERIMENT

The fabrication of the OLED is carried out in two steps: 1)
Photolithographically patterned indium-tin-oxide (I1TO),
2) deposition of organic and metal layers. Shipley’s Mi-
croposit S1805 photoresist was used to define the active
area in the OLEDs. This photolithography process in-
cludes spin coating of resist, soft baking at 115°C, UV-ex-
posure using photomask, development, and hard baking
at 130°C. The diameters for emissive areas varied from
100 pm to 800 pm.

The devices consisted of multilayer structures. The or-
ganic materials were sublimated using resistive evapora-
tion. N,N’-di(naphthalene-1-yl)-N,N’-diphenylbenzidine
(a-NBD), tris(8-hydroxyquinolate) aluminium (Alg,),
5,6,11,12-tetraphenylnapthacene (Rubrene), 4-(dicyano-
methylene)-2-methyl-6-(julolidin-4-yl-vinyl)-4H-pyran
(DCM) and aluminum(l1l)-bis(2-methyl-8-quinolinato)-

4-phenylphenolate (BAlg) were used as hole transport
layer, green-emitting/electron transport layer, a yellow
dye material, a red dye material and a blue emitting ma-
terial, respectively. Finally, the metal films (Mg, Ag) were
deposited using e-beam evaporation. Immediately after
deposition the devices were encapsulated using UV-cured
epoxy material.

The light output and voltage measurement was done with
a ANDO AQ2140 multimeter and a Keithley 2400 Source-
Meter, respectively. During measurement the sample was
located at a distance of 2 cm away from the photodetec-
tor.

RESULTS

Three different light-emitting devices were fabricated,
including blue (B), green (G) and red (R) colours. Using
these colours (materials) it is possible to fabricate an ef-
ficient full colour (RGB) display. Figure 1 represents the
electroluminescence (EL) spectra for three emitting ma-
terials. Maximum EL peaks for BAlg, Alg,, and Alg,:DCM
(10 wt-%) were achieved at 493 nm (full width at half
maximum (FWHM) = 97 nm), 528 nm (FWHM=110 nm),
and 629 nm (FWHM=107 nm), respectively.
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Figure 1. EL spectra and chemical structures for BAlq,
Alg,, and DCM materials.

The luminance-power output-voltage characteristics for
three light emitting devices are shown in Figure 2. The
lower efficiency of red light compared to green light was
due to concentration quenching. Aggregate formation at
high dopant concentration provides sites for non-radia
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tive recombination, which reduces the possibility of ra-
diative emission [2]. For the blue-light emitting device
(BAIlq) brightness was reduced due to weak adhesion be-
tween blue emitting layer and cathode.
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Figure 2. Luminance (solid lines)-power output (dashed
lines)-voltage characteristics for blue, green and red light
emitting devices with a diameter of 400 um of emissive
area.

In this work, the method used to achieve white emission
is to control the spatial location of the exciton-recombi-
nation-zone by introducing a carrier blocking layer be-
tween the hole transport layer and electron transport lay-
er [3]. White emission is achieved using two different co-
lour-emitting layers (Figure 3). These layers were BAlq
for blue emission and Alqg:Rubrene for yellow emission.

Mg

Elq, 7 nm
Alg,:Enbrene 14 nm
c-MED 077 nm
BAlg 28 1T
a-NBD 22 ftm

ITO

Figure 3. The schematic cross sections of fabricated
white-light OLED device.

Figure 4 shows EL spectra for device at various applied
voltages. At the low voltage range the recombination of
excitons occurs at both emitting layers, and increasing
the applied voltage from 10V to 16V shifts the recombina-
tion in the BAIq layer. Thereby, the emission colour tends
to shift from greenish white to bluish white.
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Figure 4. EL emission spectra at various applied voltages
for micro OLED.

CONCLUSIONS

In summary, we fabricated four different light emitting
devices, including blue (B), green (G), red (R), and white
colours. Using these colours (materials) it is possible to
fabricate an efficient full colour (RGB) display. Further-
more, miniaturised light sources were studied, which can
be used, for example, in micro-optical systems.
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Sol-gel Processed Lanthanium Doped Lead Zirconium

Titanate Electro-optical Thin Films

ABSTRACT

In this study, the sol-gel process to deposit electro-op-
tical lanthanium modified lead zirconium titanate thin
films was investigated. These films had very small sur-
face roughness (<1 nm), strong second order electro-optic
effect, and a high index of refraction.

INTRODUCTION

Perovskite ferroelectric materials have been subjected to
intensive study over the past few years due to their ex-
cellent functional properties, such as electro-optic effect,
piezoelectricity, pyroelectricity and acousto-optic effect.
Their electrical, optical and electromechanical properties
offer a wide variety of applications in microelectronics, -
mechanics and -optics.

Thin film materials which are transparent and show good
optically nonlinear properties have potential for use in
novel integrated optical devices. One material of inter-
est is lanthanium doped lead zirconium titanate (PZT).
Because pure PZT is opaque, it is unsuitable for optical
applications. However, modifying it by using lanthani-
um causes the material to become transparent and show
measurable electro-optic behaviour [1]. Several deposi-
tion methods have been applied for manufacturing doped
PZT thin films: multitarget sputtering [2], laser-assisted
deposition [3], and sol-gel processing [1]. The advantage
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of sol-gel processing is the potential for high-volume pro-
duction because the material is deposited in liquid phase.

SOL-GEL PROCESS

The chemical composition of La/Zr/Ti, 9/65/35, was used
to achieve thin films with a strong electro-optic ef-
fect [2]. The precursor materials were lead acetate tri-
hydrate Pb(CH,C00), 3H,0, lanthanum acetate hydrate
La(CH,CO0), xH,0, zirconium propoxide Zr[(CH,),CHO],,
and titanium isopropoxide Ti[(CH,),CHO],. 2-Methoxy-
ethanol was used as the solvent to change metal acetate
into metal alkoxide and to facilitate dehydration [4].

A mismatch of thermal expansion between PLZT film and
substrate can result in cracking.[1] For thicker films (>
100 nm), the interfacial layer (e.g. TiO,) must be deposited.
The PLZT solution was layered on BK7 and TiO,/BK7 by
spin coating using a spinner rotated at a rate of 5000 rpm
for 40 seconds. After coating the substrate, films were
dried and crystalized at 250°C and 550°C respectively. Fi-
nally, the silver top electrodes were e-beam evaporated
using a shadow mask. Thickness and morphology of the
PLZT films were determined using a Veeco interferomet-
ric profiler.

Figure 1 shows plotted X-ray diffraction (XRD) pat-
terns measured from the lanthanum doped PZT film. The
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Figure 1. XRD measurement plot for PLZT 9/65/35.



OPTICAL AND OPTOELECTRONIC MATERIALS AND COMPONENTS

prominent peaks of PLZT corresponding to (100), (110),
(111), (200) and (211) have been identified in the figure.
The diffractogram contains a broad peak near 2 =29° that
can be identified as lead deficient (vaporisation of PbO)
pyrochlore phase [5]. Figure 2 shows the surface profile
measured by the Veeco interferometric profiler. The film
surface is very flat (roughness <1 nm) and crack-free.

Figure 2. Surface (20.4 um x 26.2 pm) image of 100 nm
PLZT film (RMS <1 nm).

OPTICAL CHARACTERISATION

Characterisation of optical properties consists of the de-
termination of refractive index and its shift under applied
electric field. A prism coupling method was used in index
measurements. The refractive index is 2.4 at 633nm and
2.2 at 1.55um wavelength. This can be utilised in high in-
dex-contrast structures allowing the design of waveguide
components within a small area [6]. The Kerr effect is the
most attractive property of these films. It means quadrat-
ic dependence of refractive index on the applied electric
field, and it was measured by an ellipsometric method
similar to the one proposed by Adachi et al [2]. At first
laser light emitted from the HeNe-tube (633nm) is modu-

lated with chopper. Then light goes through the polariz-
er, which is at an angle of 45°relative to the sample hav-
ing a narrow slit between electrodes. When 45° polarized
light propagates through birefringent film, its polariza-
tion state turns elliptic. A /4 retarder plate turns the po-
larization state back to linear, but the angle is now differ-
ent from 45°. The phase difference occurring in a sample
induced by the applied electric field is two times the an-
gle shift of the linear polarization. When this small shift
is known, induced birefringence shift can be calculated.
The result is shown in Figure 3.

The strength of the second order electro-optic coefficient
is defined as

Far =IEP23FLE2

where n is the refractive index, R electro-optic coef-
ficient, and E electric field. For plotting in Figure 3
R=0.3*10"® m?/V2. When this value is compared to the
coefficients of sputtered samples (0.6-1.0¥10-16 m2/V?), it
is smaller [2]. However, when it is compared to conven-
tional LiNbO, materials, which possess first-order elec-
tro-optic effect, the birefringence shift is at 2kV/m elec-
tric field larger [7].

CONCLUSIONS

Sol-gel process is a potential method for manufactur-
ing PLZT thin films with small surface roughness. These
films have strong second order electro-optic effect and a
high index of refraction. The results find that PZT films
are promising materials as a candidate for nonlinear op-
tical applications.
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Figure 3. Birefringence shift of sol-gel processed PLZT film.
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Zero-alignment Offner-Relay Housing by 5-axis CNC

Machining

INTRODUCTION

The Optoelectronics Department of VTT Electronics has
developed expertise in CNC machining of complicated,
three-dimensional, mechanical bodies used in optical as-
semblies. A principal advantage of mounting lenses and
mirrors into a CNC machined, rigid housing is the poten-
tial elimination of manual alignment steps. Other advan-
tages include the ease and low cost of producing copies;
and the complete, digital documentation of both shape
and manufacturing processes in the form of the CNC pro-
gram.

A challenging application is the machining of a zero-
alignment housing for Offner-type imaging spectro-
graphs. In order to investigate the feasibility of this ap-
plication, VTT designed, built, and tested a solid housing
for an Offner-type 1:1 relay optics with similar mechani-
cal proportions. The optical performance of the relay was
measured and used to estimate the worst-case mechani-
cal deviations of the housing. The annular contact rims
machined for the mirrors were accurately located with-
in better than approx. £10 um of their nominal positions.
This performance is sufficient for most, if not all, practi-
cal applications of Offner-type optics.

OFFNER RELAY MADE FOR TESTING

The optical design of the Offner 1:1 relay is shown in Fig-
ure 1. The simple design consists of three spherical mir-
rors; one small convex mirror (R=71.8mm, 042mm) and
two identical, concave mirrors (R=140.13mm, 082mm).
The nominal optical performance, i.e., best case with zero
tolerances, is documented in the spot diagram.
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ZEMAX reports a spot radius of 5.6 pum rms at best focus,
with the spot being elongated in the horizontal (input~
output) direction. It is important to realise, however, that
this simulated value is just that, a software simulation,
and that values as high as 6.9 um and as low as 4.8 um
can be produced by just decreasing and increasing, res-
pectively, the so-called ‘ray density’ of the diagram.

The optical design was exported from ZEMAX into IDE-
AS using the STEP format. The mechanical design of the
housing was performed using the optical surfaces as ‘cut-
ting tools’. Using STEP again, the mechanical design
was exported from IDEAS into MASTERCAM. The actu-
al parts were made on a 5-axis CNC machine (Bridgeport
VMCB800 L22 Digital) equipped with a 200mm Tilting Ro-
tary Table (NST 5AX-200, Nikken Kosakusho, Osaka). The
least accurate of the machine movements was the tilting
of the rotary table, which was specified with an indexing
accuracy of 1 minute (0.016,7°) and a repeatability of
+0.1 minute. The housing was machined as a single pie-
ce, in a single chucking, out of a block of so-called tool
aluminum. The size of the finished housing was approx.
220 x 110 x 145(height) mm3. High-quality mirrors (cus-
tom-made by Melles-Griot; BK7 substrates, gold coated)
were dropped into the housing and spring-loaded against
the contact rims with zero manual alignment. The unit is
shown in Figures 2a, 2b and 2c. To simplify the testing,
a baseplate and holders for input and output optics were
also machined.
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Figure 1 The Offner Relay Optics. The raytrace diagram on the left illustrates the layout. The distance between input
and output is 83.2 mm. NA is 0.27. The size of the boxes in the through-focus spot diagram is 30 um square and the de-
focus of the boxes is =50, -25, 0, 25, and 50 pm.
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EXPERIMENTS AND RESULTS

In a first attempt to measure the achieved mechanical ac-
curacy of the housing, the angle between the two annular
contact rims machined for the two large spherical mirrors
was measured. For this test, plane mirrors were contacted
and the angle between them was measured on a Gonio-
meter Il (M6ller-Wedel, Hamburg). The measured va-
lue was 34.513° with precision £0.002°, which is approx.
0.022° larger than the nominal value of 34.491,1°. (In the
ZEMAX design, the angle between the spherical mirrors
is 34.576,2° but because of the shape of the contacting
rims, this nominal value decreases slightly when contac-
ting plane mirrors.) The accuracy of this goniometer test
was compromised, however, by stress-induced bending of

Figure 2a The Offner Relay with mirrors mounted, on the plane mirrors, which were cut from 4 mm thin glass
its baseplate. The baseplate is 24 x 24 cm?. One of the plate and loaded against the contact rims by using the
holders used in the testing can also be seen. All parts same springs that had been designed for the much thicker

were CNC-machined at VTT Electronics. spherical mirrors. Rourk-formula estimation of the ben-

ding induced by the approx. 2 to 3 kg of spring force app-
lied via O070mm O-rings to the back of the mirrors, sho-
wed that the springs had caused an increase in the measu-
red angle on the order of 0.01°, or roughly half the measu-
red difference of 0.022°.

Mechanical testing proved difficult because features had
been machined into opposite sides of the housing (and
using the same CNC machine for coordinate measure-
ments was obviously not an option in this case). Therefo-
re, it was decided to measure the optical performance of
the unit instead and then use a process of ‘inverse sen-
sitivity analysis’ to estimate backwards, and determine
how closely the mechanical dimensions were met.

Figure 2b Backview with two mirrors mounted. Gold Optical performance of the relay optics was measured
coating of small mirror visible. Mirrors are spring- by mounting a pinhole or slit at the input and observing
loaded against precision-machined, circular contacts. the quality of the image at the output. The pinhole or

slit was mounted close to its nominal position by using
a mechanical holder of the type shown in Figure 2a, and
the optics observing the output image was manually
focussed for minimum spot size.

In a first test, the image of a pinhole was recorded on a
CCD camera (PCO, 12 bit, 6.7 um pixels) equipped with a
homebuilt 40x microscope objective, see Figure 3. Imag-
es were taken at a short exposure time of 2 ms to mini-
mise vibration effects.

The pinhole was nominally 010um which, because of dif-
fraction, appears as 13.5 £0.5um when viewed with vis-
ible light. [Radius of Airy disk to 1st dark ring is z [0.61
Figure 2c Top view with lid removed. - (0.55um)/NA.] The measured width of the spot image was
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Figure 3 The Relay Optics mounted for the pinhole imag-
ing test.

FWHM O 78 pixels - (6.7 um/pixel) =+ 40 013.07 pm. As-
suming the image is approximately Gaussian, this corre-
sponds to an RMS radius of about 13.07 <+ 2.35 = 5.56um,
which is smaller than the nominal spot value of 5.6um
rms reported by ZEMAX (compare discussion of Figure
1). According to the laws of physics, opto-mechanical tol-
erances, diffraction, and the finite width of the pinhole
itself (10/v 12 02.89um rms) should all add to the nomi-
nal and produce a value larger than 5.6um rms. The con-
clusion was that the optical performance was so good that
the small deviation from the nominal could not be detect-
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Figure 4 Summary of the MTF results. Diffraction limit

for NA=0.27 (green); nominal design assuming zero me-

chanical and optical tolerances (blue); and measured per-

formance (red). Dots (o) indicate horizontal slit (pointing

input - exit); stars (*) indicate vertical slit; and solid lines
are averages of the two.

ed by using the simple process of root-sum-of-squares
subtraction of measured and simulated spot widths.

The modulation transfer function is a much more sensi-
tive indicator of small deviations from the ideal, diffrac-
tion-limited, imaging performance. In a setup similar to
the one shown in Figure 3, the MTF of the relay was mea-
sured on an MTF Test Station (Image Science Ltd., Chal-
grove, Oxford, England). Microscope objective was 4x
and slit width was 8 pum, giving a useful frequency range
up to 80 cycles/mm. Results are summarised in Figure 4
and show that the relay performed very close to its nom-
inal design.

For the inverse sensitivity analysis, ZEMAX iteratively
increased individual mechanical tolerances until the sim-
ulated MTF at 50 cyles/mm had dropped to the measured
value of 0.62, see Figure 4, allowing focus adjustments.
The results are summarised in Table I.

The values listed in the "7minmax” column of Table | are
minimum-maximum values in the following sense. First,
the values are minimal in the sense that each value sum-
marises the sensitivity results of several degrees-of-free-
dom of mechanical movement. For example, the first row,
X-,Y-position of the vertices of the two large mirrors, has
four DoF’s because two mirrors can shift into two direc-
tions. Since shifts can be to the (+) or (=) side, the inverse
sensitivity analysis produces a total of eight AX-, AY-val-
ues, each individually sufficient to degrade the MTF to
0.62. The value, 12 um reported in Table I, is the mini-
mum of the eight absolut values, i.e., it represents the
most critical tolerance. (Many of the other seven toler-
ances, which are not listed in Table I, are more than 2x
less critical.) Second, the reported values are maximal be-
cause each number is computed assuming that the indi-
vidual mechanical tolerance is responsible for all of the
observed degradation in MTF, whereas all other mechani-
cal tolerances and all optical tolerances (radii and surface
figures) are assumed to be zero. Clearly, by putting all the
blame onto the single tolerance under study, the reported
value is increased and the numbers in Table | are worst-
case estimates in this sense. Now, if we assume that the
mechanical features addressed in each row of Table | can
be CNC machined with equal difficulty or ease, then the
minmax values can be used to make conclusions such as:

"The housing was machined accurately enough to position

the vertices of the two large mirrors to within better than
+12 um of their nominal X- and Y-positions;” and so on
for the other rows of Table I.
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Table | Mechanical Tolerances Estimated by Inverse Sensitivity Analysis
Note: X-axis is perpenticular to the plane of the paper in Figure 1; Y- and Z-axes are local to the mirrors and
attached to their vertices, with the Z-axis pointing in the direction of the optical axis. DoF = degrees of freedom.

DoF “minmax” “likely”
X-,Y-position of the vertices of the two large mirrors | 4 12 ym +7 um
X-,Y-position of vertex of the one small mirror 2 125 pm ()
Z-distances, small-to-large mirrors 2 26 um + 15 um
X-Y-tilts of the two large mirror 4 0.005° +0.003°
X-,Y-tilt of the one small mirror 2 0.10° ()

The values listed in the ‘likely’ column of Table | are an
attempt to estimate the achieved accuracy more realisti-
cally, as minmax/V 3, i.e., by arbitrarily assuming that
three tolerances are equally responsible for the MTF de-
gradation. Since the tolerances of the small mirror have
only a relatively small effect on optical performance,
their limits cannot be effectively estimated by the inver-
se sensitivity process. However, it is reasonable to assu-
me that accuracies are similar to the ones achieved for
the larger mirrors, and this is indicated with the (”) signs
in Table I. The tilt tolerance of + 0.003° of the larger mir-
rors is equivalent to an ‘edge-to-edge’ tolerance of 82mm
- tan(=0.003) J+4 um.

SUMMARY AND CONCLUSIONS

A zero-alignment, rigid housing for an Offner-type 1:1
relay optics was machined using a 5-axis CNC machine.
The part was machined in a single chucking out of a block
of tool aluminum and contained three annular contact
rims against which the spherical mirrors were mounted
using spring-loading, thereby eliminating any manual
alignment of the mirrors. The optical performance of the
relay was measured on an MTF test station and was close
to the nominal design which, in turn, was close to the
diffraction limit. An inverse sensitivity analysis showed
that the mechanical features of the housing had been ac-
curately machined to within better than approx. £ 10 um
from their nominal positions.

For imaging-spectrograph type applications, in which the
small mirror is replaced with a grating, the result of this
report means that manual alignment can be reduced to (i)
rotational alignment of the grating grooves and (ii) fo-
cussing of the focal plane array, depending on the toler-
ances of the FPA chip relative to its outside package.

Some final remarks concern the opto-mechanical design
process. Close cooperation between the designer of the
part and the CNC operator is necessary in order to insure

that the housing is within the operating limits of a par-
ticular CNC machine. The range of tilt of the rotary table,
which is typically around 120°, limits the complexity of
the features that can be machined in a single chucking,
into opposite faces of a part. It is likely that the alumi-
num block needs to be mounted in an angled jig in order
to better utilise the available range of tilt. Tools with a
larger than 90° point angle are helpful in this regard.
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Optical Interconnects on Printed Wiring Board

ABSTRACT

Future wiring boards may include optical transfer lines
in addition to conventional copper striplines. This devel-
opment is driven by the ever-increasing performance and
integration density requirements that probably cannot
be fulfilled feasible with electrical interconnects but are
seen achievable with optical interconnects. In the OHIDA
project, electronics design and manufacturing technolo-
gies for the integration of optical transfer lines into print-
ed wiring boards (PWB), as well as for the packaging and
assembly of optical transmitters and receivers onto the
boards, are studied and developed.

INTRODUCTION

With ever-increasing processor clock frequencies and
telecom data rates, the performance of electrical inter-
connects inside equipment creates a bottleneck. The per-
formance of electrical interconnects has many physical
limitations, for instance, due to dispersion, electromag-
netic emission, and susceptibility against electromagnet-
ic radiation. However, optical interconnects have a very
high bandwidth and are also insensitive to EMI/EMC
problems. Fibre (ribbon)-based optical interconnects are
already used in rack-to-rack and board-to-board appli-
cations, but they do not meet the low-cost and high-in-
tegrability requirements for board level and shorter dis-
tances. Free-space optical interconnects have been wide-
ly studied but so far have only shown potential for very
short-range intra-chip and intra-MCM (multi-chip mod-
ule) applications. However, optical interconnects based
on integrated waveguides are a promising solution to
overcome the interconnection bottlenecks at board and
module level.

Most likely, novel technology with high-bit-rate opti-
cal interconnects has to be developed based on existing
PWB technology instead of developing a completely new
one. The stripline-like optical waveguide approach fulfils
the integrability and compatibility requirements of PWB
technology and enables design techniques analogous to
the ones used for wiring electrical signals. This leads to
hybrid optical-electrical boards (OE-PWB) with optical
waveguides embedded in the board as additional optical
layers, see e.g. ref. [1]. In this paper, some key technologi-
cal challenges and potential solutions are reviewed.

The objective of the OHIDA (Optics on future printed cir-
cuit board in high speed data transmission applications)
project (2002-2004) is to develop technologies to inte-
grate high-speed (~10 Gb/s/channel) optical intercon-
nects into conventional (FR-4) PWBs with dimensions of

up to 50 cm. This includes studies of the potential tech-
nologies, including high-speed electronics and optoelec-
tronics, packaging and optical coupling concepts for the
transmitters and receivers, as well as materials and pro-
cessing for optical waveguides. In the second phase, the
design and manufacturing processes of OE-PWBs and the
attaching techniques for optical components will be de-
veloped to be more suitable for board production and as-
sembly processes. Suitable technologies and processes
will also be demonstrated and tested.

DEVICES

The electronic and optoelectronic component technologies
suitable for short-distance optical interconnects up to 3
Gb/s/channel are commonly available, and 10 Gb/s devic-
es are emerging. Although almost all components are de-
signed for fibre-optic links (being the only volume appli-
cation so far), most of them are also suitable for OE-PWBs —
directly or after a small modification. In addition, the cus-
tomised packaging of transmitters and receivers for the
chosen optical coupling scheme need to be developed to
enable compatibility and feasibility for the assembly pro-
cess and to ensure that the reliability criteria are met.

Probably the most suitable emitter devices for OE-PWBs
are vertical-cavity surface-emitting lasers (VCSELSs),
emitting at around an 850-nm (or 970-nm) wavelength.
Monolithic VCSEL arrays allow high interconnection
density and have shown the required reliability and the
potential to become a low-cost technology. Currently, 3
Gb/s VCSELs are available as arrays and 10 Gb/s/channel
arrays are emerging. The optical receivers will be based
on photodiodes or metal-semiconductor-metal (MSM) di-
odes with integrated pre-amplifiers. Suitable detector
technologies exist, but optimisation in terms of band-
width and active area would be required to maximise
the performance in OE-PWB applications. To allow better
alignment tolerance in optical coupling between wave-
guide and detector, as large a detector area as possible is
preferred; but increasing the area of the detector increas-
es its capacitance, which results in decreased receiver
bandwidth and increased pre-amplifier noise. MSMs are
probably better than PINs, since a larger photosensitive
area-receiver sensitivity product is possible at the same
bandwidth. Nevertheless, there is a much better selection
of PINs available than MSMs, because in fibre applica-
tions the smaller area of PINs is often sufficient.

OPTICAL WAVEGUIDES
In addition to excellent optical properties, the important
requirements of hybrid optical-electrical board technol-



ogy, from the materials and manufacturing point of view,
are structural integrity and multi-material compatibili-
ty. The use of polymer based materials for optical wave-
guides offers several advantages over inorganic materi-
als, like low-cost, high endurance and the possibility for
mass production with relatively low processing tempera-
ture, giving a higher degree of freedom in design and ap-
plications. Polymer-based waveguides can be implement-
ed using process techniques compatible with PWBs, for
instance, for patterning photolithography and etching,
embossing or moulding techniques are possible. Unfortu-
nately, only a few of the PWB-compatible polymer mate-
rials have potentially feasible optical properties. Howev-
er, new materials have recently been released that exhibit
very low waveguide attenuation, even less than 0.05 dB/
cm. Embedded waveguide concepts compared to over-
laid schemes are seen as more favourable because other-
wise optics will lower the packaging density by occupy-
ing surface space. An additional waveguide layer offers
transparency to the system integrator if it is compatible
with the standard multilayer lamination process.

PWB may include multiple optical layers, but this feature
probably cannot be exploited in routing optical transfer
lines, since low loss optical ‘vias’ are very difficult to im-
plement. However, routing is possible on a single opti-
cal layer as crossovers with low loss and crosstalk can be
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made with optical waveguides (on the contrary to electri-
cal stiplines). Waveguide technology also allows the in-
tegration of passive optical structures, like splitters and
combiners, to provide multipoint connections.

The dimensions of the waveguides need to be sufficiently
large, in the order of 50 microns or bigger, to ease align-
ment tolerances for optical coupling. Such waveguides
will be highly multi-modal. There are several simula-
tion and design tools for optical waveguides, but they
are based on the analysis of individual optical modes,
which is only practicable for small waveguides, not high-
ly multi-modal ones. However, the conventional optical
analysis approach, ray tracing, is applicable. For such
analysis, Monte-Carlo ray tracing is the most powerful
general tool and can be interpreted using commercially
available software, like ASAP (by Breault Research Or-
ganization Inc). The waveguide structure, even with sur-
face roughness, can be modelled. In addition, ray trac-
ing allows analysis of the impulse response of the optical
channel and is an excellent tool for the analysis of opti-
cal coupling.

OPTICAL COUPLING — PACKAGING

Another key challenge is to provide efficient and robust
optical coupling between the waveguides and the opto-
electronic devices, i.e. transmitters and receivers — suf
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Figure 1. A vision of future optical—electrical printed wiring board.
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ficient optical alignment should be achieved by the pick-
and-place assembly of the components. This is in order to
be compatible with automated electronics manufacturing
processes. A simple approach is butt coupling, in which
the optoelectronic devices, i.e. emitters and detectors, are
placed facing directly towards the waveguide ends (Fig-
ure 2a). This scheme requires a special package with op-
tical sub-assembly entering a via or cavity on the board,
and the necessary alignment accuracy is defined by the
dimension of the VCSEL, detector and the waveguide. The
optical alignment requirements may be relaxed and the
coupling efficiency improved by the use of optics based
on micro-optical elements, such as, lenses, prisms, mir-
rors and diffractive optical elements. They also allow the
use of packages suitable for standard surface assembly
methods (Figure 2b). The expanded beam method enables
loosening the tolerance requirements, e.g. between the
package-to-alignment in Figure 2b, but the use of the
method is limited by the channel pitch of the parallel in-
terconnects, which is typically 250 pm in VCSEL arrays.

The cross-sectional dimensions of optical waveguides
should be optimised based on the chosen coupling
scheme and the properties of the emitter and detector, as
well as achievable alignment tolerances. To simplify, the
bigger the waveguide, the easier it is to couple from VC-
SEL to waveguide, and on the contrary, the more difficult
it is to couple from waveguide to the detector. In prac-
tise, a reasonable waveguide cross-section is approxi-
mately the same as for those of microstrip lines, i.e., 50...
100 um, which also allows high interconnection density.
Typically, the resulting alignment accuracy requires that
the components are in the order of 20...50 pm or smaller,
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which is very challenging but probably achievable with
today’s high-end assembly techniques. In addition, tilts
of devices (i.e. angular misalignments) have to be rather
small with optics — an aspect with not much importance
in traditional electronics assembly.

Considering the assembly of the devices, there are also
practical issues not covered by previous studies. The un-
derfill materials are an example; if, for device reliability
reasons, underfills have to be used below an optically in-
terconnected component, the material should be optical-
ly transparent and also taken into account in the optical
design. Actually, the use of underfills may also be neces-
sary for the optical channel, as they would prevent dust
or moisture from disturbing the channel.

PERFORMANCE

At 10 Gb/s, the allowed optical loss between emitter and
detector is in the order of 10 dB, or a bit more with state-
of-the-art devices, to maintain a very low bit-error rate.
Such optical power budget probably enables transfer lines
at board level distances with state-of-the-art polymer
waveguides and minimised coupling losses. Neverthe-
less, only a small splitting ratio (1-to-2...4) multipoint in-
terconnects are possible, and even this will require very
low waveguide attenuation or short links (a few centime-
tres or less). The data rate maximum of 10 Gb/s is defined
by the bandwidth of suitable optoelectronic devices — not
by the transmission media, as bandwidth of multi-mode
waveguides can be much higher. Since the limits of de-
vice technologies are not yet reached, even higher speeds
may be possible in the future, though with the cost of a
smaller power budget.

optoelectronic device
microlenses

waveguide  solder bumps

Figure 2. Examples of optical coupling schemes between an optical transmitter/receiver in a BGA-package and a wave-
guide integrated into PWB: a) butt coupling; b) expanded beam coupling via mirror.




The state-of-the-art level for the electric interconnects
is 10...12 Gb/s with four serial lines each operating up
to 3.125 Gb/s. With suitable equalisation techniques, the
transmission distance of 0.5 m seems to be within reach,
even with FR-4 as a substrate material. Even 10 Gb/s has
been demonstrated based on adaptive equalisation and
minimisation of impedance discontinuities. At very high
data rates, optics allows better performance and higher
density (less board area needed for transmission lines).
If the system is power critical, the electrical option usu-
ally needs less power, especially at smaller speeds and
transmission distances. As the optical waveguides can
be placed close to each other without crosstalk and the
interfaces can be made small, substantial space savings
can be achieved even in small transmission distances. If
the application is EMI/EMC critical, the optical option is
more favourable.

CONCLUSIONS

Embedding optical waveguides into electric wiring
boards leads to optical-electrical hybrid boards. The op-
tical layers with waveguides can be made of polymer ma-
terials with extra processing steps using standard pat-
terning methods, such as photolithography, to ensure
compatibility with the electrical board manufacturing
processes. The high-bandwidth optical waveguides trans-
mit signals from surface-emitting laser chips to photodi-
odes, which can be heterogeneously integrated into mi-
cromodule or silicon chip packages. The optical coupling
between the transmitter/receiver and the waveguide can
be enhanced with micro-optical components, but never-
theless, stringent mechanical accuracy requirements are
probably set for packaging and assembly. Although suit-
able components and waveguide materials are available
and some functional concepts have been demonstrated,
research is still needed to develop packaging, processing
and design practices to achieve feasibility for mass-pro-
duction as well as to confirm reliability issues. In addi-
tion, new design rules and algorithms are needed that can
fully exploit the advantages of hybrid board technology.
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Printable Electronics, Optics and Optoelectronics

ABSTRACT

The integration of electrical, optical and optoelectrical
components into products such as disposable packages
and printed matter requires new, cost-effective and vol-
ume scale capable manufacturing techniques. VTT Elec-
tronics has, together with VTT Information Technology
and Finnish universities, launched the Printo-project in
Tekes’ (the National Technology Agency) ELMO-program,
the main goal of which is to develop roll-to-roll and re-
lated volume-scale manufacturing technologies for the
fabrication of electrical and optical components. Man-
ufacturing technology and functional material develop-
ment will be carried out in close relationship with Finn-
ish industry.

1. INTRODUCTION

In the future, food packages will be smart enough to
communicate actively or passively with kitchen applianc-
es, helping them to understand how food must be stored,
whether the contents of the package is all right, and what
additional foodstuff will be needed to prepare a delicious
dinner. Furthermore, shipping boxes will never get lost
because they will always know where they are and where
they are heading. They will also recognize right or wrong
handling, so the shopkeeper or consumer will have the
right address for the delivery of a credit note. These are
just two of the more modest visions helping to drive the
development of inexpensive printable electronics, optics
and optoelectronics.

N coupling grating

Figure 1. An active package containing a simple display
element, power source, the required electrical compo-
nents for energy transfer and switching, optical impres-
sive elements and a sensor.

What is needed to fulfil these visions is a volume-scale
manufacturing technology capable of producing electri-
cal, optical and optoelectrical components at a unit price
of only a few euro cents or even fractions of a cent. Op-
tical and optoelectrical components, such as the various
displays of organic LEDs, photodetectors like solar cells,

lighting elements like optical waveguides, diffractive el-
ements, and electrical components (conductors, resistors,
coils and even switching elements, such as transistors)
are needed to realize even simple entertaining, impres-
sive or guiding effects. However, in most cases the tech-
nologies for manufacturing these components currently
require inflexible substrates, not suitable for use in pack-
aging or printed matter.

The Printo project is seeking to evaluate roll-to-roll relat-
ed mass production techniques such as gravure printing,
embossing, digital printing and offset for the fabrica-
tion of optical, electrical and optoelectrical components.
These components will be the building blocks for tomor-
row’s active packages. The recent development of electri-
cal and optical polymeric, inorganic and hybrid materials,
as well as “inks” suitable for the above techniques, has
made it possible to fabricate electrical, optical and opto-
electrical components using roll-to-roll and related tech-
niques. Therefore, electrical or optical inks for roll-to-roll
manufacturing processes are also being tested, modified
and developed. Moreover, during the project, consumers’
interests in intelligent Printo-packages are defined using
functional demonstrator concepts, realized at the Univer-
sity of Lapland, in the faculty of arts and design.

2. TECHNOLOGIES

In order to investigate the volume-scale manufacturing
technologies for electronics and optics, printing methods
such as gravure, hot-embossing, flexo, offset and ink-jet
are investigated and evaluated, firstly by using simple ta-
ble scale units. By using these table scale machines, sim-
ple electrical equipment (conductors, resistors) and parts
of the active optical elements (cathodes for display ele-
ments, light guiding structures) are already demonstrat-
ed. In April 2003, a pilot production facility has been in-
stalled in clean room at VTT Electronics. This facility in-
cludes gravure (UV-, thermal- or IR-curing possibilities),
hot-embossing and laminating units. The facility is ca-
pable of printing a 25 cm max. web width at a speed of
100 m/min max.

2.1. Electrical components

For the fabrication of electrical components, conductive
polymer inks are realized and tested using gravure, flexo
and off-set techniques during the project at VTT TTE/
microelectronics. Inks suitable for gravure, off-set and
ink-jet techniques (VTT TTE/media) are fabricated and
test structures, including conductors for example, are re-
alized. However, there is limit to the conductivity of the
polymeric materials and, for example, coils are impos-



sible to realize using polymeric material. Therefore par-
ticulate silver-containing inks are used in applications
where high electrical conductivity is needed. Silver-con-
taining inks and their printability properties are inves-
tigated at the University of Oulu, in the microelectron-
ics laboratory.

2.2. Optics

The easiest way to fabricate an impressive effect is to
use diffractive optics. Diffractive optical elements will
be fabricated using the roll-to-roll hot-embossing meth-
od. The hot embossing technique is already realized for
the fabrication of light guiding structures and diffractive
elements (including optical ROM). Hot embossing tests
are carried out at the University of Joensuu, in the de-
partment of physics in close co-operation with VTT Elec-
tronics.
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Figure 2. Hot-embossing roll-to-roll manufacturing meth-
od for optical elements.

2.3. Optoelectrical components

From the active package point of view, the most criti-
cal component is the display element. During the Printo
project roll-to-roll manufacturing technologies for or-
ganic light emitting diodes (OLED) are investigated at
VTT Electronics and VTT TTE/microelectronics. So far,
functional one color OLEDs have been realized, partly
using the roll-to-roll technique. Emitting devices also re-
quire energy. This energy will be created using dye-sen-
sitized or organic solar cells (DSSC and OSC, respective-
ly). Roll-to-roll fabrication of DSSC and OSC elements
were also investigated during the Printo project. DSSC
elements will be fabricated at the University of Jyvés-
kyla, in the department of chemistry. During this project
DSSC elements using conventional techniques have been
fabricated. Material and manufacturing techniques real-
izing the roll-to-roll DSSC are under intensive investiga-
tion. The fabrication of OSC elements is directly related
to the fabrication of OLED structures. Therefore, achieve-
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ments with OLEDs have a direct contribution to the man-
ufacturing possibilities of OSC elements.

3. CONCLUSIONS

During the Printo project, techniques and materials for
the realization of intelligent and active packages have
been investigated. Results, achieved to date, indicate
clearly that roll-to-roll manufactured active and passive
electrical, optical and optoelectrical components will be
integrated into packages and printed matter in the fu-
ture.
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2.4 GHz LTCC-Radio Module

LTCC-technology helps the progress of electronics integra-
tion and also offers improvement in high frequency per-
formance. The benefit of LTCC-technology is in the high
number of available dielectric and conductor metallisa-
tion layers in the substrate. Additionally, accurate con-
ductor patterning is very good for the miniaturisation of
electronic devices. The low dielectric and conductor losses
of available LTCC-materials improve high frequency per-
formance compared to FR4-boards. It was in VTT’s inter-
est to design a pilot application to have a conception of
RF-circuit design and manufacturing matters in the LTCC-
environment.

1. THE DESIGN OF THE RADIO MODULE

For the realisation of the radio module, an LMX 3162 in-
tegrated circuit from National Semiconductor was chosen.
LMX 3162 is a 2.4 GHz ISM-band transmitter and receiv-
er integrated circuit including phase locked loop (PLL)
blocks. Common radio systems using 2.4 GHz band in-
clude Bluetooth, HomeRF and DECT. LMX 3162 has been
designed only for non-linear modulation (FSK) use which
keeps the design simple. Although LMX 3162 represents
today’s highly integrated radio chip, the fully function-
al radio module needs a separate RF-band filter, IF-SAW-
filter, voltage-controlled oscillator (VCO), a couple of dis-
crete transistors for RF-amplifiers and some conventional
discrete passive components. The total component count
is about 60. The block diagram of the radio module is
presented in figure 1. The needed supply voltage for LMX
3162 and thus for the whole radio module is 3.3 V.

The radio module circuit design was based on the LMX
3162 application data sheets provided by National Semi-
conductor. The frequency synthesiser operates on 1.2 GHz
and the frequency is multiplied by 2 inside the LMX 3162
to generate the needed 2.4 GHz local injection. This way

the synthesiser is easier to realise and the current con-
sumption can be reduced. The drawback is that the leak-
ing 1.2 GHz fundamental frequency must be filtered out
of the transmitter output.

The VCO-module used on the National Semiconductor’s
application data sheet was no longer available so an in-
tegrated circuit VCO from Maxim (MAX 2754) was se-
lected instead. The replacement VCO also has an input for
the generation of the direct frequency modulation. MAX
2754 is a very interesting VCO because of its small-size
8-pin package (3 mm x 5mm) including internally all but
one needed supply voltage filtering capacitor. The mini-
mum supply voltage for this VCO is as low as 2.7 V.

The low noise amplifier (LNA) and transmitter output am-
plifier both use a BFP 420 bipolar transistor that is very
commonly used for this kind of purpose and thus is a
cheap component. The RF and IF-band pass filters were
available from Murata. The RF-filter is ceramic and the
IF-filter is a surface acoustic wave (SAW) type.

Four tape layers of DuPont 951 general purpose LTCC-
tape was chosen to form the needed substrate with 0.8
mm of total fired thickness and thus five metallisation
layers available for conductor trace routings. It was de-
cided to print conductor metallisation with the co-fire-
able silver paste and 130 um was used as the design rule
for the minimum conductor trace width and space. That is
a very conservative rule, and 100 um is nowadays an eas-
ily realistic value for printed conductors. The size of vias
was chosen to be 200 um in diameter as it is easy to re-
alise this by punching the LTCC tape. The via holes were
also filled with silver paste before co-firing. The module
was assembled in a standard SMD-reflow process.

Lha Ceramic EPE AW BPF

— Regulior
L

=

LMX3162

1.3 GHZ PLI

Figure 1. The block diagram of the 2.4 GHz radio module.




A photograph of the assembled module is presented in fig.
2. The needed substrate area of the module with the con-
nectors is 28 mm x 33 mm. There are separate SMA-con-
nectors for the receiver (RX), transmitter (TX) and local
oscillator (LO) ports. The connector for the LO-port was
included for prototype testing purpose only and could
have been left out of the design. Two 8-pin miniature
surface mount connectors were used for the supply volt-
ages and all the needed 1/0-signals. For prototype testing
some extra pins were used although a smaller number of
pins would have been sufficient for essential power sup-
ply and 1/0-signals.

Figure 2. The photograph of the radio module.

2. THE TESTING OF THE RADIO MODULE

It was quite easy to get the radio module operating. PC
software called Codeloader is available from National
Semiconductor to load the digital control registers of the
LMX 3162. A simple cable is needed between the com-
puter and the module. The functionality of the frequen-
cy synthesiser was beforehand a little uncertain because
of the replacement of the VCO with a previously non-
tested type. That would cause a different VCO-factor in
the closed-loop transfer function of the PLL and more-
over it would have an effect on the performance of the
whole frequency synthesiser. Fortunately, the synthesis-
er was seen to function reasonably well on the whole de-
sired band 1.15 - 1.25 GHz without any loop filter modi-
fication. Without the optimisation of the loop filter, the
phase margin and the bandwidth of the closed loop are, of
course, not the best possible. In practice this means unop-
timal phase-noise and setting time characteristics.

Fig. 3. presents the spectrum analyser picture of the
transmitter output giving 5 mW RF-output power at 2.4
GHz. As can be seen, the output is fairly clean of noise
but there are interference sideband carriers 10 MHz away
from the wanted carrier. The interference carriers are
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caused by the 10 MHz reference oscillator of the PLL mix-
ing with the 2.4 GHz local oscillator signal. This might be
due to insufficient protection of the interference-sensi-
tive signal routes. Because the reference oscillator signal
was fed from an external source, it can, for example, cou-
ple to power supply wires because the perfect shielding of
wires is not possible to realise.

The receiver tests showed its functionality. At first, the
110.6 MHz IF-chain had some instability, but that prob-
lem was solved by putting the whole radio module inside
a metal box. The IF-chain has 85 dB of total gain, so it is
no wonder that good shielding is necessary for stable op-
eration. FM-receivers usually have very much gain in an
IF-chain to get proper amplitude modulation (AM) rejec-
tion in the limiter stage. The receiver is a single-conver-
sion type, and a quadrature detector is used for FM-de-
tection after the IF-amplifier and limiter stages on 110.6
MHz IF-frequency. The sensitivity or intermodulation
distortion (IMD) performance of the receiver was neither
measured nor optimised.
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output operating at 2.4 GHz.
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Fine-Line Screen Printing in LTCC

INTRODUCTION

Conventional screen printing technology, using stain-
less steel mesh screens and silver based conductors, is
the main low-cost manufacturing technique for conduc-
tor patterning in LTCC circuit manufacturing and will re-
main so in the near future. Screen printing has become
a critical process in the manufacture of LTCC substrates.
Traditionally, the minimum printed line width on ceram-
ic substrates has been 100..125 pum in production. The
need for higher packaging density has increased the im-
portance of screen print quality and fine line capabili-
ty. The increased number of RF/microwave LTCC appli-
cations has particularly emphasised the need for a high
quality screen printing process, including finer lines and
improved repeatability. In these applications the print
quality characteristics, such as line width, line edge defi-
nition, print thickness and their tolerances, are crucial to
the RF performance.

A smaller feature size will be necessary for certain de-
signs at microwave frequencies and also for high density
packaging needs in the future. The need for a higher in-
terconnection density and better line definition has led to
the increased use of photolithographic patterning meth-
ods instead of screen printing. A potential technique to
address the requirement of finer lines and improved line
definition, especially for microwave applications, is the
photoimaging technique, which uses photosensitive thick
film paste materials. Lines and spaces of 50 um and even
smaller are possible in a multilayer structure with a su-
perior line definition to screen printed lines. These new
materials are not yet widely used and their properties are
not very well known. It is, however, clear that photoim-
aging will be used more in the future, in combination
with screen printing, in those layers which are beyond
the capability of screen printing alone. However, recent
advances in screen technology enable a line and space of
below 100 pm. These new possibilities should also raise
the interest of material manufacturers in developing fine-
line pastes for LTCC.

FINE LINE PRINTING

There are numerous factors that affect screen print quali-
ty, such as substrate material and flatness, paste properties,
screen type and quality, type of squezee, printer parame-
ter settings etc. In LTCC technology, the substrate materi-
al itself is a flat and smooth tape sheet and as such an ide-
al base for fine line printing. The firing shrinkage of 10 to
15 % will further reduce printed line dimensions. The two
most important factors in fine line printing process devel-
opment for LTCC are the screen and paste properties.

For fine-line printing of thick film conductors, the qual-
ity of the screen is of great importance. Commonly used
screens for general purpose conductor printing on ce-
ramics use stainless steel 325 mesh fabric (325 wires/
inch) with a wire diameter of 30 um. The size of one
screen opening is in this case about 50 pm. A general
rule is that the minimum line width is about three times
the screen wire diameter and the mesh opening should
be three times the particle size of the paste. This means
that for 50 pm lines, the wire diameter should be 18um
or less.

A line width of below 100 pum is possible by using screens
with a thinner mesh wire and thus bigger openings, al-
though this causes a shorter screen life and higher cost.
Typically, 400 mesh screens with 18 um wire are used
for feature sizes of less than 100 um, but even 500 mesh
screens are available today. It is clear that the finest fab-
ric materials are susceptible to damage and are also ex-
pensive. A higher screen tension gives a better image
quality, because a smaller screen gap can be used. On the
other hand, the screen is easily damaged if it is stretched
to its elastic limit. The optimal angle of screen wires for
fine-line printing is generally regarded to be 30 degrees.
A wire angle of 22° is also commonly used.

In addition to cloth thickness, the photosensitive screen
emulsion thickness has an effect on the print thickness.
Typically 10...20 um emulsion thickness is used for fine
line printing, depending on the paste properties. The
emulsion exposure parameters should be optimised to get
a good line definition and small deviation. For 75um fea-
ture size and smaller, a glass mask is normally recom-
mended for screen exposure. The cost of a glass mask is,
however, too expensive for most low and medium volume
applications. A film mask does not produce quite as ac-
curate feature edges, but high quality films can be used
even for 50 um feature size.

Regarding fine-line printing, one problem with woven
mesh screens is the uneven open area for the paste to go
through due to the random location of mesh wires and
poor emulsion definition on top of the wire. An even big-
ger problem is conductor smearing or spreading. This
means that a small line spacing is normally a bigger
problem than a small line width. Sharp corners are es-
pecially problematic with small conductor spaces. The
squezee has to seal the emulsion properly to the substrate
surface to prevent the paste from spreading. A very im-
portant factor is how the screen is separated from the
substrate surface behind the moving squezee.



Paste composition plays a major role in fine-line screen
printing. Typically, fine line thick film pastes are fair-
ly high viscosity gold pastes. One reason for this is that
very fine Au powder has been available. Nowadays, Ag
powders with a small um particle size can also be man-
ufactured. The right paste rheology is very important
to achieve good results. The viscosity is affected by the
binder system, solvent and metal particle size and distri-
bution. It is important to know that the paste properties
should match the used printing tool. If the paste works
fine with a mesh screen, it doesn’t necessarily work well
with a stencil and the stencil design should be optimised
to the paste viscosity. In production it is also essential to
keep the paste viscosity constant. The optimum printer
settings and operator skills are, of course, very impor-
tant for fine-line printing. Most Ag based paste materials
for LTCC are not formulated to be suitable for a line width
of below 100 um, although some materials perform bet-
ter than others.

PRINT TOOLING
The state-of-the-art screen printing tool is the so-called
“trampoline screen”, also called the “combination screen”.
This uses a high mesh count, thin wire stainless steel fab-
ric, which is glued to a polymer fabric, as shown in Fig.1.
Due to the elastic polymer fabric, the screen tension can
be increased without damaging the fine wire screen. The
trampoline structure also allows for a more optimal screen
separation angle behind the squezee. A microscope pic-
ture of a fine mesh combination screen is shown in Fig.2.
A glass exposure mask is recommended for feature sizes of
below 75 pm. The screen cost is about 50% higher than a
conventional fine mesh stainless steel screen.

Metal stencils, made with double sided etching or electro-
forming, have been used instead of conventional screens
in the manufacture of some specific high volume applica-
tions, such as solar cells or capacitors. Other applications
include wafer bumping and via filling of green ceramic
sheets. The potential accuracy of stencil printing is based
on the custom hole grid design of the conductor layout.
Hole size, hole pitch and stencil thickness can be adjusted
to optimise the print quality and print thickness of a cer-
tain paste material. To manufacture a high quality sten-
cil, a precise glass mask is needed. This is very expen-
sive since the size of the mask is normally quite big. For
experimental purposes and prototyping, a less expensive
but also less accurate emulsion glass mask can be used.

LTCC TECHNOLOGY IN MODULE PACKAGING

sQuezee screen frame

55-mesh /
2\ v

r— palymer mesh

Figure 1. The principle of trampoline screen
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Figure 2. 500 mesh trampoline screen, 18 um wire, 32
pm opening

Figure 3. Detail of electroformed stencil, 60um line/
90um spacing

Etched stencils use a metal foil, e.g. stainless steel or
brass, etched on both sides to give a symmetric hole. For
conductor printing, a polymer emulsion layer is needed
on the bottom side of the foil to enable a good line defi-
nition. Electroformed metal stencils are usually made of
hard nickel with a good mechanical strength and thus a
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long screen life. Electroforming gives a better hole quali-
ty compared to etching or lasering. The stencil consists of
two separate layers. The upper nickel layer with the hole
grid pattern is expanded first to a thickness of 20...30 pm.
The bottom Ni layer with the conductor image (product
layer) has the same function as the polymer emulsion on
standard screens. The thickness of the layer can be varied
between 10...45 pm to achieve the desired print thickness.
The cost of an electroformed stencil is typically 10 to 15
times the cost of a standard mesh screen. On the other
hand, the life of the stencil is very long.

EXPERIMENTAL

The experimental fine line printing work was focused on
pure Ag pastes, which were printed on tape. These were
commercial materials of different LTCC systems. The test
layout (4”x4”) included typical conductor meander test
patterns and spiral inductors with 50 um minimum line
width and space. The fine line printing tests were per-
formed on the Baccini printer. Altogether 31 test lots
were made with different Ag pastes. In addition to stan-
dard stainless steel screens, a special tool was used, such
as trampoline screens, and stencils made by etching or
electroforming. The printer parameters like snap off dis-
tance, squezee pressure and squezee speed were varied
and recorded. Also the squezee hardness and squezee an-
gle were varied.

Clearly the best results were given by the trampoline type
of screens, both 400 mesh and 500 mesh. It seems clear
that this concept gives a better print quality compared to
conventional stainless steel screens with a similar mesh
count and wire diameter. Figure 4 shows the sustain-
able print quality achievable with the tested combination
screens and fine-line pastes. Even 50 um lines and spac-
es were possible for straight lines. The spiral test struc-
ture with 50 pm line width and space couldn’t be print-
ed repeatedly, although in some individual cases the re-
sult was good.

The print quality for the etched stencil was similar or
slightly better than that of a standard 400 mesh screen.
The benefit, compared to the high cost, was not big. The
electroformed stencil gave better results than the etched
one but conductor smearing was a problem with dense
spiral structures. In stencil printing in general, high vis-
cosity pastes cause line discontinuities due to limitations
in the hole pitch of the grid layer. The stencil grid de-
sign is thus very critical. Electroformed or etched stencils
cannot generally be recommended for fine-line printing
in circuit and module manufacture. For very high volume

| S——————————

————

Figure 4. Ag conductor 75 um line/ 75 um space, printed
with 400 mesh “trampoline screen”

applications, however, the optimisation of stencil design
could be justified and stencil tooling may be a good and
cost effective solution in component manufacture.

CONCLUSIONS

It was demonstrated that the new trampoline type of
screen gives a clear improvement in fine-line print quali-
ty compared to conventional stainless steel screens. Elec-
troformed metal stencils also gave promising results and
are potentially suitable for the high volume manufacture
of special applications and components. A clear problem
with fine-line printing on LTCC is that there are only a
few silver based thick film pastes capable of producing a
line width of below 100 um.

§ Kari Kautio
Kari Kautio@vtt.fi
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The Characterisation of the Integrated RF Passive

LTCC-Technology enables the integration of passive com-
ponents into the substrate of an electronic device. It can be
used for cost reduction by replacing discrete components.
A great number of spiral inductors and interdigital capac-
itors of different geometries were manufactured and mea-
sured to find the useful frequency span and the optimal
dimensions. The tests were repeated using different com-
mercially available LTCC material systems. The measured
peak Q-values for the spiral inductors were up to 100. The
lowest measured insertion loss for the three finger inter-
digital capacitor was 0.4 dB at 7.7 GHz, which was the se-
ries resonance frequency of the capacitor.

STRUCTURES FOR INTEGRATED INDUCTANCE REALISATION
The spiral inductor is the most used inductive element in
the planar world. It has good area efficiency because of
the mutual coupling of the turns. That also enhances the
inductor quality factor (Q-value). The restrictive proper-
ty of spirals is that the parallel resonance frequency re-
mains quite low due to the relatively high parasitic ca-
pacitances of the spiral turns.

The ground plane underneath the spiral has a very im-
portant role for the inductor Q-value. The characteristic
impedance of the spiral trace should be made as high as
possible to create an inductor rather than a transmission
line structure. This means that a spiral trace without the
ground plane acts mostly like an inductor. If the dimen-
sions of the spiral are made small (a narrow conductor
trace is used) and there is also dielectric material present,
the radiation of the spiral is reduced and furthermore the
Q-value is increased. The picture of the structure for spi-
ral inductor testing is presented in fig. 1.

swesp

Components in LTCC

Fig. 1. Test structure for spiral inductor measurement.

To characterise the properties of spiral inductors, sets
of test structures with variable dimensions were manu-
factured on a few commercially available LTCC materi-
al systems (DuPont 951, Heraeus CT2000 and Ferro A6S).
Round geometries were also designed and tested, because
round is known to be the optimal spiral inductor shape.
The improvement in Q was even up to 45% compared to
rectangular geometries.

At the resonance frequency the parallel resonance of the
spiral causes a deep notch on the measured S21 curve. An
example of the measured response of the spiral inductor is
presented in fig. 2. As can be seen, the notch that indicates
a high Q-value is very deep. The Q at resonance can be
calculated directly from the 3-dB bandwidth of the notch.
Moreover it can be approximated to be the unloaded Q be-
cause the notches are in the range of -40 to -50 dB which
means very low loading [1]. The parameters of some tested
rectangular inductors are presented in table 1.

From table 1 it can be seen that inductors 1 - 4, made by
using photopatterned conductor metallization, receive a
clear benefit from the narrow available conductor trace
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Fig. 2. Measured response of the example spiral inductor (nr. 2 in table 1).
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Table 1. The parameters of some measured rectangular spiral inductor structures.

Structure number Conductor | Outer side | Inner side | Number | Inductance Quality Resonance
/LTCC Type trace width of turns measured factor at frequency
at 200 MHz | resonance

(W) (Do) (Di) (N) L) Q) (f_res)
1./DP951 50 um 1.2 mm 0.5 mm 4 25nH 19.8 3.34 GHz
2./ DP951 50 um 1.6 mm 0.5 mm 57 nH 74.8 2.02 GHz
3./ DP951 50 um 2.8 mm 1.1 mm 9 481 nH 78.7 795 MHz
4./ DP951 50 um 3.2 mm 1.3 mm 10 1.59 uH 81.9 645 MHz
5. /CT2000 100 um 1.5 mm 0.5 mm 3 17 nH 30.5 4.15 GHz
6. /CT2000 100 um 3.1 mm 0.5 mm 7 115 nH 70.9 1.28 GHz
7./CT2000 100 um 2.4 mm 1.0 mm 4 48 nH 86.1 1.90 GHz
8. /CT2000 100 um 2.8 mm 1.0 mm 5 77 nH 85.9 1.46 GHz
9. /A6S 100 um 1.5 mm 0.5 mm 3 16 nH 43.2 4.84 GHz
10. / A6S 100 um 3.1 mm 0.5 mm 7 87 nH 94.9 1.52 GHz
11./ A6S 100 um 2.4 mm 1.0 mm 4 42 nH 75.4 2.19 GHz
12. / A6S 100 um 2.8 mm 1.0 mm 5 64 nH 62.4 1.69 GHz

(50 um) to realise higher inductances on the same sub-
strate area. The maximum achieved inductance was as
high as 1.6 uH. Inductors 5 - 12 have printed 100 um wide
conductor traces, and the achieved inductances are less
than 100 nH. The Q-values for all the inductors are be-
tween 20 and 95.

STRUCTURES FOR INTEGRATED CAPACITANCE REALISA-
TION

Capacitive circuit elements can be realised, for example,
with multilayer plate structures. Unfortunately they have
a relatively high parasitic capacitance to the grounded
shieldings. Plate capacitors are not useful in microwave
applications, where interdigital capacitors are a better
choice. A picture of a three finger interdigital capacitor is
presented in fig. 3.

The plot of the measured response of the example three-
finger interdigital capacitor (number 13 in table 2) is pre-
sented in fig. 4. The effect of the series and parallel mode
resonances can be noticed occurring while the overlapping
section of the fingers are electrically A/4 and 1/2 long re-
spectively. The maximum of the [S21]| occurs at series res-
onance frequency and the minimum or the notch occurs
at the parallel mode resonance frequency. Parameters of
some tested finger capacitors are presented in table 2.

A plate capacitor topology can be used to realise buried
and shielded capacitors. Plate capacitors usually have sig-
nificant parasitic capacitance to grounded shield metal-
lization. To minimise the parasitic capacitance the sub-

strate can be stacked with tapes having different thick-
nesses so that the thinnest tapes are in the middle of the

Fig. 3. Three-finger interdigital capacitor.

stack acting as the dielectric between the capacitor plates.
Mixed-K laminates would also be very beneficial for the
integration of plate capacitors. A picture of an example
plate capacitor structure is presented in fig. 5. Parame-
ters of some tested plate capacitors are presented in table
3. The plot of the measured response of the example plate
capacitor is presented in fig. 6 (number 5 in table 3).

Fig. 5. Plate capacitor structure.
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Fig. 4. Measured response of the example three-finger interdigital capacitor (nr.13).

Table 2. Parameters of some measured interdigital capacitors.

Structure number /LTCC | Length of the | Number of | Width of finger Resonance fre- Insertion loss at
Type finger section | fingers traces and gaps | quency the resonance fre-
quency
1./ DP951 4 mm 3 130 um 7.5 GHz -1.0 dB
2./ DP951 5 mm 3 130 um 7.3 GHz -0.5dB
3./ DP951 6 mm 3 130 um 5.7 GHz -0.6 dB
4./ DP951 7 mm 3 130 um 4.9 GHz -0.6 dB
5./ DP951 8 mm 3 130 um 4.5 GHz -0.6 dB
9. /CT2000 4 mm 3 100 um 7.7 GHz -0.4 dB
10. / CT2000 5mm 3 100 um 6.1 GHz -0.4 dB
11. / CT2000 6 mm 3 100 um 5.2GHz -0.4 dB
12. / CT2000 7 mm 3 100 um 4.7 GHz -0.4 dB
13./ CT2000 8 mm 3 100 um 3.9 GHz -0.4 dB
14. / CT2000 9 mm 3 100 um 3.4 GHz -0.4 dB
15. / A6S 4 mm 3 100 um 51 GHz -3.0dB
16. / A6S 5mm 3 100 um 51 GHz -1.6 dB
17. / A6S 6 mm 3 100 um 51 GHz -1.0 dB
18./ A6S 7 mm 3 100 um 4.5 GHz -0.9dB
19./ A6S 8 mm 3 100 um 4.4 GHz -0.5dB
20. / A6S 9mm 3 100 um 3.7 GHz -0.5dB
21./DP943 4 mm 3 100 um 7.8 GHz -11 dB
22./ DP943 5mm 3 100 um 6.8 GHz -1.0 dB
23./DP943 6 mm 3 100 um 5.0 GHz -0.8 dB
24./ DP943 7 mm 3 100 um 4.5 GHz -0.7 dB
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Table 3. Parameters of some measured plate capacitors.

Structure Dimensions of the Series ca- | Parasitic ca- | Measured min. in- | Dielectric thickness be-
number /LTCC | plate stack pacitance | pacitance sertion loss / fre- tween plates / substrate
Type quency thickness
1./ DP951 12mmx225mm |19 pF 1.4 pF 2.0dB/3 GHz 0.2/1.6 mm
2./ DP951 1.2mmx3.1mm 2.7 pF 1.6 pF 1.8dB/1GHz 0.2/16 mm
3./ CT2000 1.2 mmx 2.25 mm 6.5 pF 1.7 pF 1dB /10 GHz 0.078 /1.1 mm
4./ CT2000 1.2 mm x 31 mm 8.7 pF 21 pF 1dB/0.7 GHz 0.078 /11 mm
5./ A6S 1.2 mm x 2.25 mm 3.3 pF 1.0 pF 0.35dB/25GHz |01/1.6 mm
6./ A6S 1.2mmx3.1mm 4.6 pF 1.3 pF 0.38 dB / 1.9GHz 01/16mm
7./ DP943 1.2 mm x 3.65 mm 5.8 pF 15 pF 0.87dB / 1.2GHz 011/13 mm
8./DP943 1.2 mmx 4.8 mm 7.6 pF 17 pF 0.90dB/0.9GHz |011/1.3mm
sweep
Aplac 7.6%Z User: VTT Electronics, Optoslsctroniecs Mar D6 2003
0.00 o.00
~5.00 — | —-5.50
- \ |
N I
. | -
-10.00 — —-11.00
-15.00 — —-16.50
-20.00 T T T T T T —TT -22.00
100.0M jon.om 1.06 3.06 10.06
f/Hz
magdB (221) —— magdBi811) R ——

Fig. 6. Measured response of the example plate capacitor (nr.5).
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LTCC Dual Mode Patch Filter for Millimeter Waves

1. INTRODUCTION

Low temperature co-fired ceramic (LTCC) technology is
based on multi-layer thick film processing, which allows
the combination of active and passive microwave com-
ponents into a monolithic module. This enables micro-
wave devices to be fabricated with a high overall reliabil-
ity while keeping the cost competitively low. The devel-
opment of local area networks (LAN) and car radar sys-
tems caused the intensive investigation of LTCC proper-
ties at millimetre-waves. The experiments of different
transmission lines (microstrip, stripline, coplanar, etc.)
and passive components based on LTCC at frequencies up
to 40 GHz have been made. They show the capability of
multi-layer LTCC technology to be utilised at millimetre-
waves [1,2].

Fabrication tolerances of LTCC technology (currently it is
possible to resolve 100/100 pm line/space with 10% ac-
curacy) can affect the repeatability of LTCC filter param-
eters. In addition, LTCC filters exhibit a rather high inser-
tion loss in bandpass, which is caused by the microwave
loss of normal conductors due to the skin effect. Extra at-
tention has to be spent on selecting the correct structure
to find a resonator with the highest Q-factor. Also it is
necessary to select the right type of filter characteristic
to minimise the number of resonators.

The aim of the experimental investigations was to find
a low-loss filter layout possessing the least sensitivity to
technology uncertainty and to test the parameter repeat-
ability of the bandpass LTCC filter proposed.

2. DESIGN

Fig. 1 shows the conventional dual-mode resonant struc-
ture. Such a structure has been developed from a single-
mode resonator (commonly used for microstrip patch an-

In .

Out

Figure 1. The principle of dual-mode resonant patch
structure.

tennas) by adding a perturbation at a point 45° from the
axes of the coupling and the resonator (the patch is cut
in one of its corners). It enables two orthogonal modes,
generated within the resonator, to be coupled [3]. The
filters based on such a structure are supposed to pos-
sess the least sensitivity to LTCC technology uncertain-
ty. Each square patch replaces two commonly used half-
wavelength resonators, the side of the square patch be-
ing about half-wavelength. There are therefore no narrow
lines with widths close to technology limitations. Also
these resonators are known to have advantageous fea-
tures such as size compactness, low radiation loss, and an
easy-to-design layout.

The aim of the design procedure was to build the filter
with a 3.5% bandwidth and 12 dB return coefficient. To
obtain the required strength of coupling coefficient the
resonant structure and feed lines were inserted into dif-
ferent layers. So, the external coupling is realised by
an overlap between the resonator and the feed line. By
changing the deepness of the cut the coupling coefficient
between the generated modes can be modified. It makes it
possible to design a second order filter.

A filter operated at millimetre-waves should be insert-
ed into a proper package to prevent radiation losses. The
stripline configuration is the most preferable solution. It
enables us to design a closed box where vertical walls are
realised by vias. The distance between vias was about
200 pm, 12 times less than the wavelength at the central
frequency of the bandpass. Hence, the package walls may
be considered monolithic.

There are many different types of filter responses avail-
able. Every type has its own advantages and disadvantag-
es. The necessary design trade-offs can be evaluated to
best meet filter requirements. The use of Chebyshev poly-
nomial response allows a minimal insertion loss with the
sharpest cut-off to be obtained. Estimation of the filter
parameters shows that a 3-pole filter with Chebyshev
characteristics satisfies the specifications involved.

3. REALISATION

To test LTCC properties at millimetre-waves the 2-pole
filter with a central frequency of 29.1 GHz and 2.1 %
bandpass was designed for an 8-layer CT2000 tape sys-
tem. The length of the patch side was 1.5 mm and the
widths of the input and output lines were 100 pm. The
distance between the square patch and the feed lines was
156 um and the feed lines overlapped the square patch by
500 pum. The ground layers of 6x6 mm? were printed on
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the top and bottom of the substrate. Their distance to the REFERENCES

patch layer was 312 um. The Ag conductors were screen- 1. C. Free and P. Barnwell, “Microwave properties of
printed on an unfired tape. All the layers were then lam- an integrated thick film and tape technology to 40
inated and co-fired. GHz”, Proc. Int. Symp. on Microelectronics, Chicago
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return loss over the bandwidth is better than 12 dB. The 3. J.A. Curtis and S.J. Fiedziuszko, “Miniature dual
structure reveals less than 2.8 dB loss in the bandpass. mode microstrip filters”, IEEE MTT-S Dig., Boston,
The measured and predicted results coincide rather well USA, pp. 443-446, June 1991.

in the bandpass. However, additional resonances were ob-
served in the measured frequency band. We suppose they
were caused by the filter package and this influence on
filter characteristics can be removed by changing the ex-
citation of the filter. The measurements of the test struc-
tures reveal the filter’s good parameter repeatability. The
Q-factor of the dual mode structure involved was 150.
For comparison, a microstrip ring resonator and a strip-
line half-wavelength resonator were designed. They had
Q values of 100 and 115, respectively. Thus the dual mode
resonant structure is a very attractive option.
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Figure 2. The scattering parameters of the 2-pole LTCC
filter. Markku Lahti

Markku.Lahti @vtt.fi
5. CONCLUSIONS

The LTCC dual mode bandpass filter was designed and
measured. Comparison of the predicted results and mea-
sured data shows good agreement. Also, the repeatability
of the scattering parameters of the LTCC filter was dem-
onstrated. The design of the filter package was found to

be critical for the performance of the filter.

Tuomo Jaakola
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Thermal Management of Power MMIC on LTCC Substrate

INTRODUCTION

Low temperature co-fired ceramics (LTCC) are finding in-
creased usage as an interconnect substrate, especially in
high frequency applications due to the high conductivi-
ty of the conductors and low loss of the dielectric. Mil-
limeter wave transmitter modules often require the inte-
gration of a high power MMIC amplifier on the substrates.
The power densities to be dissipated can be as high as 100
W/cm?2, so a very good thermal contact with the thermal
sink is required. Due to the relatively low thermal con-
ductivities of 2-4 W/m°C of LTCC materials, high power
applications must use thermal vias.

In this work the heat management effectiveness of Si and
GaAs components on LTCC substrate has been modeled by
a thermal simulation tool, and the results have been com-
pared to experimental measurements. The effects of ther-
mal via area fraction, and of novel die adhesive materials
with high thermal conductivities on the thermal manage-
ment capability of the structures have been studied.
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MANUFACTURE OF TEST CIRCUITS

Figure 1 shows a sketch of the test structures selected for
studying the thermal transfer efficiency of thermal vias.
The largest area fraction of vias was obtained with the
via diameter of 180 um and via pitch of 350 um. The best
thermal conductors are the silver via fills (i.e. DuPont
6141 at 289 W/mK).

A silicon thermal test die (PST1-02, size 2.54 x 2.54 x 0.6
mm?) with a heating resistor and diodes on its surface for
temperature monitoring and a GaAs power amplifier (42
GHz HPA APH403 from Velocium) chip (size 1.3 x 2.76
x 0.1 mm?) were used in the work. The typical DC power
dissipation of the component is 2.4 W.

Novel materials with high thermal conductivity were used
for attaching the power components. ME8418-XT and
MES8550-UT from AIT, XCP3300 from Emerson&Cuming,
Ablebond 84-1LMIT1 and Diemat DM6030 were used in
the experiments.
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Figure 1. Cross-section of the LTCC thermal test circuit (left). Via patterns selected in making the thermal management
LTCC substrates (right).

Figure 2. Photo of the PST test component attached on LTCC (left) and a photo of the assembled APH403 MMIC with

six capacitors.
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Table 1. Maximum temperature increase on an APH403 GaAs power amplifier chip on LTCC calculated by THERMIC

simulation tool.

Power distribution on chip surface Area fraction of vias AT
2.4 W in 70% of chip area 18.4 % 23.0°C
2.4 W in 70% of chip area 32% 21.1°C
2.4 W in three 0.5 mm wide areas (0.26, 0.86 and 1.34 W) 18.4 % 39.0°C
2.4 W in three 0.5 mm wide areas (0.26, 0.86 and 1.34 W) 32% 36.4°C
The LTCC substrates were manufactured at VTT Electron- el Pt
ics LTCC proto line using DuPont 951-AX tape materi- 1.7 =W
al. The number of tape layers was four. Figure 2 shows a .5 AL
close-up view of the LTCC test circuits with the compo- - ] _
nents assembled into the cavities. 148 RSN  Adhosive layers
Al

SIMULATIONS

The power handling capacity of different structures was
modeled by a thermal simulation tool THERMIC. In addi-
tion, modeling work by a more sophisticated tool, IDEAS,
was performed.

The results for APH403 MMIC are shown in Table 1 for
two power distributions and two thermal via area frac-
tions. An example of the temperature distribution is
shown in Figure 3.

Figure 3. Temperature distribution on the surface layer of
APH403 (power shared between three areas).

For the PST chip a power of 5 W was assumed to be even-
ly distributed over 70% of the area of the chip surface.
Figure 4 shows as an example of the simulation result for
approximate temperature differences over the layers of
the structure.

NI
Figure 4. Temperature differences over the layers of the
PST structure.

MEASUREMENTS

The temperature rise of the PST chip was measured for
samples attached onto a thick aluminium heat sink by
using a thin layer of silicone thermal grease. Figure 5
shows the measured temperature for samples made us-
ing ME8418-XT adhesive as a function of area fraction
of vias, and two simulated curves with different thermal
conductivities for adhesive and vias.
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Figure 5. Measured and simulated maximum temperature
for different area fractions of thermal vias.

The planarity of the bonding surface of LTCC is important
for good thermal contact to the chip and heat sink surfac-
es. Figure 6 shows the measured roughness of the thermal



via area of LTCC substrate. One can notice that the vias
protrude some 6...8 pm from the background silver lay-
er. This could, in fact, be beneficial for good heat trans-
fer, because most of heat is transferred through the vias,
and protruding vias could make a closer contact with the
chip and sink surfaces.

The structure of the adhesive layers was studied by scan-
ning electron (SEM) and acoustic (SAM) and x-ray trans-
mission microscopes. The thickness of the adhesive layer
was 15..20 um. With SAM thin surface cracks could be
detected, while x-ray only showed larger deviations from
the homogeneous adhesive layer.

Figure 6. Planarity of thermal via area.

CONCLUSIONS

The maximum simulated temperature rise for the MMIC
chip at 2.5 W power dissipation was between 28...39°C de-
pending on the adhesive thickness and thermal conduc-
tivity, and thermal via conductivity and area fraction.
However, one must remember that this is not the actual
transistor channel temperature rise, which is still consid-
erably higher. The corresponding values for the PST chip
were 30..40°C at 5 W power dissipation. The measured
values conformed quite well to the simulated maximum
temperatures. It was observed that the vias protrude some
6...8 um from the background silver layer. The thickness
of the adhesive layer was measured to be 15...20 pm.
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INTRODUCTION

The forthcoming RoHS directive (a directive on the limi-
tation of hazardous substances in electrical and electron-
ic equipment) bans lead from new electrical and electron-
ic equipment put on the market by Member States of the
EU. The latest expected date for RoHS to come into opera-
tion is 1 July 2006 across the whole of the EU with some
exceptions. The electronic industry is now preparing for
lead elimination by researching and testing new lead-
free solders and lead-free components.

AIMS OF THE STUDY

The purpose of this project was to get hands-on experi-
ence of lead-free wave and reflow soldering. Reliability
tasks for lead-free soldered boards were also investigated
with several tests. Results were compared with tin-lead
soldered boards.

TEST ARRANGEMENTS

One lead-free solder paste and one lead-free wave solder
alloy were used for soldering test boards. The solder al-
loy selected was Sn3.8Ag0.7Cu. Wave solder fluxes with
a higher solids content than comparable fluxes in SnPb
soldering were used for lead-free soldering, according to
the recommendations of manufacturers. Double-sided FR-
4 and single-sided CEM-1 with either Ni/Au or OSP (or-
ganic solderable preservative) surface finishes were used
as laminates. SMD and through-hole components with
lead-free external terminal plating were used for lead-
free soldering. To provide a comparison tin-lead compo-
nent boards were also soldered.

The reflow and wave soldering processes were optimised
according to the common recommendations of the man-
ufacturer. The peak temperature during reflow soldering
was 240-250°C, and the measured maximum temperature
during wave soldering 257-259°C. The time over melt-
ing point (217°C) of the lead-free reflow solder was lon-
ger than for common SnPb solder for proper wetting of
the joints. No additional nitrogen was used during sol-
dering.

SOLDERABILITY AND SHEAR STRENGTH
A solder joint of SnAgCu has a more greyish and matte
appearance when compared to a SnPb solder joint. Also
the geometry of the solder joint differs somewhat from
SnPb due to the lower wetting ability.

Soldering results showed that in some cases the solder-
ability of lead-free terminated components was not as
good as that of tin-lead terminated components. The wet-

¥ der

ting of some reflow soldered tin terminated chip resistors
was incomplete as can be seen in Figure 1.

Figure 1. Solder joints after reflow soldering.

Large differences in the wave solderability of chip com-
ponents, as lead-free or lead containing, could not be de-
tected. Solder bridging between some wave soldered sur-
face mount components was larger with lead-free SMD
components than with lead containing components. In
general, the adequate wetting of joint areas on the wave
side of the board can be achieved with proper process op-
timisation and flux selection.

Some voids were detected in the reflow soldered and wave
soldered through-hole joints.

Shear strength measurements were performed before
and after temperature cycling (-40°C to +125°C for 1000
hours). Variations in the shear strengths of chip resistors
and capacitors were quite large after soldering and could
not be specified as lead-free material characteristics. On
the whole, the joint strengths of lead-free chip compo-
nents were at the same level as tin-lead joints and were
thus satisfactory. The variations in joint strengths be-
came equalised in some series after temperature cycling.
Different termination plating materials of chip resistors
and capacitors (100% tin and Cu/Ag/Ni, respectively) did
not clearly affect the shear strengths of the components.
An example of shear strengths is shown in Figure 2.

RELIABILITY TESTING
The following reliability tests were performed:
e  Temperature cycling (-40°C to +125°C for 1000

hours)

*  Fatigue life measurement of BGA components (bend-
ing test)

=  Accelerated life test (85°C 85%RH for 500 hours, 15
volts bias)
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Figure 2. Shear strengths of reflow soldered 0402 capac-
itors.

In addition, shear test measurements were performed be-
fore and after temperature cycling as mentioned in the
previous section. The joint integrity of BGA daisy chains
during temperature cycling was controlled with resis-
tance measurements. The joint integrity of PIH (pin-in-
paste) connectors was controlled from the cross-sections
after the temperature cycling test.

As a general conclusion, lead-free and lead-containing
component boards behaved similarly during reliability
tests. Temperature cycling was found to be the major ac-
celerating factor in joint degradation.

Temperature cycling caused joint unfastening and joint
cracking in some lead-free through-hole connector joints
as shown in Figure 3.

pin“joint :

T T00pm

Figure 3. Fillet lifting from the pad after temperature cy-
cling, the sample is a wave soldered through-hole con-
nector.
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The results of the bending of BGA components can be
considered as preliminary. Any dramatic differences be-
tween lead-free and tin-lead BGA components in their re-
sistance to cyclic bending could not be observed. Cross-
section samples showed that BGA balls were typically
cracked on the component joint as shown in Figure 4.

T 300um 1

Figure 4. Cracking of the component was seen from the
cross-section on the component side.

CONCLUSIONS
Both reflow and wave soldering is possible with lead-free
materials without any major obstacles.

The quality of reflow and wave soldering was satisfac-
tory. Fillet formation was acceptable for all components,
only reflow soldered chip components wetted incom-
pletely, but they still passed the limit of IPC-A-610C. PTH
filling and PIH-connector hole filling was comparable to
that of holes in SnPb boards.

The different tested component termination plating ma-
terials had no clearly different impact on the soldered
joints. It is always advisable to check the temperature du-
rability of component packaging plastics before solder-
ing. In this test the pin header did not stand reflow sol-
dering.

Both OSP and Ni/Au surface finishes performed equally
well in lead-free and SnPb soldering.

The performance of lead-free component boards in ac-
celerated reliability testing did not deviate considerable
from that of common SnPb soldered boards. The only
noticeable thing was fillet lifting after temperature cy-
cling. According to this examination it cannot be sug-
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gested that fillet lifting would be a phenomenon of lead-
free soldering.

The next important step in lead-free soldering should in-
volve product level implementation, going through re-
flow and wave soldering process optimisation, observa-
tion of equipment demands and the selection of suitable
materials. Solder defects will also lessen by, for exam-
ple, proper flux selection. The best component termina-
tion materials for lead-free soldering need to be evaluat-
ed. Several lead-free solders and pastes must be set in an
order of superiority according to their metallurgy. The
production yield and through it the cost effect of mov-
ing to lead-free production must be estimated. Common
knowledge of the failure rate of lead-free products must
also be defined.

REFERENCES
KOTELOO4 Lead-free Soldering, Final Report, in press.

NONE lead-free soldering guideline, in press.
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Full-Sheet Paper Moisture Measurement Using Infrared
Spectroscopy

Traditional paper moisture measurements are based on
scanning measurement units located in the dry end of the
paper machine, and attempts to use these scanners in the
wet end have failed so far. Scanners also suffer from the
inability to separate cross direction (CD) and machine di-
rection (MD) variations from one another. VTT Electron-
ics, Metso Automation and Suomen Optomekaniikka have
developed a new moisture measurement system, capable
of full-sheet measurement in the wet end, and Metso Au-
tomation launched this new powerful quality measure-
ment, IQInsight, in June 2002. The first unit was installed
about a year ago on PM8 at UPM-Kymmene’s Kymi Paper
mill in Kuusankoski, Finland and it has operated uninter-
rupted ever since.

The measurement is based on infrared spectroscopy of
the moving paper using multiple measurement modules
across the web and data transfer using optical fibres. This
technique makes 1QInsight capable of capturing high res-
olution moaisture profiles with high frequency. (Figure 1)

TRUE CD AND MD SEPARATION AT A HIGH SPEED

Before 1QInsight, online quality measurements scanned
across the moving paper web. Therefore several hundred
meters of paper passed by during one scan and MD varia-
tions were mixed up with CD profile. MD variations, fold-
ed into CD profile, made the measurement even slower
since a stable CD profile was achieved only with profile
filtering. If one scan across the sheet took more than 30
seconds, the filtering reduced the measurement speed to
several minutes.

IQInsight Conventional
Scanner
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Figure 2. The same MD variation measured with a traditional scanner in the dry end and IQInsight in the wet end.
Without IQInsight this MD variation could lead to replacement of the scanner, since the scanning measurement seems to
be unstable and the problem itself would not be found.
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The ability to separate MD and CD variation makes the
IQInsight measurement unique. This feature relies on the
high measurement speed and is achieved with multiple
detector modules. With this technique the system reach-
es 1 cm resolution and, if ultimate speed is required, pro-
vides profiles in less than 200 ms. Even at this speed one
raw moisture profile is so stable that no filtering is re-
quired.

Because of the high moisture measurement accuracy,
high CD resolution and high measurement speed, it is
possible to display series of profiles in three-dimension-
al displays. These displays reveal true MD and CD varia-
tions that cannot be seen in two-dimensional displays or
by making similar 3-D displays from scanning measure-
ments (Figure 2).

In the Kymi paper mill IQInsight is located in the wet end
of the first dryer section. A lot of attention was therefore
needed to ensure operation in a harsh environment by
sealing, cleaning and pressuring the system. Despite the
hostile location, with 70 °C temperature, relative humid-
ity of almost 100 %, fibre and dust from the paper and
steam everywhere, the mill has not reported any prob-
lems with the hardware. On the other hand, there was a
clear reason for placing the measurement device in this
position. Because the beam is located just after the press
section, the moisture profile of the paper entering paper
machine dryer section can be analysed. Ealier there has
not been any measurement at this location, but now the
measurement responds very quickly to sheet quality or
process changes and makes it possible to distinguish rea-
sons for disturbances (Figure 3).
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Figure 3. The frequency of cyclic streak detected by 1Q-
Insight was matched with rotation periods of different
components. This pointed to felt that was then seen to be
dirty and changed. After replacement the problem disap-
peared.

The high measurement speed over the whole web — the
snapshot analysis — makes it possible to see patterns that
will remain hidden to scanners. Although some of these
phenomena seem more “nice to know” than of paramount
importance, they still prove how transcendent this tech-
nique is compared to traditional scanners (Figure 4). This,
combined with the operation inside the paper machine
where no scanner has been installed before, enables op-
timisation of the press section and drying section and
therefore leads to better runnability and a higher run-
ning speed.

Moisture [%]

900 O

CD position [cm] Time [s]

Figure 4. Imprint of fabric cleaning shower on the paper (left) and calibration of two dilution valves where the whole
calibration sequence lasts less than 2 minutes (right).




CONCLUSION

The main role of VTT was to take care of the evaluation
of the implementation principles of optics, the optical de-
sign of the final optical structure, application know-how
in spectroscopy, calibrations of moisture measurement
and manufacturing high precision optomechanics. 1Q-
Insight is a sophisticated integrated measurement sys-
tem for the harsh environment of the press section, and
it gives for the first time the possibility to monitor CD
and MD moisture variations separately. The benefits to
improve the controllability and runnability of the paper
process are obvious.
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Performance Evaluation of Near Infrared Spectrometers

Based on Array Detectors

INTRODUCTION

Array detectors are proving themselves to be increasing-
ly useful in applied spectroscopy. Spectrometers based on
array detectors offer many advantages such as the capa-
bility to record a full spectrum typically using 128, 256
or 512 pixels, high speed, lack of moving parts, wave-
length repeatability and compatibility with fiber optics
for flexible process interfacing. Array detectors operat-
ing in the near infrared region (NIR, 0.75-2.5 pm) are po-
tential for process measurement applications but there is
only limited information available on the performance
tradeoffs between the various technology options.

VTT Electronics has studied commercial spectrometer
units based on PbS (Lead sulfide), standard InGaAs (Indi-
um Gallium Arsenide) and extended InGaAs array tech-
nologies. The work was carried out within the strategic
project, "Optical Techniques for Industrial Inspection”.
Main objectives of the evaluation were to determine lin-
earity, signal to noise ratio, and spectrometer system sta-
bility in varying ambient temperature. Commercial spec-
trometers evaluated were Zeiss MCS 511 NIR [1], TQA
Analyser [2,3], J&M Tidas [4] and Hamamatsu PMA-11
series C8147-38 [5]. The main specifications of the stud-
ied systems are presented in Table 1.

EXPERIMENTAL

All evaluated spectrometers have an A/D converter with
16 bit resolution. Linearity was determined within this dy-
namic range by simply measuring different illumination
levels for a constant integration time. Different illumina-
tion levels were realised by using an adjustable blind to-
gether with appropriate beam homogenisation. An Ando
optical power meter was used as a reference instrument,
with a germanium probe AQ-2711 or AQ-1971. The mea-
surements were made for a complete system composed of
spectrometer optics permanently aligned in front of the
detector array. As detected light has wavelength distribu-
tion, only pixels that experienced close to full A/D con-
verter scale were selected for the linearity study.

Table 1. Main specifications.

Signal to noise tests were performed using stabilised illu-
mination (Gilway, part no. L519-G, 12 V/20 W) and Spec-
tralon 99 % reflectance standard. Signal levels were op-
timised by adjusting integration time for each spectrom-
eter. Signal to noise ratios were mathematically aver-
aged in the cases of J&M and Hamamatsu spectrometers.
This yields to an effective 100 ms integration time value
which corresponds to Zeiss spectrometer’s direct integra-
tion time of 100 ms. Input of the Zeiss spectrometer had
to be neutral density filtered (OD =2, T = 1 %) to avoid
detector saturation.

The tests for stability of dark current were arranged for
the InGaAs spectrometers only. The spectrometers were
placed inside a weather chamber and preprogrammed
temperature cycling was run through. All spectrometers
were equipped with internal temperature stabilisation or
cooling, which was operational during the tests. Operat-
ing temperature recommendations notified by the manu-
facturers were taken into account when temperature cy-
cling was programmed. The spectrometer was operated
at a temperature for a two hour period to ensure time for
stabilisation, after which a new temperature level was ex-
ecuted. Depending on the spectrometer, the steps were +
5 ... 10 °C each. Three temperature levels were tested and
dark current spectra were recorded during the process.

RESULTS AND DISCUSSION

Figure 1 presents nonlinearity curves as a function of
normalised reference power for a typical pixel of each
spectrometer. Linearity in Zeiss and TQA spectrometers
was very good, typically 0.2 and 0.5 percent, respective-
ly. The extended InGaAs spectrometers were found to
have more nonlinear characteristics. Typical results for
J&M ranged from 2 to 6 percent, depending on the pixel
in question. The non-linearity measured for Hamamatsu
was around 3.5 percent peak-to-peak, with a character-
istic shape for all pixels. The nonlinearity of the test set-
up was minimised by design, but is not known. The result
measured for Zeiss is likely to be affected by the setup

Zeiss MCS 511 NIR J&M Tidas Hamamatsu PMA-11 TQA Analyser
array technology InGaAs ext-InGaAs ext-InGaAs PbS
operating range 0.95- 17 pm 12-23puym [16-235um 12-23pum
array manufacturer | Sensors Unlimited Hamamatsu | Hamamatsu Cal Sensors/ Rikola Ltd.
no. of pixels 128 256 256 24
pixel dimensions 50 x 500 pm 50 x 250 um | 50 x 250 um 1x4mm
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Figure 1. Unlinearity as a function of normalised refer-
ence power.

nonlinearity, but the results with higher nonlinearity for
the other spectrometers are expected to be reliable.

Figure 2 presents measured noise in digital numbers (DN)
based on signal to noise tests for the three spectrometers.
The optimum integration times chosen were 100, 3 and 10
ms for Zeiss, J&M and Hamamatsu, respectively. Hama-
matsu can be seen to have the lowest noise using these
measurement parameters. The same measurement data
was used to calculate signal to noise ratios for an equiv-
alent integration time of 100 ms, based on averaging 33
and 10 scans for J&M and Hamamatsu, respectively. Av-
eraging reduced noise according to expectations for J&M,
from about 30 DN to 7 DN, whereas the noise of Hama-
matsu was only reduced from about 8 DN to 6 DN. This
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Figure 2. Noise in units of digital number (DN) for spec-
trometer specific integration time.

SPECTROSCOPIC INSTRUMENTATION

characteristic of Hamamatsu may be due to significant 1/
f-type noise content in the measured signals. As shown in
Figure 3, all tested InGaAs spectrometers reached a suf-
ficient signal to noise ratio in their operating wavelength
scale, when appropriate integration time and sufficient
illumination was used. It is worth remembering, however,
that the illumination used for J&M and Hamamatsu was
100 times higher than for the Zeiss spectrometer, as dis-
cussed earlier.

Figure 4 illustrates dark signal instability of the InGaAs
spectrometers based on the measurements in the stabil-
ity test. The data shown was recorded in the temperature
chamber at two temperatures: +25 °C and +15 °C. The
results were calculated to dark signal change in digital
numbers per 1 °C and repeated for all pixels correspond-
ing to the wavelength scale of the spectrometer. The
changes recorded for Zeiss are very small, but the direc-
tion of the change was found to be different for even and
odd pixels [6]. The tested extended InGaAs spectrome-
ters seem to have significant dark signal drift with tem-
perature, this is especially true for the J&M spectrometer.
The dark signal change recorded for Hamamatsu seems
to vary across the length of the spectrum, which may be
due to spatial differences in cooling and thermal stabi-
lisation across the detector array. The changes recorded
for J&M are much higher, but more random from pixel
to pixel. The average dark signal drift per 1 °C was cal-
culated for each spectrometer and is summarised in Ta-
ble 2. As the dark signal drift is given in absolute digi-
tal numbers, it is affected by the magnitude of dark cur-
rent and any further amplifications used within the spec-
trometer. It is therefore interesting to compare dark sig-
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Figure 3. Signal to noise ratios at 100 ms.
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nal drift with dark signal noise for each spectrometer. For
this purpose dark signal noise was calculated from data
recorded during a stable period at +25 °C and included in
Table 2. Although the absolute drift of J&M is high, rel-
ative to dark signal noise it is only slightly higher than
for Hamamatsu.
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Figure 4. Dark current change calculated per 1 °C across
the full spectrum of 128 or 256 pixels.

Table 2. Summary of dark current stability testing.

SUMMARY

Performance testing was arranged for commercial NIR
spectrometers based on competing detector array tech-
nologies. The tested spectrometers were based on stan-
dard InGaAs, extended InGaAs and PbS detector materi-
als. The evaluations made covered linearity of photomet-
ric scale, signal to noise ratio and stability of dark cur-
rent against fluctuations in ambient temperature. The re-
sults obtained for a standard InGaAs spectrometer pre-
sented very good signal to noise ratio and satisfactory
linearity and dark signal stability. The extended InGaAs
spectrometers were found to have higher signal nonlin-
earity ranging from 2 to 6 % and significant dark sig-
nal drift due to changes in ambient temperature. Fur-
thermore, extended InGaAs spectrometers require high-
er level of sample illumination, approximately x100, be-
fore they reach ideal signal to noise characteristics. The
results of evaluation have produced valuable knowledge
and experience, which will be useful in future R&D work
for applying these spectrometers in various process mon-
itoring applications.

Zeiss MCS 511 NIR J&M Tidas Hamamatsu PMA-11
integration time 10 ms 3ms 8 ms
average dark current change (DN/degC) [-5.3 (odd)/ 1.5 (even) (-185 -22
rms noise (DN @ 25 degC) 8 29 6
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~_The Use of Raman Spectroscopy to Assess the Degree of

INTRODUCTION

VTT Electronics and the Department of Pharmaceutics at
the University of Kuopio have carried out the quantita-
tive analysis of crystallinity using a CCD-Raman spec-
trometer. This research was part of the ‘Laara’ project
(Raman spectroscopy as an analytical method in drug de-
velopment and manufacture). Other companies involved
are Orion, Leiras, Pharmatory, Specim and the Central
Criminal Police. Other fields of interest (in addition to
polymorphism) are narcotics, polymer technology, pow-
der and tablet technology.

Polymorphism describes different packing arrangements
of the same molecular species. The detection of poly-
morphs has become essential in the pharmaceutical in-
dustry since different modifications can have markedly
different biopharmaceutical properties. By investigating
the possible polymorphic modifications of a drug, cost-
ly repercussions through the untimely appearance of new
forms can be avoided.*? A large variation in the proper-
ties of some polymorphs may be exhibited, which leads to
their exploitation to produce a polymorph more appropri-
ate to the final dosage form. Pharmaceutically desirable
properties such as chemical stability may depend heav-
ily on the polymorph selected and the polymorphic form
of a drug may change on storage, which necessitates the
need for the detection and quantifying of polymorphic
mixtures.®

Lactose is a polymorphic excipient usually used in phar-
maceutical products as a-anhydrous lactose, spray-dried
lactose and o -lactose monohydrate. Other polymorphs,
such as B -lactose, are used less. The CCD-Raman spec-
trometer used in this study was developed by VTT Elec-
tronics.
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Figure 1: Raman spectrum of amorphous and crystalline
lactose.
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Crystallinity of Lactose

RESULTS

Amorphous lactose was spray dried from solution. The
amorphous nature of the lactose was confirmed with an
isothermal microcalorimeter. Known ratios of amorphous
and crystalline lactose were prepared by geometrically
mixing a total weight of 500 mg in a Wig-L-bug stainless
steel mixing capsule without the ball. The capsules were
cooled in liquid nitrogen before grinding. Grinding time
was 5 minutes. The Raman spectra of crystalline and
amorphous lactose are shown in figure 1. It can clearly
be seen from figure 1 that the crystalline state typical-
ly leads to sharp, narrow peaks whereas material in the
amorphous state leads to broader peaks.

CONSTRUCTION OF A CORRELATION CURVE

Crystallinity was determined from the spectral area of
500 to 410 cm™. In the crystalline state a new peak was
growing from the shoulder of the amorphous content. The
area of this new peak was employed in calculations. The
areas used in quantitative analysis are shown in figure
2. The ratios of these areas were calculated. A correlation
curve between (area) ratios and relative amounts of crys-
talline lactose is shown in figure 3.
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Figure 2: The areas used in quantitative analysis.

During measurement the samples were rotated stepwise.
With stepwise rotation it is possible to study the degree
of homogeneity in the sample. The measuring time used
in this study was 10 times 10 seconds. Each measur-
ing point was run seven times. This was an experimen-
tal study and measurements conducted with the isother-
mal microcalorimeter were of the same kind. Hence, the
results achieved with Raman spectroscopy seem to cor-
relate well with the microcalorimeter studies. The largest
source of error appears to be in the homogeneity of mix-
ing during the preparation of samples. In consequence,
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Figure 3: Correlation curve.

the preparation of homogeneously mixed standards for
the construction of a calibration curve is necessary for a

quantitative method.

CONCLUSIONS
A quantitative, non-destructive CCD-Raman spectro-

scopic method has been developed for the analysis of
mixtures of crystalline and amorphous lactose. A corre-
lation curve was constructed which was linear across the

entire composition range.

Maarit Paéllysaho
Maarit.Paallysaho@vtt.fi

One further perspective in the use of Raman spectrosco-
py for the analysis of polymorphism is connected with
the possibility of using CCD-Raman in situ. CCD-Raman
spectra can be obtained from whole, undisturbed, phar-
maceutical tablets and pharmaceutical formulations can
be studied directly in case of several crystal forms.
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Raman Investigation of Minor Component Reaction During

ABSTRACT

Raman spectroscopy was applied to study the reactions
between amine and epoxy groups, which had been ex-
pected to proceed during synthesis of hybrid polymer
based on three monomers: 3-aminopropyltrimethoxysi-
lane (APTES), 3-glycidyloxypropyl-trimethoxysilane
(GPTS) and  methacryloxy-propyltrimethoxysilane
(MPTS). The efficiency of the investigated reaction de-
termines the molecular structure of the organic network
and consequently the mechanical and optical properties
of the manufactured material. An optical system devel-
oped for the real-time Raman monitoring was connect-
ed with a typical glass reaction vessel and non-invasive
measurements were made. An additional FT-Raman in-
vestigation was carried out to confirm the results ob-
tained. The transformation of the primary amine as well
as the epoxy ring opening was confirmed and the role of
catalysers was discussed.

INTRODUCTION

Hybrid polymers are new materials for photonics with a
large application and development potential. In these ma-
terials a wide variety of optical and mechanical proper-
ties can be obtained from the proper design of their mo-
lecular structure. Hybrids are usually prepared using sol-
gel technology. The main advantage of this method is the
possibility of the synthesis of sophisticated materials in
a relatively simple, cost-effective and low-temperature
process. Sol-gel enables the precise control of composi-
tion as well as of the optical and mechanical properties of
the final product. However, to obtain a high quality prod-
uct, a strict control of its molecular structure must be en-
sured. The most difficult task is the investigation of re-
actions between minor components, which requires high
sensitivity and selectivity of measurement. In the case of
hybrids, the problem is related to the bonds of the organ-

Polymer Synthesis Process

ic network, whose total quantity in a particular volume of
the hybrid material is much lower than the total amount
of Si-O bonds. If the inorganic network is condensing
properly and the material becomes solid, the investiga-
tion of organic polymerisation is not a trivial problem.

EXPERIMENTAL

Sol-gel process

A gelation of a system of silanes containing amine groups
and epoxy rings was presented in this paper as an exam-
ple of the reaction, which needs high sensitivity measure-
ment. The process was performed in a typical two-neck
glass flask equipped with a magnetic stirrer. A system of
three monomers - APTES, GPTS and MPTS - was used to
synthesise the hybrid material. The primary amine — AP-
TES - was expected to become a secondary one as a result
of a reaction between the -NH, groups and epoxy rings.
The subsequent reaction between the N-H bond and an-
other epoxy group should have resulted in it becoming
tertiary amine. It was the basic reaction for organic po-
lymerisation. To explain more precisely the nature of the
reaction between amine and epoxy groups additional ex-
periments were carried out:

1.  Systems of APTES/GPTS with different molar ratios
(1:2, 1:4, 1:6) were stirred without any additional
components. Raman spectra of these solutions were
compared with a spectrum of APTES/MPTS system
to find out if the reaction between amine and epoxy
group may take place without the presence of water
and isopropy! alcohol.

2. One set of silanes (APTES/GPTS) was stirred only
with water and the other set was mixed only with
isopropyl alcohol.
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Figurel. Raman devices: a) CCD-Raman system used for real-time monitoring, b) FT-Raman spectrometers.
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Measurements

Two Raman bands were used to investigate the behaviour
of the amine group and epoxy rings. APTES is a primary
amine type PP’[1]. A doublet at 3361-3380 cm™ and 3290-
3320 cm™, assigned to asymmetric and symmetric NH,
stretching respectively, can be observed in a Raman
spectrum of such a structure. After the transformation
to secondary amine type SP’, only a single peak at 3280-
3320 cm, assigned to N-H stretching, can be observed,
while after the final transformation to tertiary amine
type TP’ any peak should not be recorded in this range. A
peak at 1256 cm™ assigned to epoxy rings breatching was
used to study their behaviour [1,2].

Toensureahigh reliability of investigation, measurements
were carried out in real time and subsequently their
results were confirmed by FT-Raman measurements. The
measurement systems are presented in Figure 1.

RESULTS

The decrease of intensity in the bands assigned to NH,
and N-H stretching during the investigated gelation pro-
cess is presented in Figure 2. The system of three silanes
was stirred for 30 minutes. During that time no changes
were observed in the Raman spectrum, which is shown in
Figure 2a. Then solvents were added (part b) and as a re-
sult peaks derived from NH, and N-H bonds disappeared
in less than 10 minutes. A decrease in the intensity of the
Raman doublet at 3310 cm™ and 3370 cm?, shown in part
b) is mainly the result of the change in the total concen-
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Figure 2. Raman peaks assigned to N-H vibrations: a)
APTES/GPTS/MPTS system, b) solution after solvents
were added, c) solution after 5 minutes of stirring.

tration of APTES in the solution after the solvents were
added. A disappearance of the doublet after an addition-
al 5 minutes, presented in part c), can be explained only
as the transformation of the primary amine to a tertiary
one. The weak band observed in part c) originates, as we
found out, from the isopropyl alcohol.

As was mentioned before, systems of APTES and GPTS
with different ratios between them as well as APTES/
MPTS were mixed for 8 hours and their Raman spectra
were monitored in real time. Any changes of intensity in
the doublet assigned to NH, stretching were not observed
during these reactions. Additional experiments — inves-
tigation into the influence of solvents on described re-
actions — showed that the addition of water caused a de-
crease in Raman peaks assigned to the primary and sec-
ondary amine while the addition of isopropyl alcohol did
not. Also MPTS was not catalysing the amine-epoxy re-
action itself. FT-Raman investigation confirmed these re-
sults. The kinetic plot of a Raman line assigned to ep-
oxy ring breatching (1256 cm™) is presented in Figure 3.
To compensate the influence of a change of relative con-
centration of silanes in the solution after the addition of
solvents, the intensity of this line was related to the in-
tensity of a peak at 1631 cm™? assigned to the C=C double
bonds of MPTS. Such operations were carried out because
the ratio of GPTS/MPTS was constant during the pro-
cess and subsequently crosslinking between double C=C
bonds had not been expected to happen. The short-time
fluctuation of intensity is a result of the constant mixing
of the solution. However, a general trend can be observed
and the efficiency of the reactions can be estimated. It
looks as if about 40% of the epoxy rings were opened
during the 8 hours of the process.

Preliminary analysis suggested that the addition of sol-
vents simply catalysed the reaction between the amine
group of APTES and the epoxy rings of GPTS. Howev-
er, a comparison of reaction times shows that epoxy ring
opening was quite a slow process and a constant, approx-
imately logarithmic, decrease could have been observed
during the whole process. On the other hand, Raman
peaks derived from primary and secondary amine dis-
appeared after a few minutes. It suggests that the amine-
epoxy reaction is not the only one taking part during or-
ganic polymerisation.

It may be assumed that progressively, as the epoxy rings
were being opened, they were removing temporary sub-
stituents and creating the required organic network orig-
inated from the amine and epoxy groups.
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Figure 3. Kinetic plot of a peak assigned to an epoxy ring
related to the peak assigned to double C=C bonds.

CONCLUSIONS

The Raman monitor enabled the investigation of the re-
actions in the organic part of a hybrid material during its

synthesis. The process was performed in a typical glass

reaction vessel. The measurement was totally non-inva-
sive. No access inside the vessel was required. This means

it is also possible to use Raman spectroscopy to control

vacuum processes, as well as those which are performed

in the presence of an aggressive chemical atmosphere.
The measurement of time and the efficiency of prima-
ry and secondary amine transformation as well as ep-
oxy ring opening showed that amine-epoxy reaction is

a sophisticated process which needs a catalyser. It was

proved that during the investigated process water worked

as the catalyser. Moreover, it was found that epoxy ring

opening is not as rapid a process as amine transforma-
tion and some temporary substitution can take place dur-
ing the reaction. Consequently, to obtain the required op-
tical network, the reaction should proceed until the re-
quired amount of epoxy ring (in this case about 50%) was
opened. Investigations presented herein should be treated
as introductory. In further investigations, the appropri-
ate mixing time required for epoxy ring opening will be
precisely measured and the structure of the final organic
network will be investigated.
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Minitaturization and Integration of Opto-electronic Devices

Minitaturization and integration of opto-electronic de-
vices. Licentiate Thesis, Kerdnen, Kimmo. University of
Oulu, Department of Electrical Engineering, (2002) 79p.

The challenging integration process for multi-technology
miniaturized modules is studied in this thesis.

The origin of miniaturization concept is shortly intro-
duced. The terms microtechnology and nanotechnology
are shortly introduced. Microtechnology is already in use
and utilized in the realization of MOEMS. Nanotechnolo-
gy, in which structures of components are constructed at
the atomic and molecule level, is seen as an ultimate min-
iaturization technology in the future.

The integration process model utilized in the realization
of miniaturized opto-electronic modules and systems is
shown and discussed. The most important parts in the in-
tegration process are generation and evaluation of con-
cept ideas and analytic simulation of the components,
modules and systems. Monte-Carlo simulations are also
extremely important, because they can give valuable in-
formation about the tolerances and performance varia-
tion of the manufactured systems. In some occasions
those simulations can give fundamental information al-
ready at the feasibility study phase. Monte-Carlo simula-
tions can also save essentially resources in the develop-
ment process.

The possible realization technologies for miniaturizated
opto-electronic components and modules are presented.
The developed system integration process model is tested
and evaluated by using three various pilot cases: a fiber
pigtailed laser transmitter, distance sensor and a minia-
ture IR-spectrometer.

Positive utilization of the developed integration process
model with different kind of opto-electronic modules in
the development process shows that the utilized process
model is a useful operations model in diverse miniature
module and system integration cases.

Kimmo Keréanen
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Determination of Factors Affecting Characteristic Impedance
of Printed Circuit Board

Jaakola Tuomo (2002) Determination of factors affecting
characteristic impedance of printed circuit board. Uni-
versity of Oulu, Department of Electrical Engineering. Li-
cenciate thesis, 65 p.

The effect of temperature, moisture and different man-
ufacturing parameters on the characteristic impedance
and effective dielectric constant of microstrip and strip-
line transmission lines in multilayer FR-4 PCBs have
been studied. Also the applicability of the developed im-
pedance measurement method has been studied.

Characteristic impedance and dielectric constant of the
lines were measured using a vector network analyzer and
a program simulating the TDR (Time Domain Reflectom-
etry) method. The correctness of the program was evalu-
ated by comparison measurements. The inaccuracy of the
measurement method was found to be + 0.1 Q.

The change in impedance was measured to be -3 % for
microstripline and -3.2 % for stripline when temperature
changed from +20°C to 120°C. The change in impedance
due to ingress of moisture was found to be between -1.5...
4 % for microstriplines depending on manufacturing pa-
rameters and materials used. The striplines had a very
small moisture dependence due to the signal line location
between moisture impermeable copper ground layers.

The microstriplines were found to have a wider distribu-
tion in their impedance values than the striplines. The
lamination pressure affected both the impedance and the
effective dielectric constant and also the standard devi-
ation of the measured results. Higher pressure resulted
in lower impedance value, higher dielectric constant and
wider distribution of the impedance values. The moisture
sensitivity of microstrip lines was found to be slight-
ly affected by lamination pressure. Sensitivity to mois-
ture increased after application of the resist over the mi-
crostrip line.

Key words: printed circuit board, stripline, microstrip-
line, manufacturing parameters, moisture, temperature
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A Parallel FDTD Algorithm for the Analysis of Optical Data
Storage Systems

Juuso Olkkonen (2002) A Parallel FDTD Algorithm for
the Analysis of Optical Data Storage Systems. University
of Oulu, Department of Physical Sciences. Master of Sci-
ence-thesis, 102 p.

The need for information storage is increasing at an ex-
plosive rate, fueled by global interconnection networks,
miniaturized mobile devices, and multimedia require-
ments for text, images, video and audio. To meet these
needs, new storage methods in magnetic and optical data
storage are extensively studied; our attention is confined
to optical data storage.

This thesis presents a brief survey of Finite Difference
Time Domain (FDTD) method, which is widely used to es-
timate the viability of new optical data storage methods.
When the light interacts with structural elements com-
parable in size to the wavelength of the incident light, as
in optical data storage, it is not permissible to invoke as-
sumptions of scalar diffraction theories. The solution has
to be sought via numerical methods based on the Max-
well’s equations. The FDTD method approximates contin-
uous time and space derivatives of Maxwell’s equations
in a spatial grid by finite difference operators. This leads
to an algorithm, which provides reliable solutions of field
distributions and is applicable for a wide range of prob-
lems of computational electrodynamics.

The disadvantages of the FDTD method are its relative-
ly high memory requirements and long computational
times. The available memory limits the maximum size
of a computational domain that can be simulated, while
the long computational times restrict the use of the FDTD
method for ‘what-if’ simulations. These limitations can
be significantly reduced by using parallel computing. As
a part of this thesis, a three-dimensional parallel FDTD
algorithm based on the MPI (Message Passing Interface)
library is introduced for Beowulf cluster systems, where
many PCs are connected to each other by a network.

The applicability of the developed FDTD algorithm for
purposes of optical data storage is proved by investigat-
ing the interaction of a Gaussian laser beam and a DVD-
RAM disk. The electric field distribution in the vicinity
of the data layer is observed to be clearly polarization de-
pendent.

Juuso Olkkonen
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| ation and Use of nas in Opfical

Communications

Soukkaméki, Jussi. Characterization and use of bragg
gratings in optical communications. Pro Gradu, Uni-
versity of Oulu, Department of Physical Sciences. Oulu
(2002), 124 p.

In this thesis, characterization and use of Bragg gratings
in optical communications was examined. The study was
concentrated on the properties of the reflection spectrum
which are important in optical communications. Also the
suitability of the matrix simulation method to character-
ize the structural quality from reflected spectrum was
studied. For this purpose the matrix method was system-
atically derived from Maxwell’s equations.

In the first part of thesis, the concept of Bragg grating is
created and introduction of fundamentals is made. Con-
ventional types of gratings are introduced as well as gen-
eral grating parameters. Both single- and multichannel
structures are taken into account. Also the manufactur-
ing techniques and principles are discussed but only the
overview of the most general solutions is presented. Also
the applications of Bragg gratings in the fiber systems
and solutions in optical communications are examined.

In theory part, the derivation of simulation method for
reflection spectrum is made. The coupled-mode theory is
first derived starting with Maxwell’s equations and so-
lutions of general coupled-mode equations are applied to
Bragg gratings to generate a matrix method. The deriva-
tion is systematically presented. Also the Rouard’s meth-
od is introduced.

In experimental part, the results from measurements and
Matlab-simulations are compared. This study showed,
that by using the transfer matrix method the quality
of manufactured grating structure can not be well-con-
trolled by examining only the reflected spectrum of the
grating. The similar spectrum can be gained with differ-
ent combinations of the grating parameters. The transfer
matrix algorithm is a good tool for the design of grating
structures but for the controlling of the manufactured
physical parameters other method is needed.

Jussi Soukkamaéki
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Performance Evaluation of Near Infrared Spectrometers

Based on Array Detectors

Lindstrém H. (2002) . Department of Electrical Engineer-
ing, University of Oulu, Finland, Diploma Thesis, 71 p.

Array detectors are proving themselves more and more
useful in applied spectroscopy. Spectrometers based on
array detectors offer many advantages like speed, lack
of moving parts, continuous measurement of spectrum,
wavelength repeatability, process applicability and large
number of channels in comparison to traditional scan-
ning spectrometers. Array detectors operating in the near
infrared region (NIR) offer considerable performance for
process measurement applications e.g. in pulp and paper
industry, food and beverage industry and pharmaceuti-
cal industry.

The most important part of this diploma thesis was to
evaluate the performace of commercial Zeiss spectrom-
eter which is build around MMS NIR spectrometer mod-
ule. The module has an InGaAs array detector with a
standard 1.7 um cut-off wavelength. Properties of inter-
est were linearity, signal-to-noise ratio and noise, dark
current, temperature drift, stray light level and wave-
length resolution. Additional measurements were done
with commercial spectrometer based on PbS array de-
tector. Performance of spectrometers was compared. The
calibration of both spectrometer was carried out with a
blackbody light source.

Linearity of both spectrometer was determined to be bet-
ter than one per cent. The linearity results were probably
limited by the measurement set-up itself. Typical signal-
to-noise ratio of InGaAs spectrometer was determined to
be 3000-4000 while typical values for PbS spectrome-
ter were 2500-3000 using external illumination source.
It was also evident that dark current of InGaAs spec-
trometer drifted as a function of temperature. Moreover,
dark current characteristics of odd and even pixels were
not similar. Stray light level was determined to be better
than one per mille. Resolution results satisfied the Ray-
leigh criterion.

When spectrometers were compared against each other
it became evident that both PbS and InGaAs spectrome-
ters had very similar performance in measuring radiance
levels of same order of magnitude. Calibrated noise lev-
els were found to be very similar for both spectrometers.
Comparison revealed that in principle it could be possi-
ble to replace the array of PbS spectrometer with stan-
dard InGaAs array. However, the standard InGaAs detec-
tor lacks the longer wavelengths beyond 1.7 um which are
covered by the PbS detector.

Key words: near infrared spectroscopy, NIR, measure-
ment of continuous spectrum, InGaAs detector, PbS de-
tector, performance, linearity, signal-to-noise ratio, dark
current, temperature drift, stray light.
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LABRA Concept Car

Industrial Design as a Tool for Research

LABRA Concept Car Industrial Design as a Tool for Re-
search. Laudatur thesis, Vehmas Jarno, The University of
Lapland, Art and Design, (2001) 48 s + appendices 14

This thesis presents the process of concept design that
was used to develop new optical and opto-electronic so-
lutions to be used in the vehicles of the future. The begin-
ning of the thesis focuses on industrial design on a gen-
eral level, and gives a short review on concept cars. The
objective of the presentation of industrial design is to de-
scribe the suitability of design to a research environment
such as VTT Electronics.

After this, the thesis handles the various stages of the
LABRA Concept Car design process. The innovations gen-
erated along the process are partly presented using pho-
tographs. The material relating to the innovations is in-
tended to be the basis of an article handling the issue, as
well as a small-scale exhibition.

A background study into the history of concept cars, as
well as short descriptions of five concept cars that have
influenced my thesis most have been attached to the end
of this thesis. These five concept cars have been chosen
especially for the reason that they deviate from the gen-
eral line of concept cars, and because they were pioneers
of their own time.

Key words: Industrial design, concept car, concept design,
VTT Electronics, motoring, future

Jarno Vehmas
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