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PREFACE
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DESIGN AND MODELLING

Extended Scattered Field Technique for the FDTD Method

ABSTRACT

An extension for the scattered field technique is pro-
posed, which enables FDTD modelling of the scattering
of single frequency light from objects having infinite
lateral extent. The presented technique is directly ap-
plicable to the Lorentz or Debye medium.

1. INTRODUCTION

The Finite Difference Time Domain (FDTD) method is
widely employed in solving electromagnetic scattering
problems, where a spatially finite scatterer is illumi-
nated by a single frequency plane wave. A plane wave
having infinite lateral extent is generally excited in
the FDTD method either by the total field scattered field
(TF/SF) technique [1] or by the scattered field (SF) tech-
nique [2]. In the absence of a scatterer, both of these
techniques produce a field that is called the incident
field. In the presence of a scatterer, these techniques
produce a field that is different than the incident field,
called the total field. The difference between total field
and incident field is referred to as the scattered field.
The TE/SF technique divides the FDTD computation do-
main into a total field region and a scattered field re-
gion, which are separated by a virtual interface that
is transparent for incoming waves. This virtual in-
terface generates the incident field in the FDTD mesh
and guides the incident field through the mesh. In the
scattered field technique, the total field is expressed as
a sum of incident and scattered field, and then Max-
well’s equations are reformulated in such a manner that
only scattered field components are solved by the FDTD
method. Since the incident field is initially known, the
total field is a superposition of the incident and the
scattered field components.

The TF/SF and SF techniques are capable of modelling
spatially finite scatterers residing in a homogeneous
background medium, while they fail to model struc-
tures with infinite lateral extent. For example, neither
of these techniques can be used to model light trans-
mission through an aperture in a laterally infinite met-
al film. In 2002, Anantha et al. introduced a gener-
alised TF/SF technique [3] (G-TF/SF), which can model
infinite scatterers illuminated by arbitrarily-oriented
plane waves. However, the G-TF/SF technique is rath-
er complicated, and it requires preliminary calibra-
tion runs. The objective of this paper is to introduce
a numerically simpler technique originating from the
SF technique to excite a plane wave in electromagnet-
ic problems including scatterers having infinite later-
al extent.

2. EXTENDED SCATTERED FIELD TECHNIQUE

This section introduces the extended scattered field tech-
nique in detail. Our starting point is Maxwell’s equations
for a linear, non-magnetic (u = u,) isotropic medium:

__, 9H
VXE=-u, %, (2.1)
VxH=J%+@, (2.2)

where E is the electric field intensity (V/m), H is the mag-
netic field intensity (A/m), u, is the permeability of free
space, ¢ is the dielectric permittivity, and o is the electric
conductivity. Due to the linearity of Maxwell’s equations,
the total field quantities can be expressed as a sum of the
incident and the scattered fields, i.e.

E = E'+E* (2.3)
H=H'+H* (2.4)

It is assumed that the incident field is Maxwellian obeying
the following equations:

iz oy OH
VX E = -, & (2.5)
VXH =g, Q{% +o B, (2.6)

where ¢, and ¢, and are the local permittivity and the elec-
tric conductivity of the structure for which the incident
field is known. Substituting Egs. (2.3)-(2.4) with Maxwell’s
equations (2.1)-(2.2), using (2.5)-(2.6), and rearranging
terms, one obtains:

o’ oH

VXE =-u, “f Tl Mo 57 - VXET, (2.7)
S — e
=0
VXH =¢ Qgti + 0Es+S, (2.8)
with:
S =(e-¢) %Etl +(0-0)E, (2.9)

Traditional FDTD kernels [1] can directly be used to solve
discretised versions of Egs. (2.7)-(2.8), with the difference
that only the scattered field components are solved instead
of the total field components. Note that the source term S,
which is the only quantity that depends on incident field E/,
is non-zero only in regions where the material properties
of the FDTD mesh (&, o) differ from the (&', ') structure.

The ESF technique differs from the traditional SF tech-
nique only in the incident structure. The SF technique
employs a homogeneous medium for the incident struc-
ture. In the ESF technique, the incident structure is not
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Figure 1: Comparison between the ESF (red dashed line) and the TF/SF technique (blue solid line) in the transmission of
a normally incident y-polarised plane wave through a 100 nm wide square aperture in a thin film having the refractive
index of n. The film resides in the xy plane and the incident plane wave propagates in the z direction. The top row: n =

2, the middle row: n = 3 + 2§, and the bottom row: n = 1 + 4j. Electric field amplitudes for x, y, and z components are

shown along the z axis through the central point of the aperture. The vertical solid green lines illustrate the boundaries
of the thin film in the z direction.

homogeneous. Instead, it is a structure in which interaction
with the originally incident light can be solved analytical-
ly. The analytical solution is then used as an incident field
for the scattered field technique. With this approach, the
excitation area is limited to a finite region apart from the
absorbing boundaries. If the excitation region was direct-
ly in contact with the absorbing boundaries, it would cause
unphysical diffraction effects that lead to a significantly
erroneous solution. To illustrate this ideology further, con-
sider a multi-layer structure including an aperture in one
of its layers. Assume that this multi-layer structure is illu-
minated by a plane wave having arbitrary incident angle
and polarisation. When the ESF technique is applied to the
problem, first the interaction of the single frequency plane
wave and the multi-layer structure is solved without the
aperture. Next, the solution is used in the FDTD simulation

as the incident field term in Eq. (2.9). Finally, the total field
solution is obtained as a sum of the incident and the scat-
tered field solutions.

Equations (2.7)-(2.8) are used with the FDTD method only
when ¢ and o define a medium for which the real part of
the refractive index is larger than the imaginary part. If
the imaginary part of the refractive index is larger than
the real part, as is the case with certain metals at optical
frequencies, the medium must be modelled using an appro-
priate phenomenological relationship between the electric
field and the polarisation. It has been noted that the single
pole Lorentz dispersion relation is adequate for the mod-
elling of such materials [4]. However, refractive indexes
of the incident structure (e, 0,) are not limited in the ESF
technique. For example, if the geometry is a dielectric ap-



erture in a silver film for which My, =1, +jn,, where n_
<n,, Egs. (2.7)-(2.9) are valid in the aperture region, only
the silver film must be treated with the Lorentz disper-
sion model.

3. VALIDITY OF THE ESF TECHNIQUE

In this section, the validity of the ESF technique is veri-
fied by comparing the ESF and the TF/SF techniques in the
transmission of normally incident plane waves through an
aperture in a thin film. It is assumed that the plane wave
propagates in the z direction, and the thin film is invari-
ant in the x and y directions. The TF/SF technique is modi-
fied in such a manner that it enables the modelling of this
problem. Since the background structure, where the aper-
ture resides, is invariant in the x and y directions, propa-
gation of normally incident plane waves through the multi-
layer structure without the aperture are modelled using a
one-dimensional FDTD simulation. This one-dimensional
simulation, which is run simultaneously with the actual
three-dimensional FDTD simulation, is then used as a look-
up table to obtain the incident field for the TF/SF technique.
The use of look-up tables with the TF/SF technique is de-
scribed in detail in Ref. [1].

The modelled structure is a 100 nm wide square aperture
in a 100 nm thick thin film with refractive index of n. The
aperture is illuminated by a Ey—polarised, normally inci-
dent plane wave having free space wavelength of 650 nm
and unit amplitude. The FDTD mesh is comprised of 5 nm
x 5 nm x 5 nm Yee cells. To verify that the ESF technique
works properly with all material types, three cases were in-
vestigated, where the free standing thin film was made of a
dielectric(n = 2 + 0j), alossy (n =3 + 2j), and a metallic (n =
1 + 4j) medium. Figure 1 shows the electric field amplitudes
of x, ¥, z components along the z axis through the central
point of the aperture for the ESF and the TF/SF techniques
in all three cases. It is seen that the results are in agree-
ment with each other. Small differences in the results be-
tween the techniques were observed in E_and E, compo-
nents when the refractive index of the slit is 2.0. In oth-
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er cases, the differences are imperceptible. The differenc-
es are due to the fact that it is almost impossible to deter-
mine the exact thickness of the thin film seen by the FDTD
method. Therefore, the thickness of the thin film used in
the analytical solution differs slightly from the thickness
seen by the FDTD method.

4. DISCUSSION AND CONCLUSION

A novel method originating from the SF technique to prop-
agate plane waves at oblique incidence through apertures
in thin films having infinite lateral extent has been intro-
duced. The introduced technique is verified by comparing
the ESF and TF/SF techniques in the transmission of nor-
mally incident plane waves through a square aperture in a
thin film. Excellent agreement between techniques is ob-
served. The method can be used, e.g., for the analysis of
light transmission through sub-wavelength apertures [5].
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Readout Signal Simulation as a Function of Readout Power

for Super Resolution Optical Disk

Particle effects to the readout signal in the in the bubble-
pit configuration is studied using the 2D FDTD method as
a function of the readout power.

1.INTRODUCTION

The Super Resolution (SR) technique'? has been exten-
sively studied in order to increase the data density of the
optical disk. In the SR disk, an optically nonlinear mate-
rial layer is deposited at the top of the data layer. This SR
layer improves the quality of the readout signal from the
data marks smaller than the resolution limit (RL) of the
conventional optical pickup unit (OPU). In the recent ex-
perimental work with SR layers made of AgO_or PtO , it
has been observed that the SR layer is permanently dam-
aged in the writing process and the phase change data
layer is found to be in a fully crystalline phase®*. The
data marks are formed via the deformation of the thin
film layer structure. Oxygen bubbles form in the metal
oxide layer and metallic particle aggregates are located
inside these bubbles.

In the readout process, the signal-to-noise (SNR) ratio is
nonlinearly related to the readout power (see e.g. ref. 5).
However, the mechanism responsible for this behaviour
is not clear. The localised surface plasmons have been
thought to be the dominating mechanism®. The heating
of the data layer has also been suggested to be the main
mechanism’. This explanation is supported by research
where no metallic particles exist in the bubble pits of the
SR layer®. In this paper, we describe how the drift of the
metallic particles can be responsible for the nonlinear be-
haviour of the SNR as a function of the readout power. It

has been shown in several papers’'' that the Ag aggre-
gates form a doughnut-shaped aperture centred on the fo-
cused laser spot. In our model we assume, similarly, that
the Ag aggregates drift away from the center of the read-
out beam when the readout power (optical field intensity)
inside the SR layer is high enough. The bubble pits give
boundaries to the motion of the particles and therefore a
doughnut-shaped aperture is formed only at a mark on
the optical axis of the readout beam. In all of the other
marks that are within the region affected by the readout
beam, the Ag aggregates are located in the far edge of the
bubble from the optical axis of the beam (crescent shaped
structure). The area where the readout laser beam affects
the Ag aggregates is inside the ‘aperture radius’ of the la-
ser beam and, as a first approximation, we assume that
this radius is linearly related to the readout power.

2. MODEL

We used a combination of the Finite Difference Time Do-
main (FDTD)'" method and the Plane Wave Spectrum
(PWS)"”® method to simulate the readout signal, i.e. the
modulation of the reflected optical power from the SR
disk structure. The readout performance of an optical disk
was modelled by first calculating the reflected EM fields
with the FDTD method in on-mark and off-mark situa-
tions, which are assumed to correspond with the mini-
mum and maximum detected optical powers. The elec-
tric field components in the far field were computed with
the PWS method. The far field intensity was obtained by
summing these components in quadrature. The total op-
tical power (I) received by the detector was calculated by
integrating the far field intensity over the numerical ap-
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Figure 1. Simulation geometry in the on-mark situation when the mark size is 150 nm and the aperture radius is 0 nm

in upper image and 300 nm in the lower image. The layer structure is from top to bottom ZnS-Si0,/Ag0 /ZnS-Si0,/GST/
ZnS-Si0,. Layer thicknesses are 18, 40 and 60 nm for Ag0 , (Spacer) ZnS-Si0, and GST layers respectively. The Ag con-
centration in the bubbles is 70%.
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Figure 2. The electric field amplitude in the on-mark situation when the mark size is 150 nm and the aperture radius
is 0 nm in upper image and 300 nm in the lower image. The layer structure is from top to bottom ZnS-Si02/Ag0x/ZnS-
Si02/GST/ZnS-Si02. Layer thicknesses are 18, 40 and 60 nm for AgOx, (Spacer) ZnS-Si02 and GST layers respectively.

The Ag concentration in the bubbles is 70%.

erture (NA) of the objective lens of the OPU. The modu-
lation of the reflected optical power is obtained from the
equation M=(1 -1 )/(

max min

+1 ), where L. and I

max min max

are the total optical powers impingent on the OPU’s pho-
todetector when the optical axis of the focused playback
spot is located exactly in the center of the mark and be-
tween the marks, respectively. It is also noticed that the
readout SNR is proportional to M? (see e.g. ref. 14).

Fig. 1 shows the geometry of the SR disk with the re-
corded data marks that we used in the FDTD simulations.
The layer structure is ZnS-Si0,/Ag0 /ZnS-Si0,/GST/ZnS-
Sio,, where the layer thicknesses are 18, 40 and 60 nm for
Ag0_, (Spacer) ZnS-Si0, and GST layers respectively. The
GST layer is in a fully crystalline phase as in the exper-
iments. At low readout power, all of the recorded bubble
marks are assumed to be filled with randomly distribut-
ed Ag aggregates (aperture radius = O nm). Aperture ra-
dius, in this context, is the area, where the intensity of
the readout spot is enough to affect the Ag aggregates as
mentioned before. In our model, the size of the aggregates
was not specified, but the bubble was filled with random-
ly distributed Ag particles. The size of an individual par-
ticle corresponded to the computational cell size, which
was 2 nm x 2 nm. In Fig. 2 the electric field amplitude
calculated with the geometry shown in Fig. 1 is shown.
The amplitude is increased inside the central bubble and
therefore the reflection is decreased from the structure,
which therefore increases the modulation of the signal.

3. RESULTS
The simulated modulation of the detected optical power
for three different mark sizes is shown as the function of

the aperture radius (readout power) in Fig. 3. The Ag con-
centration in the bubbles in these simulations is 70%. For
the mark sizes of 150 nm and 200 nm, a clear resolution
threshold is seen around a 100 nm aperture radius and for
the 100 nm mark size, the threshold is around a 50 nm ap-
erture radius. The improved modulation in this case aris-
es from the reduced reflected optical power impinged on
the detector at the on-mark situation, while the reflect-
ed power at the off-mark situation is fairly constant as a
function of the aperture radius. At the threshold, the ran-
dom Ag aggregates at the on-mark bubble pit (the mark,
which is at the optical axis of the readout spot) gets or-
ganised and a doughnut-shaped structure is formed in-
side the bubble pit. But in all of the other bubble pits, the
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Figure 3. The modulation of the reflected optical pow-
er as a function of the aperture radius for 100, 150 and
200 nm mark sizes. Aperture radius is assumed to be re-

lated to the readout power.
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Ag aggregates are still random in order. When the aper-
ture radius is increased from the threshold and Ag ag-
gregates also in other bubble pits are affected, the total
reflected power at the detector in the on-mark and off-
mark cases, however, do not change significantly from
the threshold situation. Therefore, the doughnut-shaped
structure in the on-mark bubble has a dominate effect in
the improved modulation.

4. CONCLUSION

A new mechanism has been described that explains the
nonlinear behaviour of the SNR as a function of the read-
out power. This is achieved when the Ag aggregates drift
away from the optical axis of the OPU with high read-
out power and the low reflectivity region is formed in the
central region of the focused laser spot.
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MATERIALS

Porous Thin Films based on Phase Separation

ABSTRACT

Porous thin films were fabricated using vinyltriethoxysi-
lane and tetramethoxysilane as precursors. The phase
separation method was employed to form porosity in hy-
brid organic/inorganic thin films.

INTRODUCTION

Porous thin films based on sol-gel chemistry have been
widely investigated during the last decade. These films
are mostly pure metal oxide materials based on e.g. sili-
con-, zirconium- and titanium dioxide. Often, high tem-
peratures are employed to fabricate porosity in thin films,
where organic compounds are decomposed from the final
thin film structure. There are also methods to fabricate
porous organic/inorganic films in low temperatures, tra-
ditionally at +40-100 Celsius degrees, utilising the phase
separation method.

The theory of phase separation from a single phase was
given by Cahn and Charles'. There is a thermodynamic
description for phase separation. A necessary condition
for the stability of a phase with respect to infinitesimal

composition or density fluctuations is that the chemical
potential of each component increases with the increas-
ing density of that component. This condition is not in
conflict with the existence of a more stable phase, and
thus metastability can and does occur more commonly.
In some systems there exists a temperature, which is a
function of composition, where this necessary criterion
for stability breaks down. This limit to the metastability
has been called the spinodal. Beyond the spinodal, a sin-
gle phase is unstable with respect to infinitesimal compo-
sition fluctuation and begins to separate into two related
phases differing only in composition. This occurs sponta-
neously, without the need for nucleation, since the phase
is no longer metastable but unstable.

Usually, four reagents are necessary to form porous ox-
ides: a source of the small metal-oxide ions, a surfactant,
a solvent and a chemical to adjust the pH. If we consider
silicon oxide source, the strong interaction between the
silica species and the surfactants leads to the phase sepa-
ration of the silica/surfactant arrays into microdomains
that have an ordered liquid crystalline structure. The sur-

Figure 1. SEM photograph from the surface of the porous material (view angle was 40° and operating voltage 6 kV).
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factants can be removed from the inorganic network by
washing or calcination. Structural control of pores can be
achieved e.g. using polar cosolvents. The organisation of
molecular silica and surfactant precursors into an inor-
ganic/organic array depends on a thermodynamic phase
transition. By using cosolvents it is possible to alter the
solution thermodynamics and exert a measure of control
over the synthetic process. For example, cosolvents al-
low nonaqueous synthesis and enable the pore diameter
to be tuned.?

EXPERIMENTAL

Tetramethoxysilane and vinyltriethoxysilane precursors
were stirred vigorously in a round bottom flask equipped
with the reflux condenser to achieve a homogeneous so-
lution. A solution containing formamide and methanol
as solvents and nitric acid as a pH adjusting chemical
was added dropwise to the flask and solution was cooled
to 0 Celsius degrees and stirred for 5 minutes. Then, the
formed sol-gel material was aged in an open container
(gelation) for an additional hour.

Material was dip-coated on glass slides and thin films
were baked in the oven (+ 40°C) overnight and addition-
ally next day at +60°C for 5 hours. Thin films were char-
acterised using Field Emission Scanning Electron Micro-
scope (FESEM). In Figure 1, a dip-coated porous thin film

can be seen.
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RESULTS

Hybrid organic/inorganic silane precursors were used
to fabricate porous thin films in low temperatures (+40-
60°C). The phase separation method was employed using
polar solvent, formamide, to form pores in a liquid state.
The pore size was approximately 1 pm. Porosity can be
tuned to smaller ones using different molar ratios of si-
lane precursors, solvents and amount of acid.
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FABRICATION AND PROCESSING

Near Field Holographic (NFH) Pattering of Sub-Micron

INTRODUCTION

Near field holography (NFH) is a technique for the
manufacturing of planar grating structures with peri-
ods between 200 and 600 nm. Such structures are typ-
ical, for example, in devices used in guided wave opti-
cal communications, where very narrow optical bands
are required. The method uses a mask and holograph-
ic exposure to transfer the grating period into photo-
resist on a substrate, as illustrated in Figure 1. The ze-
roth diffraction order passes through the phase mask
plate whereas the first diffraction order is diffracted
with an angle that has the same value as the impinging
beam but is directed to the opposite side. When these
diffraction orders have the same intensity, the result-
ing interference pattern has the same pitch as the orig-
inal grating. The method is called near field lithogra-
phy, because a conventional mercury lamp with a band
narrowing filter is used in illumination having limited
coherence and, thus, the interference pattern formation
is limited to close to the mask [1]. VTT electronics’ ex-
posure and mask aligner unit (MA6 by Suss MicroTech)
is equipped with NFH capabilities.

EXAMPLE STRUCTURES

Because the NFH technique produces a regular wave
pattern, it is possible to form gratings with higher or-
der rotational symmetry by repeating the exposure
phase several times and rotating the substrate between

Exposure plane wave

Phase mask

~_
roer <4
Interferencing waves

Resist
Substrate

Periodic Structures

each step. Examples of NFH manufactured gratings are
shown in Figures 2. and 3., where photoresists were
patterned using NFH exposure and the development
procedure. Figure 2. shows a 1-dimensional grating,
which was manufactured with one exposure step. The
2-dimensional grating shown in Figure 3. was formed
by rotating the substrate by 90° between two expo-
sures. The period in both gratings is 400 nm, which is
equal to the pattern in the holography mask.
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Figure 2. 1-dimensional grating with 400 nm period.

N

Figure 1. Near field holographic patterning.
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Modelling and Fabrication of Ceramic Modules for Micro and

INTRODUCTION

Low temperature co-fired ceramic (LTCC) technology of-
fers a lot of benefits for micro and millimetre wave ap-
plications. These materials have stable dielectric proper-
ties with low losses and the conductors used, like Ag, Au
and Cu, have low resistivity. The technology also offers
an efficient way to integrate several different functions
in one package. At this moment, one of the limiting fac-
tors is the lack of infrastructure for the design of multi-
layer structures for millimetre waves. In the Tekes-fund-
ed project “Advanced ceramic modules for RF and mi-
crowave applications”, models for multilayer inductors
and different vertical interconnections were developed.
The models were verified by several test circuits. During
the 2" year, several demonstrators were designed and re-
alised for both radio frequencies and microwaves. The re-
search partners in the project coordinated by VTT Elec-
tronics were the University of Oulu and VTT Informa-
tion Technology. This report presents some results from
this project.

MODELLING

The basic structures in LTCC technology are resistive,
capacitive, inductive and transmission line structures.
These components have different parasitic effects whose
influence is emphasised when the operating frequency
and integration level increases. Current circuit simulators
do not take into account these high-frequency effects. For
example, there is a model for a planar single-layer coil in
an APLAC circuit simulator but the modelling of multi-
layer coils is not straightforward. Therefore, the multi-
layer coil was selected to be modelled in more detail. The
modelling commenced by solving electromagnetic fields
that were then utilised to define the capacitances and in-
ductances. These were used to form an equivalent circuit
which was then implemented into APLAC. Similar induc-

-= Flip Chip

Figure 1. Vertical interconnections needed for modelling.

Millimetre Waves

tors were realised and the measured scattering parame-
ters matched well with the simulated ones up to 1 reso-
nant frequency at 2.5 GHz.

In addition to a multilayer coil, different transitions were
also modelled. These transitions are needed inside or out-
side LTCC module as shown in Fig. 1. The main goal of
this task was to develop geometrically accurate parame-
terised RF circuit models for these transitions. Distribut-
ed RLGC values were utilised in the realisation of circuit
models. These values, on the other hand, depended on e.g.
the size of vias, thickness of LTCC substrate and the pitch
of signal and ground vias.

LTCC MATERIALS AND PROCESSING

Higher operating frequencies set tighter requirements on
LTCC materials and manufacturing techniques. The most
commonly used LTCC system is Du Pont 951, which has
also been used in RF applications. However, its properties
are not necessarily adequate for millimetre waves. There-
fore, several other material systems, such as Heralock,
Ferro A6-S and Du Pont 943, were studied in this project.

Heralock offers the advantage to be an accurate intercon-
nection board due to its non-shrinkage properties. The
high-frequency properties of Heralock were characterised
and it was found to be quite comparable with the conven-
tional Heraeus CT2000 tape system; and being much bet-
ter than Du Pont 951.

The Ferro tape system allows the use of buried and sur-
face resistors. These were realised e.g. as attenuators and
were characterised up for millimetre waves. Attenuators
had attenuation values between 3 and 12 dB, and they
were realised in both T- and II types. T-type attenuator
worked better and it had the measured insertion loss of
about 3.5 dB at lower frequencies as designed. At 50 GHz
the insertion loss increased slightly to 4.5 dB and the re-
turn losses were better than 17 dB along the whole fre-
quency range as shown in Fig. 2.

For micro and millimetre waves, the accuracy of con-
ductor lines becomes more important due to the current
crowding effect. Conventional screen printing is not nec-
essarily a good enough method. Therefore, alternative
processing techniques, such as etching and photopattern-
ing, have been developed. In the photopatterning tech-
nique, a uniform layer is first printed on the tape and
dried. Then the mask is aligned and UV-exposure is made
after which the non-exposed paste areas are removed in
the development process. So far, the selection of avail-
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Figure 2. Typical measurement results from 3.5 dB T-type attenuator realised on the surface of Ferro A6-S substrate.

able photoimageable pastes has been quite limited. In ad-
dition to Fodel photoimageable pastes from Du Pont, at
least Heraeus and Hibridas offer these kinds of pastes. In
this project, two types of Hibridas conductor materials
and one type of multilayer dielectric were tested. Hibri-
das delivered 1"x1” alumina substrates with the photoim-
aged material printed and dried on it to be exposed, de-
veloped and fired at VTT. The purpose of this test was
to evaluate the feasibility of Hibridas materials for fine-
line applications. The exposure at VIT was achieved us-
ing a screen exposure unit with UV intensity of 40 mW/

Figure 3. 35 um wide fired photopatterned Ag lines.
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cm? through a chromium glass mask. The development
was performed with a spray developer using 0.8% sodi-
um carbonate solution. The firing was performed using a
conventional 850 °C / 10 min profile. The line quality was
quite similar in comparison to the reference samples re-
ceived from Hibridas. The narrowest line widths in these
tests were about 35 pm as shown in Fig. 3.

PROTOTYPE MODULES

Several demonstrator modules were fabricated in the
project. The specifications were defined together with in-
dustrial partners. The first demonstrator was a high-pow-
er bias-T structure for radio frequencies. Different trans-
mission line topologies and LTCC substrate material op-
tions were studied by modelling, and the test circuit was
fabricated on a Ferro A6-S tape system. The second dem-
onstrator was a low-noise amplifier module also for radio
frequencies. This module consisted of 6 tape layers and
contained a mixed Au and Ag conductor system. It con-
tained several bare dies and their assembly in cavities
proved to be a challenging task due to high temperature
required by SnAu solder. The conventional Du Pont 951
tape system was utilised in this demonstrator. The char-
acterisation of these two demonstrators is currently under
way. The third demonstrator was mm-wave bandpass fil-
ter module at the centre frequency of 22.5 GHz. It utilised
an edge-coupled stripline structure where the narrowest



designed line gaps were about 100 pm. The insertion loss-
es were less than 2 dB including transitions to the sur-
face of the LTCC substrate. The insertion losses were bet-
ter than specified. Also the repeatability between samples
was good. The measured centre frequency was 23.3 GHz
and this small shift in comparison with the designed one
was due to the variation of line widths in the fabricated
modules. This filter was realised in the A6-S tape system
due to its low losses for millimetre waves in comparison

with other tape systems.

CONCLUSIONS

Both modelling and manufacturing issues for micro and
millimetre waves were studied in this project. In the mod-
elling, some specific components and structures were se-
lected to be focused on. The model for multilayer coil was
developed starting from electromagnetic calculations and
the developed model was then implemented in an APLAC
circuit simulator. Internal and external vertical inter-
connections were modelled by 3D electromagnetic sim-
ulation tools. From the manufacturing point of view, the
high-frequency properties of different LTCC systems were
studied. The know-how from different partners was com-
bined by developing several demonstrator modules from

RFs to microwaves.
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Microwave Stubs in LTCC Technology

INTRODUCTION

This article presents some results from a collaboration
programme between VIT and CRC. The programme fo-
cuses on the application and fabrication of LTCC tech-
nology for mm-wave frequency communications. The
multi-level stubs presented in this paper have been de-
signed by the Communications Research Centre (CRC)
and manufactured by VTT Electronics. A very low-loss
tape system is desired for millimetre-wave applications.
DuPont 943, which is one of such systems, was used in
this work.

CRC is the Government of Canada’s primary laboratory
for research and development in advanced communica-
tions technologies. Its R&D addresses rural and remote
broadband access, spectrum issues, wireless and satel-
lite communications, radio fundamentals, broadcast and
multimedia technologies, broadband networks and pho-
tonics. CRC (http://www.crc.ca/) is located in the west-
ern end of Ottawa, Ontario, and has a technical staff of
220.

VTT Electronics has the experience of processing many
of the commercially available LTCC material systems,
such as DuPont 951 and 943, Ferro A6S, Heraeus CT
2000 and Heralock. Some advanced LTCC material sys-
tems, such as high-K, mixed-K and ferrite systems have
also been evaluated. The characterisation of integrated
passive components for microwave and mm-wave fre-
quencies, as well as the development of fine-line tech-
nologies, have been an important part of LTCC research
work at VTT.

LTCC STUBS

To realise the benefits of a highly dense packaging tech-
nology like LTCC, designers would like to be able to inte-
grate the passive components into the substrate, to low-
er costs as well as overall circuit size. An important
component for microwave circuit designers is the stub.
Stubs are used for filtering and impedance matching.
Stubs can be arranged in series or in parallel, and by
adjusting the stub termination, can be used to present
specific impedances for a microwave circuit. Typical-
ly shunt, or parallel, stubs are used due to the difficulty
involved in building series stubs. One way of building a
series stub is to use uniplanar technology like coplanar
waveguide (CPW), and to locate the series stub inside
the centre conductor of the transmission line. Unfortu-
nately, this technique is not suited to the LTCC environ-
ment, since the minimum line and gap spacing required

in LTCC make these structures too wide, and therefore
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prone to spurious resonances. A way to avoid this width
problem is to use the multi-layer nature of LTCC to build

the stub above the signal line, as shown in Figures 1
and 2.

Figure 1. Isometric view of an open-circuit series stub
used with a CPW transmission line.

Figure 2. Isometric view of an open-circuit series stub
used with a microstrip transmission line.

In the circuits of Figures 1 and 2, the stub section can
be considered a microstrip transmission line, with the
signal line below it acting as its “ground.” In this way,
the circuit can be modelled as a series stub followed by
a section of transmission line, as in Figure 3.

Estub, lstub

Zline, line

Figure 3. Circuit model of multi-layer open-circuit stub.



The stub impedance, Zstub, is determined by the width
of the stub section as well as its height above the signal
line. The impedance of the following transmission line
Zline is determined by the height and width of the sig-
nal line but is lowered due to the capacitive effect of the
gap in the signal line.

It was found that the simple circuit model of Figure 3
gives quite good agreement with the measured results.
The circuit of Figure 1 is well approximated by the cir-
cuit model of Figure 3 with Zstub = 46 Q and Zline =
44 Q.

S-Parameters
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Figure 4: S-Parameter comparison between circuit mod-
el of Figure 3 (dotted) and measured results of structure
of Figure 1 (solid).

Since the stub sections of Figures 1 and 2 have the same
geometry (same width, same height over the signal line)
they should have the same impedance. The circuit mod-
el confirms this, and gives a good agreement for the cir-
cuit of Figure 2 with Zstub = 46 Q and Zline = 36 Q.
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Figure 5: S-Parameter comparison between circuit mod-
el of Figure 3 (dotted) and measured results of structure
of Figure 2 (solid).
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The reason that the Zline impedance is lower in the case
of a microstrip environment compared to a CPW envi-
ronment is because a gap in the signal line has a great-
er capacitive effect on a microstrip line than on a copla-
nar line. This capacitive effect acts to lower the Zline
impedance.

BANDSTOP FILTER APPLICATION

Since the circuit model seemed to give good agreement,
the principle was tested by building a bandstop filter.
This filter was built by connecting two series short cir-
cuit stubs on either side of a shunt open-circuit stub, as
shown in Figure 6. The series stubs were implemented
as in Figure 2.

¥,

Figure 6: Isometric view of bandstop filter.

The circuit was designed using the previously developed
multi-layer circuit model of Figure 3, and then simulat-
ed using the commercial electromagnetic simulator Mo-

mentum.

S-Parameters
521

] A N
oy
=20 e | !r,-" .{l \‘\ 1
- L 'lk el K
¥

=50 TTIT [T T[T I [ PO AT [T T T[T T AT I Ir[TroT
Q 5 10 15 20 25 30 55 40

Frequency (GHz)

Figure 7: Comparison of Momentum simulation (dot-
ted) and measured results (solid) for the bandstop filter
of Figure 6.
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The filter works well as a bandstop filter, and has good
agreement with the Momentum simulation.

CONCLUSION

Multi-layer stubs for LTCC packages have been devel-
oped, and proof-of-concept has been shown with a band-
stop filter centred at 44 GHz.
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Passive Alignment of Devices on LTCC Substrates in

A concept that utilizes structured planar substrates based
on low temperature co-fired ceramics (LTCC) as a pre-
cision platform for miniature passive alignment multi-
mode laser module is studied. The 3-dimensional shape
of the laminated and fired ceramic substrate provides the
necessary alignment structures including holes, grooves
and cavities for the laser to fiber coupling. The devel-
oped technology can be utilized in the passive align-
ment of devices in photonics modules. Optical coupling
efficiency of the multi-mode laser system was simulat-
ed using optical systems simulation software. The nomi-
nal coupling efficiency between 100 pm x 1 um stripe la-
ser and 62.5/125 pym graded index fiber (NA=0.275) was
0.37. Prototype realizations and characterizations of the
two systems (AT and A2) verified the simulated coupling
efficiency and alignment tolerances. The measured align-
ment tolerance values between laser and fiber in AT pro-
totype series were Ax=7.7 pm, Ay=7.6 pm and Az=10.8
pm (SD values). The corresponding values in A2 proto-
type series were Ax=3.1 pm, Ay=9.1 pm and Az=10.2 pm.
The measured average coupling efficiency was 0.28 in AT
series and 0.31 in A2 series. The coupling efficiencies of
all operational prototypes varied from 0.05 to 0.43.

I. INTRODUCTION

Photonic module manufacturers pursue miniature, long
term stable and precise module realization and assem-
bly technologies in order to achieve cost-effective solu-
tions for market demands. Integration of photonic, elec-
trical and mechanical functionalities into a one system
can improve the cost-efficiency of systems greatly. Mono-
lithic integration is seen as most cost effective method to
produce photonic modules due to the fact that packag-
ing costs, which normally is the largest part of photon-
ic module production cost, is minimized [1]. The cost-ef-
fective monolithic integration of photonic systems still
[2]. Hybrid integration
of InGaAsP/InP sources and silica fibers using passive

meets an extensive challenge

alignment silicon waferboard is suggested and demon-
strated for producing optical communication modules [3].
Research work has lead to the demonstration and utiliza-
tion of planar lightwave circuits (PLCs) [4]. Hybrid inte-
gration, however, seems to offer a very competitive solu-
tion for optical communication modules, also [5]. In some
applications, such as in the realization of high power op-
tical transmitter modules needed in sensor and tooling
applications, the hybrid integration seems to be the only
practical method [6].

The use of passive alignment in the production of hy-
brid integrated modules is advantageous especially in

Photonics Modules

volume production, due to the fact that method is sim-
ple and fast [7]. Silicon micro-machining technologies
that are used in the microelectronics industry are wide-
ly applied to tool silicon precision substrates for the pas-
sive alignment fiber optic subassemblies. The accuracy of
processed silicon substrates is adequate for passive align-
ment of single mode photonic devices and components
[8]. High mask production and processing costs, however,
typically limits the use of silicon processing technology
in devices, which are not cost sensitive or are produced in
very large volume. Medium and low volume production
pursues methods with high flexibility and low processing
costs. In order to meet the processing cost requirements
of medium and low volume production of alignment sub-
strates, a concept in which alignment grooves are em-
bossed into metallic substrates, has been suggested [9].

We have studied the possibility of creating passive align-
ment substrates for the hybrid integration of high power
laser diodes with micro-optical components and silica fi-
bers using low temperature co-fired ceramic (LTCC) tech-
nology. LTCC and thick film materials have a long histo-
ry of meeting the most demanding electronic packaging
and interconnect material requirements [10]. Low con-
ductor resistance and dielectric loss, multi-layer struc-
tures with fine-line capability, compatibility with her-
metic sealing and the ability to integrate passive elec-
trical components into the substrate make LTCC a use-
ful technology for optical MEMS and communication ap-
plications [11]. The cost efficiency of the LTCC technolo-
gy -based photonic transmitter module in volume produc-
tion is advantageous due the fact that, LTCC panel manu-
facture and component assembly are realized using stan-
dard high volume applicable production methods, such as,
screen printing, flip-chip assembly of devices and surface
mount assembly and reflow soldering of components. The
cost efficiency of LTCC technology, however, is not limit-
ed to high volume applications, but it is also applicable to
low and medium volume applications because process re-
lated initial and mask costs are typically moderate com-
pared to silicon and LIGA processes.

Il. LASER TO FIBER COUPLING SIMULATIONS

The simulation of the passive laser-to-fiber coupling uti-
lizing LTCC test substrates commenced by performing
optical coupling efficiency analysis between 1x100 pm
emitting area laser and 62.5/125 pum fiber, NA=0.275. The
laser beam full width divergence 10 x 56 degrees, when
the 1/e2 intensity values were applied. The emitted power
center wavelength was 808 nm. The coupling simulation
and tolerance analysis systems were built using ASAP™

21



MODULE PACKAGING

(Breault Research Organization) optical design and simu-
lation software. The multi-mode laser model used in the
simulations obeyed Gaussian intensity angular distribu-
tion in the far-field Y-direction and top hat in the X-di-
rection. The laser model had top hat spatial irradiance
distribution in both directions. The simulation model was
fitted to the manufacturer’s data. An example of the mod-
eling of an edge-emitting stripe laser optical power cou-
pling to a multi-mode fiber using a ball lens is shown in
Fig 1.

Fiber
cladding

- Ball-lens

Fig. 1. An example modeling laser-to-multi-mode fiber
coupling utilizing a ball lens

The nominal coupling efficiency in butt coupling achieved
in the simulation was 0.37, when a nominal distance of 30
pm between laser and fiber was used. The tolerance anal-
ysis of the coupling system was performed in two steps.
Firstly, the sensitivity analysis of the system was per-
formed. In the sensitivity analysis each tolerance vari-
able using 30 value is simulated separately and the most
critical tolerance variables are found, which enables sys-
tem optimization. The fiber decenter along the Y-axis is
the most significant tolerance variable with the used tol-

erance values.

Secondly, optical system Monte-Carlo tolerancing was
performed, Fig.2. In Monte-Carlo tolerancing, all tol-
erance variables are simulated simultaneously and sta-
tistical information of system performance is obtained.
Variables are represented as distributions in the simula-
tions. Only two variable distributions had non-Gauss-
ian distribution, namely source tilt y and fiber tilt y. All
of the other variable distributions had Gaussian distri-

bution.

As we can see from Fig 2. the maximum coupling efficien-
cy peak is around 0.37 and the maximum value is about
0.4, when using 10.000 MC systems in the simulation.
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Ill. LTCC PROCESSING OF HYBRID INTEGRATION SUB-
STRATES

The fabrication of a multilayer ceramic substrate using
LTCC technology is shown in Fig. 3. First, glass ceram-
ic sheets are blanked to the specified panel size. Second-
ly, the sheets are punched in order to form via holes. Via
holes are metallized to create electrical interconnections
between layers. The next step is the patterning of electri-
cal conductors and passive circuits onto each layer using
screen-printing or photo imaging. The final steps are lay-
er lamination, firing below 980 °C temperatures and cir-
cuit dicing. Relatively low sintering temperature allows
the use of metal conductor materials, such as, silver and
gold. Assembling discrete devices into the substrate fin-
ishes the system on chip (SOC).

Glass/ceramic sheet blanking Via punching Via metallisation
~ 2y -~

Conductor printing

Layer alignment =
& lamination PSS " )

Sintering

AL 3 4.)

Circuit separation

Fig 3. Standard LTCC process

The passive alignment of edge emitting laser-to-multi-
mode fiber alignment was studied using LTCC substrates.
The purpose of these experiments was mainly to evalu-
ate the passively aligned fiber position and its accuracy.
Two methods of manufacturing fiber grooves were tested,
namely, punching and photo-imaging.



The shape of the alignment groove was affected using
different combinations of lamination foils, e.g. Tedlar
film (25um), polyethylene foil (60um), latex rubber foil
(300pm) and steel foil (50pm). By using flexible foils, a
V-shaped groove can be laminated, see Fig. 4a. Steel, be-
ing a rigid material, reduces the lamination force to the
cavity edges and, therefore, produces a fairly orthogo-
nal shape for the groove, as seen in Fig. 4b. To evaluate
the fiber passive alignment accuracy to the manufactured
grooves, a 10/125 pm single-mode fiber without jacket
was pressed against the groove and attached to the sub-
strate using a UV-curable epoxy.

Fig.4. Punched and laminated fiber grooves on LTCC, a)
flexible foil, b) rigid foil

Photo-imageable thick film conductor materials have
been previously demonstrated to produce very accurate
features and only a few micron edge resolution. The pro-
cessing steps include the screen-printing of UV-sensi-
tive paste on a fired substrate, exposure through a pho-
to-mask, spray development and finally firing at about
850°C. Similarly, photo-imageable glass paste can be used
to manufacture alignment structures on a fired substrate.
The benefit of using glass instead of conductive paste is
that a thicker layer can be exposed and imaged using
only a minimal amount of UV energy. The cost of glass
material is lower than conductive paste, also [12].

To manufacture the experimental fiber grooves, either
three or four layers of photo-imageable glass were screen
printed and dried on alumina or LTCC substrates. The ex-
posure was performed on a regular screen exposure unit.
The exposure intensity was 1mW/cm? and exposure time
10 seconds. The used chromium glass mask had a track
width of 70 pm and a track spacing of 80 um. The ex-
posed pattern was spray developed using 0.8 % sodium
carbonate, followed by water rinsing and spin drying. The
patterned glass tracks were fired in a belt furnace, using
a standard 850°C thick film profile. The firing shrinkage
typically reduced the track width a 50 um, corresponding
to a groove width of 100 pm. The fired thickness of the
glass track for three and four printed layers was 40 pm
and 48 pm, respectively. Pieces of 62.5/125-micron multi-
mode fiber were attached to the grooves using UV-cur-
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able epoxy. The typical shape of the photo-imaged groove
pattern and the assembled fibers are shown in Fig.5.

Fig. 5. Photo-imaged fiber grooves on LTCC

IV. MODULE PACKAGING

A laser fiber pigtailed module series consisting of 40
modules in two different series, namely AT and A2, were
realized using a six layer LTCC substrate, sized 22mm
x 25mm, to evaluate the multimode fiber-to-edge emit-
ting laser passive alignment accuracy and the thermal
characteristics of LTCC for the packaging of high pow-
er lasers.

The demonstrator assembly started with laser chip align-
ment and attachment to the LTCC substrate gold metalli-
zation. The laser chip dimensions were 117 pm (H) x 200
pm (W) x 1000 pm (L). The laser diode was aligned with
a Fineplacer flip-chip bonder and attached by a 50%In/
50%Pb solder preform to the LTCC substrate. Solder pre-
form of size 200 pm x 200 pm and thickness 20 pm was
used for the attachment. The laser diode was placed on
the preform and heated to 280°C during 90 seconds and
cooled freely after solder wetting. The upper contact was
wire-bonded with a wedge-bonder using 25 pm diame-
ter gold wire.

A 62.5/125 pm multi-mode graded-index NA=0.275 fiber
(Spectran) was aligned manually to the LTCC groove un-
der a microscope. The separation between the laser and the
fiber was adjusted to about 40 um. The fiber was pressed
to the groove using a small weight at the fiber center and
epoxy bonded using three separate drops of Loctite 3525
UV-epoxy. The strain relief was realized by bonding the
fiber buffer to the widened groove using the same epoxy.
The epoxy was hardened using a Novacure UV-source
and a dose of 1000 mW/cm?2 for 10 seconds. A close up of
the laser to fiber coupling can be seen in Fig. 6.
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Fig. 6. Close up of laser chip and fiber

V. MODULE CHARACTERIZATIONS

The realized accuracy of laser diode and fiber alignment
on the LTCC substrate was characterized by measuring
alignment errors of assembled components from the re-
alized modules. Veeco white light interferometer, model
Wyko NT-3300, and optical 3D coordinate measurement
system, model Smartscope 200, were used in the mea-
surements. The used coordination in the tolerance mea-

surements is shown in Fig. 7.

Laser diode

Fig. 7. Coordination in laser-to-fiber coupling

In Table 1 the measured alignment tolerances are shown.

Table 1. Measured laser-to-fiber alignment errors

Serie LD Groove | LD/fiber | LD/fiber | LD/fiber
heigth | width | dz [um] | dx [um] | dy [ pm]
(U] [bm]

AT 1247 | 1111 42.8 NA 17.1

Serie

Mean

A2 127.2 | 109.8 39.5 NA 10.4

Serie

Mean

AT 2.2 3.5 14.2 7.7 7.6

Serie

SD

A2 3.8 5.1 10.2 3.1 9.1

Serie

SD
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LTCC substrate surface was used as a reference surface,
when measuring laser diode and fiber with absolutely as-
sembly accuracy in the Y-axis direction, which was seen
as the most critical tolerance in the sensitivity analysis.
The fiber Y-axis average offset was +17.1 pm in the AT
series and +10.4 pum in the A2 series. The laser diode Y-
axis average offset was -0.3 pm in the AT series and +2.2
pm in A2 series. We could not measure, however, abso-
lute assembly accuracy in X and Z directions due to the
lack of proper reference surfaces/marks. Due to the same
reason we could not also define the offset of components
along the X-axis. The assembly accuracy in X- and Z-
axis directions was characterized by measuring the rel-
ative alignment error between laser and fiber. The dif-
ference between the series was that AT series precision
structure tape thickness after sintering was 90 pm and
A2 series tape thickness was 130 pm.

As one can see from Table 1, the transverse alignment er-
rors in both series are under 9.1 pm, which suggests good
coupling efficiency between laser diode and fiber.

The coupling efficiency of the modules were measured so
that the laser power was first measured after assembly
with an optical power meter applying a 10 mm square sil-
icon detector. Due to the fact that total power could not be
measured with the set-up, a correction factor applied by
system optical simulation was used to define the total op-
tical power emitted by the laser diode. Secondly, the fiber-
coupled power was measured. The coupling efficiency is
achieved simply by dividing fiber-coupled power by total
power. The average coupling efficiency and distributions
are shown in Table 2.

Table 2. Average coupling efficiencys and distributions

AT Mean 0.39
A2 Mean 0.43
AT SD 0.14
A2 SD 0.18

The total number of operational modules was 13 in the AT
series and 16 in the A2 series. The total number of mod-
ules was 40. The laser output was found to be poor in the
pre-study with 11 modules and fibers were not assembled
on those modules.

As one can see from Table 2, the average coupling effi-
ciency in A2 series is better than in AT series. This is well
consistent with the fact that the measured alignment er-
rors are smaller in A2 series than in AT series. The distri-



bution of coupling efficiencys in both series in much wid-
er than expected from the simulations. Laser near- and
far-field intensity distributions were measured in order
to see the accuracy of the used laser model. Near-field in-
tensity distribution was measured by imaging laser facet
to a CCD camera detector using microscope objective. In
Fig. 8, an example of measured spatial intensity distribu-
tion is shown.

Sample 23 A2 B
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720

730

"“_ -iii‘. A

740

750

760
300 400 500 600 700 800 300
Fig. 8. Example of measured laser spatial near-field in-
tensity

We can see from Fig. 8 that the laser near-field intensi-
ty distribution is clearly multi-mode and not continuous
top-hat Gaussian as used in the initial simulations. There
is a black region at the laser facet hitting just in the fi-
ber core in butt coupling with zero alignment toleranc-
es. This causes a clear reduction in coupling efficiency.
In the opposite case coupling efficiency would be higher
than nominally possible with continuous top hat Gauss-
ian laser. A more accurate laser model is needed in order
to achieve truly predictive simulations.

VI. CONCLUSION

Manufactured module serie coupling efficiency has been
pre-studied through simulations performing tolerance
analysis in two steps. Sensitivity analysis informed that
the most significant variable in optical coupling was fi-
ber decenter along the Y-axis. Monte-Carlo tolerancing
revealed the expected performance distribution with the
presumable manufacturing tolerances and showed quite
narrow performance distribution. The measured align-
ment tolerance values between laser and fiber were in AT
prototype series were Ax=7.7 um, Ay=7.6 pm and Az=10.8
pm (SD values). The corresponding values in A2 proto-
type series were Ax=3.1 pm, Ay=9.1 pm and Az=10.2 pm.
The measured average coupling efficiency was 0.28 in
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AT series and 0.31 in A2 series. The coupling efficien-
cies of all operational prototypes varied from 0.05 to 0.43.
The characterizations showed that the achieved align-
ment tolerances are adequate for high efficiency coupling
between the used multimode laser and fiber and narrow
performance distribution should be achieved. The perfor-
mance distribution of the modules, however, was clear-
ly wider than the simulations suggested, although the
amount of modules was too small for defining the perfor-
mance distribution accurately. The measured spatial near-
field intensity distributions of lasers suggested that the
large variations between individual lasers actually cause
the widening of module performance distribution. A more
accurate laser model is needed in order to improve the ac-
curacy of performance distribution simulation.
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Tunable Laser Modul

1INTRODUCTION

Wavelength-tunable laser diodes [1] are advantageous in
optical networks, such as wavelength division multiplex-
ing (WDM) systems [2], where they can save money by
simplifying the spare part inventory while making opti-
cal networks more flexible [3], [4]. In WDM applications,
the tunable sources need to be assembled in a compact
and reliable package and possess superior spectral puri-
ty, excellent wavelength stability, high output power, and
wide tuning range.

Because compact and robust sources with simple han-
dling are preferred, tunable lasers that can be produced
as monolithically integrated devices are favoured. Three
types of monolithic devices exist, namely, distributed
feedback (DFB), distributed Bragg reflector (DBR), and
vertical cavity surface emitting lasers (VCSEL). Although
these devices have developed rapidly in recent years, they
still have some weaknesses - such as the narrow tuning
range of the DFB lasers and the low output power of the
DBR and vertical cavity lasers.

Hybrid integration of tunable lasers makes it possible to
use standard laser chips at potentially low cost. Lasers
with a long external cavity produce high output power,
have narrow line width, and are tunable over the gain
spectrum of the active material. The combination of a
movable external reflector and an edge-emitting Fabry-
Perot laser diode in a short external cavity configuration
allows the realisation of miniaturised tunable lasers.

Reliable, reproducible and high-yield packaging technol-
ogies are crucial for meeting the price and performance
objectives set for the low-cost photonic modules that are
used, for example, in optical access networks. Photon-
ic modules consist of optical, electrical and mechanical
parts with different packaging levels, including glass el-
ements, passive and active chip components, submounts
and packaged components. Typically, device alignment
and attachment is critical. Therefore, for cost-effective
packaging, the alignment should be achieved passive-
ly using precision-machined parts and material systems
that will fulfil the demanding dimensional stability re-
quirement of the assembly. The use of ceramic substrates
with integrated alignment structures is one way to imple-
ment low cost passive assembly.

Here we present the use of multilayer ceramic substrates
as a wiring board and mounting structure when packag-
ing wavelength-tunable fibre-coupled laser modules. The
substrates with precision cavities make it possible to pas-

for Fibr ti
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mmunication

sively assemble most of the photonic components so that
active alignment is only used in the attachment of the
single-mode fibre.

2 PRINCIPLE OF OPERATION

The tunable laser system schematically shown in Figure
1 consists of an edge-emitting laser diode (LD), an elec-
trostatically tunable Fabry-Perot interferometer (FPI) de-
vice, and a single-mode optical fibre. The FPI is brought
within close proximity of the low-reflectance laser facet,
whereas the fibre is butt-coupled to the high-reflectance

laser surface.

Ry Ry

Figure 1. Schematic of the FPI-tuned laser.

The surface micromachined FPI device consists of mov-
able top and stationary bottom mirrors [5]. By applying
voltage between the mirrors, the top mirror is moved to-
ward the bottom mirror and the spectral transmission
band of the FPI is tuned to shorter wavelengths. Laser
tuning mechanisms are explained in [5].

3 MODULE PACKAGING

Figure 2 shows the functional model of the tunable la-
ser. The module packaging is based on the use of preci-
sion ceramic substrates. Low temperature co-fired ceram-
ic (LTCC) technology is an extension of thick film tech-
nology, using the conventional screen printing technique
for conductor patterning on unfired glass-ceramic tape
sheets, which are further laminated and co-fired to make
a high-density multilayer structure.

Low conductor resistance, low dielectric loss and the
ability to integrate passive electrical components (resis-
tors, capacitors, and inductors) into the substrate make
LTCC a useful technology for telecommunication appli-
cations. The multilayer structure and fine-line capabili-
ty allow the realisation of complex substrates with three-
dimensional electrical interconnects and offer the possi-
bility to miniaturise electronic and optoelectronic prod-
ucts.
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Figure 2. Functional model of the module.

The possibility to form stable three-dimensional struc-
tures, such as cavities, holes and channels, and the com-
patibility with hermetic sealing, are very useful for opto-
packaging. In addition, the fair match of the thermal ex-
pansion coefficient to optoelectronic chips reduces pack-
aging-induced thermomechanical stresses. Today, elec-
tronic LTCC modules are employed in automotive and
telecommunication applications such as Bluetooth and
mobile phone modules, but they have been little used in
optoelectronic applications.

The base plate manufactured using the LTCC process
serves as the mounting platform for the subassemblies
and as the wiring board for the electrical connections
inside the module, Figure 3. Photodiodes, the monitor-
ing subassembly and the FPI chip, use LTCC substrates,
whereas other mechanical parts are made from alumin-
ium alloy.

FPI subassembly

Photodiode subassembly

Monitoring subassembly Base plate

Figure 3. Schematic assembly of the module.

The LTCC substrates contain precision cavities that help
in the positioning of the components. In an accurately
controlled process, the dimensions of fairly large cavi-
ties, such as those used in our module substrates, possess
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a horizontal and vertical inaccuracy of + 20 pm and + 10
pm, respectively. When the substrates are diced by saw-
ing, the LTCC part dimensions have a lateral inaccuracy
of + 10 pm. The perpendicularity error of the sawn sur-
faces to the other surfaces is under + 0.5°.

The thermoelectric cooler attached to the LTCC base plate
stabilises the temperature of the laser and the laser-to-fi-
bre coupling optomechanics. This minimises the compo-
nent misalignments caused by varying ambient temper-
ature. The laser chip lies on an aluminium nitride sub-
strate that has high thermal conductivity. The thermistor
is placed near the laser to monitor its temperature.

The FPI attached to the LTCC substrate stands near the
low reflectance laser facet. A piezoelectric actuator fine-
tunes the separation between the FPI and laser. The cavi-
ties of the LTCC substrates serve as reference marks dur-
ing the assembly and also enable passive alignment of
the FPI chip and the monitor lens. Because FPI devic-
es are sensitive to stress-induced degradation, low-stress
die-attach techniques are necessary.

The monitor lens collimates the divergent laser beam
transmitted through the FPI and directs it to the laser-
monitoring subassembly. This consists of a wavelength-
selective beam splitter and two photodiodes. The high-re-
flectance facet laser beam is butt coupled to the output fi-
bre. Figure 4 shows the realised module before the fibre
feed-through and the cover was assembled.

Figure 4. Tunable laser module before the fibre feed-
through and cover was assembled.

4 MODULE PERFORMANCE

The tunable laser is able to produce either a multimode or
single-mode output spectrum depending on the control
parameters. When simultaneously optimising both the



piezo and the FPI control voltages we obtained a 13-nm
single-mode tuning range, Figure 5.
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Figure 5. Superimposed spectra in the single-mode tun-
ing.

The output spectrum consisted of the principal mode and
relatively weak side modes. The side mode suppression ra-
tio was better than 25 dB and the single-mode fibre-cou-
pled output power 100 pW [5]. In multimode operation,
the maximum wavelength tuning range was 19 nm and
fibre-coupled output power 0.7 mW.

One advantage of the short external cavity configura-
tion is the possibility to modulate the output power by la-
ser current. The measured 3 dB cut-off frequency of 600
MHz is the widest reported direct modulation bandwidth
of the external cavity tunable laser [6].
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In conclusion, we realised a prototype series of 1550 nm-
band FPI-tuned external cavity laser modules that used
LTCC substrates. The precision cavities of the LTCC parts
eased the module assembly by enabling the passive align-
ment of the photonic components. The hybrid arrange-
ment used standard laser chips and thus provides a po-
tentially cost-effective and easily configurable solution
for last-mile fibre optic communications.
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Spectral Radiant Flux Measurements for Infrared Light

Emitting Diodes and Halogen Lamps

1 INTRODUCTION

Light emitting diodes (LEDs) and arrays may be used
as radiation sources for optical instruments and spec-
trometers. A majority of LED applications to date have
been in high volume consumer products, such as car and
instrument indicators, displays, car brake lights, trans-
mitters for optical telecommunications and even room
illumination. The availability of LED wavelengths re-
flects this market demand, in which case most stan-
dard devices emit at visible wavelengths, with only a
few wavelengths available for UV and infrared appli-
cations. Recently, the situation has improved, and LEDs
for instrumentation applications at intermediate and ex-
tended wavelengths have become available. The Hun-
garian MFA institute has developed a set of LEDs cov-
ering wavelengths from 1000 to 1700 nm [1], which are
packaged and offered for instrumentation applications
by VTT’s spin-off company Rikola Ltd [2]. Furthermore,
The loffe institute in St.Petersburg has an extensive
background in even longer wavelength LEDs, such as
those for 1940nm [3] and for mid infrared wavelengths
of up to about 7000nm [4].

Radiometric measurements were arranged for the se-
lected infrared LEDs and typical halogen incandescent
lamps during the VTT-funded research project “Optical
Techniques for On-line Instrumentation”. The light emit-
ting diodes and halogen lamps, chosen for the study, are
components with potential to serve as light sources in
near infrared instrumentation. The goal of the measure-
ments was to study the spectral radiant flux emitted into
the hemisphere at near infrared wavelengths. This re-
port provides a summary of the measurements made as
well as discusses the results obtained.

2 EXPERIMENTAL
The LED and lamp devices chosen for the study are sum-
marised in Table 1.

The setup for the measurements is illustrated in Figures
1 and 2. An integrating sphere with diffuse gold coating
(Labsphere IS-010-1G) was used to collect radiation from
the LED or lamp under study. A small sized sphere was
used, with a diameter of 1 inch, in order to minimise op-
tical losses and obtain acceptable signal-to-noise char-
acteristics. The light source under study was brought as
close as possible to an input port, with a diameter of 6.15
mm, aiming to practically collect the whole beam emit-
ted by the source into the hemisphere. For all LEDs this
was not possible, in which case a small gap, in the order
of 1 mm was present between the LED and the input port.
The tested lamps were equipped with an ellipsoid reflec-
tor, in which case the focal spot was aligned with the
input port of the sphere. Radiation from the integrating
sphere was transmitted by fibre optics into a FTIR spec-
trometer (Bomem MB 155) to record the spectral response.
A low OH quartz fibre bundle was used for the LED mea-
surements. For lamp measurements there was interest
to obtain results reaching longer wavelengths, in which
case infrared fibre optics of fluoride material was used
instead (La Verre Fluore IRguide-1). Furthermore, differ-
ent detector and preamplifier units were also mounted for
LED and lamp measurements. Extended InGaAs photodi-
ode (Hamamatsu G5853-11) was used for LED measure-
ments and a PbS photoconductor for lamp measurements,
accordingly. The spectral response for the equipment was
calibrated by recording spectra from a blackbody source
(Electro-Optical Industries, Control unit 215B, Radiator
unit WS143), and repeating the calibration for each LED
or lamp experiment. The blackbody temperatures used
were 1058K and 1283K for LED and lamp measurements,
correspondingly. The blackbody aperture diameter and
the distance from the sphere were adjusted and observed,
for use in the calibration formula.

Type Manufacturer Wavelength [nm] Measuring conditions Quantity [pcs]
Custom device with 3 Rikola 1280 40 mA dc 1
LED chips 1490
1580
LED 1.2 Physimpex 1200 40 mA dc 3
LED 1.3 Physimpex 1300 40 mA dc 3
LED 1.4 Physimpex 1400 40 mA dc 2
LED 1.9 Physimpex 1940 40 mA dc 2
8211-09 (20W) Welch Allyn 90 % of nominal voltage 1
L6408-G (75W) Gilway 90 % of nominal voltage 1
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Figure 1. Schematic diagram of measuring equipment.

Spectral radiant flux ®, for each lamp and LED was esti-
mated using the following mathematics,

®,= K,XS, (1)
LAQ

K= Lt (2)
g Sbb,l

[=__2hc 3)

where
K, = calibration vector

S, =response spectrum
L, =blackbody radiance
A, = area of input port

Q,, = solid angle of blackbody illumination

S,y = response spectrum for blackbody measurement

T = blackbody temperature.

3 RESULTS

Results for all tested LEDs and halogen lamps, calculated
to spectral radiant flux [W um™], are shown in figure 3
for comparison purposes. The spectral flux of the halo-
gen lamps can be seen as being much higher than that of
any of the tested LEDs, for the whole wavelength range.
This will be true when operating LEDs using small direct
current activation, likewise the current measurements
(40mA). Tt is known that the peak output from LEDs may
be significantly increased using high drive currents in
pulsed, low duty cycle operation [5]. According to prod-
uct information from Rikola Ltd [2], the improvement
possibility for their device, with optimum pulsing con-
ditions, will be by approximately the factor of 20. There-

MODULE PACKAGING

:

Figure 2. Illustration of an LED device facing the input

port of the integrating sphere.

fore, the situation will be more favourable for LEDs in
pulsed operation.

It is worth remembering, that the tested lamps were spe-
cial halogen lamps with fitted ellipsoid reflectors for in-
frared applications. The spectral flux obtained here is not
the total flux from the lamp, but corresponds to the flux
delivered to an aperture with diameter of 6.15 mm, locat-
ed at the focal point of the reflector. The result was mea-
sured using 90% of nominal voltage, which is common
practice in instrument applications to extend the operat-
ing life of halogen lamps.

4 CONCLUSIONS

The results obtained in the current study may be useful
for radiometric power budget calculations in the develop-
ment of near infrared instrumentation.

For future research it will be useful to continue studies
to 1) evaluate LEDs and lamps in pulsed operation, and 2)
examine spectral radiance on the emitter surface, avail-
able from LEDs and thermal sources. Information about
radiance will be useful for estimating coupling efficien-
cy of optical fibre, which is of interest for many applica-

tions.
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Printable Optics and Electronics: A Short Summary from the

ABSTRACT

The embedding of electrical, optical and optoelectronic
functionalities into low-end products like packages and
printed matter can be used for the realisation of active
and intelligent packages and printed matter. These func-
tionalities can be used to produce simple entertaining and
impressive effects or they can be integrated into the pack-
age in order to help logistics, monitor the quality of the
product, and even to produce interactive packages. For
these purposes, components like displays, photodetectors,
light sources, solar cells, battery elements, diffractive op-
tical elements, light guides, electrical conductors, resis-
tors, transistors, switching elements, etc., and their inte-
gration techniques to create functional modules are re-
quired. Additionally, the price of the integrated compo-
nents and modules cannot considerably increase the price
of the product package or printed matter.

INTRODUCTION

Conventional and advanced printing methods are well
established techniques and are nowadays routine tools
for the packaging and printed matter industry. From the
packaging and printing industry point of view, the roll-
to-roll (R2R) technique is the only method of choice ca-
pable of fulfilling the demanded production volume and
integration of the existing production process with a low
cost level. Moreover, conventional printing techniques
are additive techniques reducing the amount of waste
during the fabrication. When simple electrical and optical
components can be fabricated using conventional print-
ing techniques, their integration into the low-end prod-
ucts will be possible.

‘Printable optics and electronics’ —project (PRINTO) has
been one of the biggest research projects in the ‘Electron-
ics miniaturisation programme’ (ELMO) of the National
Technology Agency (TEKES) in Finland. PRINTO has been
a consortia project of 7 research groups from the Techni-
cal Research Centre of Finland (VTT) and Finnish Univer-
sities and 7 industrial partners from the paper and pulp,
printing and electronics industries. PRINTO has focussed
on the continuous R2R fabrication of active and passive
optical, electronic and optoelectronic components and
circuits on web (paper or plastic). R2R fabrication enables
the volume-scale and cost-effective fabrication of printed
electronics, and its integration into tomorrow’s low-end
products such as product packages, printed matter, dis-
posable sensors and low-end electronic products.

VTT Electronics was the coordinator of the Printo-proj-
ect. VIT Electronics’ main research areas in this project

Printo-project 2002-2004

were optical light guides, organic light emitting diodes
(OLED), organic solar cells (OSC) and the R2R fabrication
of passive electronic components and diffractive optics
including optical read-only memories and decorative el-
ements. VIT Information Technology’s microelectronics
group investigated components and demonstrators based
on the conductive polymers. Investigation of the ink-jet
printing for the individualisation of the active packages
was carried out by the VIT Information Technology’s me-
dia group. The University of Joensuu designed diffractive
optical elements and also fabricated the required tools for
the R2R fabrication of these elements. Printable dye-sen-
sitised solar cells were investigated at the University of
Jyviaskyld, Department of Chemistry, and passive elec-
tronic components based on particulate conductors at the
University of Oulu, Microelectronics Laboratory. Func-
tional demonstrator concepts, showing the capability of
these techniques in terms of active and intelligent pack-
age, have been designed according to consumer interests.
Research work was carried out by the University of Lap-
land, Faculty of Arts and Design. From the designed con-
cepts, the most suitable ones were chosen for demonstra-
tors’ realisation

TECHNIQUES

During the Printo-project, conventional roll-to-roll print-
ing technologies such as gravure-, off-set-, ink-jet, hot-
embossing, and flexographic printing were evaluated for
the fabrication of electrical, optical and optoelectronic
components. From those techniques, most of the attention
was paid to the gravure printing of passive and active
electrical, optical and optoelectrical components, where-
as diffractive optics have been produced using the roll-
to-roll hot-embossing technique. Some efforts were also

e Q% @

Figure 1. Tabletop gravure printability tester for material
modification and first printing trials.

33



PRINTABLE OPTICS AND ELECTRONICS

paid to the flexographic-, off-set-, and screen-printing
techniques in order to obtain an understanding of the
technological benefits and drawbacks of the different
printing techniques, and also for the ink-jet printing of
the individualisation of the packages and printed mat-
ter.

The first printing trials, as well as the material modifica-
tion, were carried out using table scale printing machines,
see Figure 1. For the pilot production trials, VTIT Electron-
ics’ PICO facility was used. This facility includes two gra-
vure (UV-, thermal- or IR-curing possibilities), hot-em-
bossing and laminating units. The facility is capable of
printing max. 25 cm width web at the speed of max 100
m/min and is shown in Figure 2.

Figure 2. PICO pilot production facility installed in VIT
Electronics’ clean room environment.

REALISATION OF LIGHT AND POWER SOURCES USING OP-
TOELECTRONIC COMPONENTS

From the active package point of view, the most criti-
cal component is the display element. During the Printo-
project, R2R manufacturing technologies for the organic
light emitting diodes (OLED) using the gravure printing
of organic layers on commercial ITO-PET substrate was
investigated. The R2R fabrication of OLED was started by
the gravure printing of modified PEDOT-PSS ink, which
enhances the performance of the final device. On top of
the PEDOT-PSS layer, emitting polymers such as MEH-
PPV (orange) and PFO (blue), or small molecules doped
in a suitable host were also printed by using the gravure
technique. For the fabrication of cathode, the evaporation
(Mg-Al) technique was used, even though screen-printed
cathodes (Ag) have also been successfully used. In Figure
3, printed blue-orange OLED behaving as a “temperature
indicator” in a medicine package is shown.
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Figure 3. OLED (blue and orange) -based temperature in-

dicator on active package.

Emitting devices also require energy. For the Printo-
project, dye-sensitised or organic solar cells (DSSC and
0SC, respectively) were chosen as the energy source.

The conventional fabrication method of the DSSC cells
requires high temperatures and long processing steps,
which are not suitable during R2R fabrication. These
steps include the high temperature fabrication of nano-
crystalline TiO2 on ITO-coated substrate, dye-sensiti-
sation of the TiO2-layer, and the encapsulation of liq-
uid electrolyte between sensitised TiO2-layer and plat-
inised (vacuum process) counter electrode. During the
Printo-project, DSSC fabrication techniques suitable
for R2R manufacturing were investigated and devel-
oped: 1) the fabrication of nano-crystalline TiO2 can be
achieved using different R2R suitable coating methods
and R2R calandering, 2) liquid phase electrolyte can
be converted with gel electrolyte, and 3) counter elec-
trode can be fabricated with the gravure technique us-
ing pre-platinised, gravure printable materials, such as
ATO. With these, R2R capable technique cells with so-
lar conversion efficiency of 3.2% (1/10 suns) has been
achieved.

The device structure of the organic solar cell (0SC) is
very similar to OLED; only the materials are different.
For the R2R fabrication of OSC inks containing P3HT
and fullerene, the blend was gravure printed on com-
mercial ITO-PET. Evaporated Al was used as a cathode.
With these structures, a relative solar conversion effi-
ciency of 0.1% was achieved.

ELECTRICAL MATERIALS AND COMPONENTS

For the realisation of active and intelligent packages,
simple electrical components such as resistors and con-
ductors are required. For these purposes, the fabrica-
tion of such components using conductive polymers
and particulate inks were used.
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Figure 4. The appearance of the ice-hockey demonstrator operating with 5 volts. (Tapio Mikeld VTT TTE/microelec-

tronics).

The high speed roll-to-roll manufacturing process of
polyaniline (PANI) and polytiophene (PEDOT-PSS) pat-
terns directly onto paper have already been demonstrated
with table-top and pilot machines. VIT Information tech-
nology’s microelectronics group has investigated the pos-
sibilities of modifying polyaniline materials to be suit-
able for flexo and gravure printing methods. As a result,
conductivity, spreading, optical quality and thickness
can be controlled. This can be used for the realisation of
both passive and active circuit components e.g. resistors,
capacitors, diodes and even the parts of the transistors
using roll-to-roll techniques. In Figure 4, a thermochro-
mic display element is used for the realisation of a simple
hockey trivia game. For the realisation of the demonstra-
tor, thermochromic ink was printed using flexographic
printing. Conducting materials, which behave as a heat-
ing element, were processed on the other side of the pa-
per. When the operating voltage was 5 volts, the colour
change took less than 3 seconds.

The main advantage of particulate conductors over poly-
meric conductors is their higher conductivity levels in com-
parison to polymeric conductors. The conductivity level of
a typical silver-based particulate conductor material suit-
able for printing purposes is in the scale of 103 S/cm.

By using commercially available silver-based conductive
inks, gravure printed test structures have been realised
by the “PICO” pilot production facility on paper and plas-
tic substrates as shown in Figure 5. Obtained sheet resis-
tance was 200 mQ/sq on plastic. The sheet resistance of
the corresponding structures on paper was a little high-
er but still below 1 Q/sq. The lower conductivity level of
paper is a result of the porosity of the paper reducing the

amount of the contacts between the silver particles with
the same amount of ink.

Figure 5. Gravure printed coil-antenna test structure
(Marko Pudas, University of Oulu).

DIFFRACTIVE OPTICS AND LIGHT GUIDED FOR DECORA-
TION AND OPTICAL DATA STORAGE

Different type of optical elements can be used in packag-
es to produce different types of entertaining or impres-
sive effects. In some cases, the information content of
the packages can be also increased by using properly de-
signed and fabricated optical elements. During the Printo-
project, we have investigated the roll-to-roll fabrication
of optical light guides and diffractive optical elements in
order to utilise the potential of optics in active and intel-
ligent packages.
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In packages, light guides can be used for decorative pur-
poses. In such cases, light from the integrated light source
can be coupled into the light guide, which delivers light
to the destination area of the package where it can be
coupled out with the desired shape producing shining fig-
ures. Three different types of approach to the fabrica-
tion of light guides were used: combined technique where
embossed grooves on substrate are fulfilled with optical
core material, and direct write using gravure or ink-jet
techniques. The best results were obtained using the gra-
vure printing technique. In Figure 6, Veeco picture from
the optical light guide and light propagation in the light
guide can be seen. The minimum optical attenuation ob-
tained so far is 1.8 dB/cm.

Figure 6. Gravure printed optical light guide.

Diffractive optics are based on microstructured surfac-
es and can be used to realise optical functions that are
exceedingly difficult or expensive to achieve by con-
ventional optics. Sometimes a single diffractive element
can replace a complicated refractive system. Nowadays
there are number of effective methods for mass produc-
ing diffractive optics. Roll-to-roll embossing is one of the
most suitable techniques for that purpose and it is already
widely used for security purposes.

In this project, several types of diffractive optical ele-
ments and microstructures for decorative and informa-
tive purposes have been realised and demonstrated by us-
ing the roll-to-roll hot-embossing technique with the pi-
lot production facility. The designing of such multi-infor-
mative elements requires novel types of design methods
and equipment that make this technique suitable also for
security applications. As an example from the fabricated
structures, Figure 7 shows a decorative and informative
element, namely kinegram, producing different kinds of
visual information depending on the viewing angle. In
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such a role, the same amount of information in three lan-
guages can be integrated into the area required by only
one language. Different languages become visible when
looking at the element from different angles. R2R fabri-
cation of kinegrams using the “PICO” pilot production fa-
cility was realised during the Printo-project.

MADE IN
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Figure 7. Three images of kinegram (Tomi Haring, Uni-
versity of Joensuu).

By using microstructures, it is also possible to generate
read-only types of optical memories that are producible
by different kinds of embossing techniques. In this proj-
ect, a read-only optical memory was designed and estab-
lished. The basic idea of the memory is based on the dif-
fractive microstructure that will produce a data matrix
pattern when illuminated by laser. This pattern informa-
tion can be read and analysed by a mobile terminal in
order to decode the pattern containing information. In
Figure 8, the principle of optical read-only memory is
shown.

2,
Printo memory 1.
Laser
3.
Image phone +
decoding
software iy
“VIT

Figure 8. Principle of read-only memory based on the us-
age of the diffractive optics.

When the R2R hot-embossed diffractive element is il-
luminated with a laser it produces a data matrix pat-
tern containing information in a manner similar to that
of a standard bar code but with much higher data den-
sity (up to 250 000 bytes/cm?). The pattern is read with
a camera phone and the information is decoded. In this
concept, the product package can carry a huge capac-
ity of information instead of obtaining the data from
the web.



During the Printo-project, transmission and reflection
types of optical read-only memories were fabricated us-
ing static- and R2R hot-embossing techniques. In Figure
9, an image from a transmission type optical read-only
memory can be seen (static hot-embossing was used at
the University of Joensuu). The processed data showed
an amazing bit-error-ratio (BER) of 0.2%, including the
central peak. For R2R fabricated reflection type of optical
read-only memories the minimum BER was 1.33 %.

Figure 9. (Left) Image of the transmission element on

CCD camera (static embossing).

SUMMARY

Roll-to-roll techniques for the fabrication of simple pas-
sive and active electrical, optical and optoelectrical com-
ponents have been evaluated. By using these methods, it
has been possible to fabricate several different types of

elements suitable for use in active and intelligent pack-

ages. For the realisation of simple electrical components
such as conductors, resistors and coils, conductive poly-
mers and particulate conducting materials together with
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gravure-, flexo-, ink-jet and screen-printing methods
have been used. The active optoelectrical components
including organic light emitting diodes and solar cells
have been fabricated with high-volume capable methods.
Diffractive optical elements that can be used for deco-
rative, entertaining and information increasing compo-
nents have been fabricated with the roll-to-roll hot-em-
bossing technique. The realisation of all of these single
components followed by the future integration of them
into functional modules will make it possible for the rev-
olution of roll-to-roll manufactured active and intelligent
packages.
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Gravure Printed Thin Films for Polymer Leds

INTRODUCTION

m-conjugated polymers are very promising and attractive
materials for use in electroluminescent displays , photo-
voltaics, transistors, and sensors, because they combine
the optoelectronic properties of semiconductors with the
processing advantages and mechanical properties of plas-
tics. Currently, processing and fabrication of thin films
for polymeric electronics is carried out using tradition-
al techniques such as spin coating. However, this tech-
nique has several disadvantages, e.g. material wastage
and time consuming, and therefore, tremendous benefits
are gained by incorporating printing technique in the de-
position of polymer thin films.

Gravure printing has introduced one of the fast and cost
effective roll-to-roll techniques with adequate resolu-
tion and low process temperature. In this technique
the pattern to be printed is engraved into the rotation-
al printing cylinder. The engraved cells are filled with
ink that is transferred to the foil when the cylinder is
brought into contact with the surface of foil. During
printing excess ink is removed from the cylinder by use
of the flexible doctor blade. This ensures that the cells
are filled with exact volume of ink. In this study, our in-
terest is to print light-emitting thin films for the flexible
polymer light-emitting device (PLED) using semiauto-
matic table-top size gravure printer. It is known that the
electroluminescence performance of the device is high-
ly sensitive to the film morphology. Therefore, the qual-
ity of printed film must be flat and uniform without any
pinholes.

EXPERIMENT

The PLED structure studied consisted of ITO/PEDOT/
MEH-PPV/Ca/Al. For the hole injection layer the
conductive polymer, poly(3,4-ethylenedioxythiophene)
doped in poly(styrenesulfonate) (PEDOT:PSS) was spin
coated resulting 70-nm thick film onto precleaned
poly(ethylene telephtalate) (PET) substrate coated with
indium-tin-oxide (ITO, 50 ohms-sq') anode. The film
was subsequently dried at 60°C for over night in N,
atmosphere. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV, Mw ~280’000 g/mol)
was utilized as an active luminescent material. The
polymer solution was gravure printed at the speed of
1 m/s and followed by drying at 60°C for 2 hours in N,
atmosphere. The Ca/Al cathode was prepared by vacu-
um evaporation at the base pressure of 10° mbar. The
emitting area was 16 mm? Current density-luminance-
voltage measurements were carried out in room ambient

condition with epoxy encapsulation.
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RESULTS

The mesh sizes of 70 lines/cm and 40 lines/cm with the
40 pm and 70 um cell depths were used to gravure print
polymer films, respectively. The film morphology is rep-
resented using the histogram plot showing the distribu-
tion of individual film thickness over 100 mm? size area,
and the surface profile indicating film roughness and
waviness from the scan length of 10 mm.
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Figure 1. Film thickness histograms plotted from
100 mm? size area. Photographs of engravings in 70 l/cm
(filled squares) and 40 l/cm (open squares) are represent-
ed in insets, and the structure of MEH-PPV polymer is
also shown.

The narrow peaks, which correlate Gaussian function, in
the histograms (Figure 1) resulted low film waviness and
roughness. It is noticed that increasing the cell depth in
the engravings, thicker films can be achieved. Film thick-
nesses of 117.7 nm and 188.7 nm were obtained with low
calculated standard deviation of <4 nm in both films. Fig-
ure 2 shows cross sections of printed surfaces. The pro-
files are being measured along lines (see inset) not show-
ing any significant holes or bumps in the printed film.

Same gravure printed light-emitting films, as above, were
used to fabricate separate PLEDs. The current density-lu-
minance-voltage (I-L-V) characteristics are shown in Fig-
ure 3. Here, the device with thicker polymer layer results
three times lower current density at the forward bias of
6V than thinner layer, as predicted.

The turn-on voltage for current injection of the PLED is
almost independent of the thickness of the polymer layer.
However, the turn-on voltage for light emission is strong-
ly dependent on the thickness of the polymer layer. It can
be easily seen in the L-V curves (Figure 3, inset), where
the turn-on voltage for light emission is shifted from the
bias of 3.5 V to 4.2 V.
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Figure 2. Surface profiles from the cross section (inset) of

two printed films.
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Figure 3. I-L-V characteristics of printed PLEDs.
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PLEDs based on gravure printed light-emitting polymer

film were investigated. The printed films achieved flat

uniformity over large area.
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Biocompatible Materials

1. INTRODUCTION

BioOulu project enhances co-operation among biotech-
nology, information technology, electronics, physics
and chemistry. The goal is to create new biomolecule
detection systems. Our target is to generate biocompati-
ble materials to be used as part of disposable biosensors.
In the following summary some results of the foregoing
material development are presented.

Mild, aqueous, room temperature reaction conditions
during synthesis of sol-gel materials enable them to be
used with different biomolecules. Sol-gel bioactive mate-
rials obtained by entrapment of proteins, including also
whole-cell extracts and antibodies have attracted much
attention.' The majority of the reported sol-gel -mod-
ified biosensors are based on enzymes trapped in sili-
ca matrix.? Numerous reports have established that, in
the majority of cases, sol-gel entrapped biological mol-
ecules retain their characteristic biochemical function-
ality and remain stable over periods of months. Howev-
er, low pH or high alcohol levels during the sol-gel syn-
thesis can be harmful.” Positively charged Al,O, sol-gel
has been found to be a suitable matrix for improving the
stability of immobilized enzymes.

Parameters of the sol-gel process influence structural
characteristics of the product. For example molar ratio
of precursor materials, reaction time and temperature,
concentration of catalytic acid and the solvent used dur-
ing the reaction affect the material composition.*

2. EXPERIMENTAL

Tetraethyl orthosilicate (TEOS), (3-glycidoxypropyl)
trimethoxysilane (GPTS), hydrochloric acid (HCI) and
5 m% AlO(OH) in water were reacted to form the sol-gel
matrix (see Figure 1). Propyltrimethoxysilane was used
additionally in some reactions to enhance flexibility of

Rl ok o . HCITHO  suring
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Figure 1. Si-0-Si network formation on the surface of
nanoparticle AIO(OH).
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the coating. Subsequently the formed alcohol and water
were evaporated in some experiments followed by iso-
propanol alcohol dilution. Isopropanol which is a good
solvent for sol-gel is not anyhow the best possible dilu-
ent for antibodies. If dilution is needed in further tests
common, biocompatible solvent will be used.

Several sol-gel materials were synthesized using differ-
ent reaction conditions and the biocompatibility of the
formed materials was tested with fluorescence immu-
noassay. In “passive coating” sol-gel was spread on mi-
crotiter plate wells and layers were cured at 70°C. Then
antibody immunoglobulin G (IgG) was immobilized on
top of cured sol-gel layers. “Doped IgG” was achieved
by simply mixing the antibody with the sol-gel mate-
rial before coating and curing. The mixture was spread
on microtiter wells after which the layers were cured at
37°C.

To evaluate the effect of acidic medium on the immobi-
lization of IgG, both low pH sol-gel mixtures and nearly
neutral mixtures were tested. pH of the sol-gel mixture
was raised with a phosphate buffer before IgG doping or
passive coating. In certain cases the buffer precipitated
the sol-gel or a precipitate was generated after the addi-
tion of the diluted IgG.

The effect of the degree of crosslinking was examined
by heating the sol-gel mixture in 70°C for two hours to
enhance Si-0-Si crosslinking.

The immobilized IgG was detected in microtiter well
plates with fluorescein (FITC) labelled antibodies. Non-
specific binding was inhibited with BSA protein. Fluo-
rescence was measured by Wallac Victor 2V with exci-
tation / emission wavelengths 485 nm / 535 nm, respec-
tively.

3. RESULTS

Fluorescence measurements showed that biomolecules
can be immobilized effectively to the sol-gel material
either by passive coating or doping. By changing start-
ing materials, their molar ratios and reaction time, the

amount of the immobilized IgG was affected.

In this evaluation GPTS/TEOS/A10(OH)/HCI (and also
GPTS/TEOS/PTMS/AIO(OH)/HC1) with certain molar ra-
tios proved to be the best combination of materials to be
used with IgG antibody. The amount of immobilized IgG
was reduced without TEOS in the mixture. Same effect
was detected when GPTS was not present (see Figure 2).
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Figure 2. Fluorescence of IgG doped sol-gel matrixes.

According to our results the amount of immobilized IgG
was highest with nearly neutral sol-gel matrix (Figure
3) which is supported by the fact that very often bio-
molecules are treated in physiological environment. En-
hanced crosslinking of the sol-gel increased the doped
IgG response (see Figure 4).
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Figure 4. Effect of crosslinking.
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Passive coating of IgG was increased when the matrix
was highly crosslinked which was achieved with long re-
action time (Figure 5). As shown in Figure 6 the amount
of passive coated IgG antibody on the sol-gel was even
higher than on plain polypropylene microtiter well plate.
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Figure 5. Fluorescence of passive coated IgG.
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Figure 6. Comparison of passive coating of IgG on sol-
gel and on plain microtiter well (background is not sub-
tracted).

3. CONCLUSIONS

Sol-gel materials can be used successfully with biomol-
ecules. Sol-gel material composition affects consider-
ably the amount of immobilized antibody IgG as shown
by fluorescence measurements. Reproducible results are
achieved by optimized material synthesis which leads to
certain material composition and enhances the immobi-
lization of IgG in the sol-gel. According to our tests the
passive coating of IgG is better when immobilized on a
hydrophobic boehmite based sol-gel coating than on a
plain polypropylene microtiter well.

Our next experiments will include other antibodies to
verify their retaining activity under test conditions.
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Gravure Printing of Biomolecules

1. INTRODUCTION

The need of rapid and reliable analyzing systems for wel-
fare technology and medical care is apparent. Today the
time from sampling to result can take hours or even sev-
eral days. As a part of generating new biomolecule detec-
tion systems we have developed biocompatible materials
to be used in disposable sensors in the future. Mass-pro-
ductive printing technology can be used to achieve cheap
disposable sensors. The development work has been done
in BioOulu project which is a multidisciplinary project
combining biotechnology, information technology, chem-
istry and electronics expertise.

2. EXPERIMENTAL

Tetraethyl orthosilicate, (3-glycidoxypropyl)trimethoxy-
silane, propyltrimethoxysilane, hydrochloric acid and 5
m% AlO(OH) in water were reacted to form the sol-gel
matrix for antibody immunoglobulin IgG. Water and al-
cohol produced during the sol-gel reaction were evaporat-
ed and the mixture diluted with isopropanol alcohol. Oc-
casionally pH of sol-gel was raised with a phosphate buf-
fer and IgG was doped to the sol-gel. Obtained material
was printed on polystyrene slides which were RF-plasma
etched before use to achieve better adhesion of the mate-
rial. Table top gravure printing machine (IGT) was used
for printing tests (Figure 1).

The immobilized IgG in sol-gel was checked with fluores-
cence measurement using Alexa Fluor 546 labelled an-
tibodies specific to the printed IgG-sol-gel —coating. To
prevent non-specific binding the slides were treated with
BSA protein (bovine serum albumin). Fluorescence was
detected with Molecular Imager FX Pro equipment (Bio-
Rad) using excitation/emission wavelengths 532/555 nm,
respectively. In quantitative IgG measurements equal

a)

Figure 1. Material testing with gravure printing machine.

volumes of sol-gel and IgG dilution were mixed and a
certain amount of it placed on the IGT blade for printing.
Amounts of IgG on slides were calculated from these vol-
umes which inevitably gives too large detected IgG val-
ues on whole slides.

3. RESULTS

Sol-gel material with doped antibody can be printed suc-
cessfully with table top gravure printing machine. With
optimization of machine parameters rather smooth sol-
gel layers were obtained.

Immobilization of antibody IgG to sol-gel has been inves-
tigated during the biocompatible material development
and the immobilization was found to be effective. With
these printing tests we have shown that IgG stays immo-
bilized in the sol-gel also after gravure printing process.
IgG immobilized most effectively to nearly neutral sol-
gel matrix but immobilization could be detected also at
the acidic medium (Figure 2).

c)

Figure 2. a) Plain printed sol-gel without immobilized IgG (negative control), b) sol-gel with low pH + IgG, and c) Neu-
tral mixture of sol-gel + IgG. The highest fluorescence in c).
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The need for blocking the printed sol-gel with BSA to
prevent non-specific binding of the label was tested with
plain sol-gel surfaces (no IgG). According to these tests
fluorescently labelled antibody does not bind non-specif-
ically to the sol-gel. Thus BSA blocking can be left out,
which reduces treatment steps (Figure 3). Different con-
centrations of immobilized IgG in sol-gel can be detected
as presented in Figure 4. Dark, quite large dots in Figures
3 and 4 come from the glass substrate.

3. CONCLUSIONS

Our results prove that the developed material is biocom-
patible and can be printed also when an antibody is im-
mobilized to the sol-gel. As our knowledge this is the
first time sol-gel doped antibodies have been successful-
ly gravure printed and detected with fluorescence mea-
surement. According to our tests it is possible to differen-
tiate IgG amounts from slides but the exact limit for de-

tectable antibody is unknown. Our results suggest that
the fluorescence label does not bind non-specifically to
the sol-gel which simplifies sample treatment for fluores-
cence detection.

The next step in our investigation will be to verify the re-
taining activity of some other antibodies immobilized to
the sol-gel mixture and gravure printed on plastic sub-
strates. Labelled antigens will be used for fluorescence
detection. Also the quality of printing process will be im-
proved to attain still smoother coatings. The stability of
antibodies in sol-gels after printing have to be evaluated.

ACKNOWLEDGEMENTS

The European Regional Development Fund, the Provincial
State Office of Oulu and the city of Oulu are highly ac-
knowledged for funding the project.

Figure 3. Non-specific binding of the fluorescently labelled antibody was not detected. No BSA treatment in the left, BSA
treatment done on the right.
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c)

Figure 4. Different concentrations of IgG immobilized to the sol-gel mixture. a) 20 micrograms placed on the blade.

b) 2,5 micrograms placed on the blade c) 300 nanograms placed on the blade. No detected IgG in c).
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Integrated Optical Biosensor

Most conventional analyses for biomolecules require a
chemical laboratory with expensive equipment, transpor-
tation of samples, well-trained employees to perform the
tests and a lot of time for the samples to be transported,
reported, tested and the final results be interpreted. In the
BIODET 2 project, the objective is to study and develop
an integrated optical biosensor, which is smaller, quicker
and simpler to use and cheaper to fabricate and use than
conventional laboratory equipment. In practice, the bio-
sensor should be constructed on one chip, maybe a dis-
posable one, with dimensions less than a matchbox. With
great probability this biosensor needs separate equipment
for the interpretation of samples.

1.INTRODUCTION

Although a wide range of integrated optical biosensors
have evolved for the measurement of biomolecules, these
sensors are still quite rare in everyday life, because the
price of the reading equipment and biosensor chips has
to be noticeably lower compared to conventional analysis
equipment. This has proved to be hard to obtain, because
the fabrication methods of earlier chips have been too ex-
pensive and reading equipment has been quite compli-
cated and thus pricey. Despite the troubles with the pro-
totypes, the basic idea of an integrated biosensor is very
alluring. With the help of the development in materials
(e.g. thin films and Sol-Gel-materials) and in fabrication
methods, the price of an integrated biosensor has been re-
duced and the aim of a low-cost biosensor is once again
achievable.

The objective of our research is to analytically model an
optical integrated biosensor, which would serve as a pro-
totype for future product development at VIT Electron-
ics. The major issue in this first configuration is the real-
isation of a single-mode Young interferometer structure,
which possesses sensitivity high enough for biosensor ap-
plications (e.g. refractive index change of a magnitude
10°%).

2.INTEGRATED OPTICAL BIOSENSORS

Optical biosensors assort well for applications in dif-
ferent areas such as process control, health care, food
industry and environmental control, because they can
show a high resolution over a wide dynamic range. 10
sensors are typically constructed as waveguide struc-
tures, where the incident light is reflected back and forth
inside the layer with the highest refractive index. This
enables the establishment of the sample solution or an-
tibody-antigen binding process on top of the waveguide
structure.
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In Interferometric I0 sensors, the sensing and reference
arms are usually located very close to each another as in
Figure 1. This prevents the effect of undesirable influenc-
es like temperature variations, because they are identical
for both branches and do not affect the output signal. In
the 10 sensor, the incident wave is divided into two with
an optical Y-junction. When the propagating light pass-
es the sample surface, there will be a change in the phase
due to the change in the refractive index of the cover. To
measure this change, there is a reference branch. The ref-
erence branch is placed adjacent to the sensing branch,
but it does not encounter a phase change induced by the
sample. In the first stage of the experiments the sensitiv-
ity and functionality of an integrated biosensor is usually
tested with glucose-water solutions. In that case, the ref-
erence arm is exposed to the solvent in order to remove
the additional phase change induced by the solvent in the
sensing arm. When the waves of both arms are combined,
they interfere and create a sinusoidal variation, which is
related to the change in the refractive index of the cov-
er in the sensing arm. Depending on the sensor type, the
divided waves can be combined after the sensing win-
dow, as in a Mach-Zender interferometer, or they can be
brought out of the waveguide separately and joined e.g.
on a CCD-array as in a Young interferometer.

St?nsin g —
window
Reference
Integrated optical window
biosensor

Figure 1. Top-view of the integrated optical Y-junction
channel waveguide.

3.YOUNG INTERFEROMETER

A special problem in interferometry is the ambiguity of
the measured signal. The reliability of the measurement
is hard to confirm, because of the sinusoidal transmis-
sion curve. If the interferometer has been tuned close to
one of the maxima or minima of the transmission curve,
the signal will fade. Additionally, the periodicity of the
transmission curve makes it hard to know whether the
detected intensity value is from the positive or from the
negative slope of the transmission function. Fluctuations
in laser intensity or of the coupling efficiency might be
seen as signal changes and thus might cause misinterpre-
tations. The Young interferometer avoids these disadvan-
tages, because the output of it consists of a whole inten-



sity pattern instead of a single intensity value. When the
output beams interfere, they create an interference pat-
tern of alternating dark and light fringes. When a phase
change occurs, the interference pattern will shift. The
shift in interference pattern generates a sinusoidal out-
put as in Figure 2.

Figure 2. A young interferometer with a sinusoidal out-
put.

4. EXPERIMENTS AND RESULTS

One Young interferometer structure, presented in table 1,
was chosen for experimental studies. The sensitivity and
functionality of the sensor was studied with two refer-
ence cases: first, both windows were exposed to air and
then they were covered with deionised water. Two glu-
cose-water solutions with concentrations 0.05% and 0.1%
were used as samples. The measuring configuration is
presented in Figure 3.

Table 1. Young interferometer structure

Half height width of the film 3.7um
Height of the film 2.8um
Refractive index of the film 1.49547
Refractive index of the cover 1.49233
Refractive index of the substrate 1.49233
Distance between waveguide arms 60um
Theoretical optical sensitivity 9.3566 -105/nm
constant

The light source used was a semiconductor laser with
676.7nm wavelength and 94mA threshold current. The
CCD-camera distance from the focus point during the ex-
periments was 2mm. The sample and reference solutions
were applied to the measuring chip by dropping a 2.5ul
solution drop approximately on top of the window areas.

BIOMICROSYSTEMS

Figure 3. Close-up picture of the set-up: Semiconductor

laser on the left, biosensor-chip in the middle and a lens
objective with sixtyfold magnification leading to a CCD-
camera on the right.

The solutions applied in the experiments could only af-
fect the interferometer on top of the exposed window ar-
eas.

During the experiments, the effective area lengths varied
as Table 2 shows and thus the measurements tell us more
about the effect of the difference in effective area lengths
than about the effect of the different refractive indexes
of the sample solution.

Table 2. Solution area lengths used in the experiments

M. nro | Reference window | Effective area length
1 air 5mm
2 deionised H20 4.1844mm
3 deionised H20 3.9366mm
4 deionised H20 4.0858mm
M. nro | Sample window Effective area length
1 air 5mm
2 deionised H20 4.2177mm
3 0.05% solution 4.2638mm
4 0.1% solution 4.1791Tmm

The main maximum line deflections in four cases, pre-
sented in Table 2, have been determined and can be seen
in Figure 4 along with the theoretically modelled deflec-
tions.

When the theoretical and experimental transitions were
compared, the theory seemed to resemble the experi-
ments fairly well. However, when the average deviation
of the theory was changed to the effective refractive in-
dex unit, the error was about 2%, when the effective re-
fractive index change was compared to the theoretical
sensitivity constant.
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6. CONCLUSIONS
Measured and modelled | ity p dedfl

b The experimental studies confirmed that the integrated
* ; optical biosensor does function as expected, but the sen-
£ ¢ / sitivity of the method did not seem to be as good as was
g ¢ 7 assumed. However, a more detailed sensitivity analysis
3 ¢ revealed that several uncertain parameters could have af-
2 & fected the measurements. The additional phase changes
s e f/; 2 s : e . e were affected so strongly by the effective area lengths
Measurement nro that it is hardly possible to say anything about the sen-
[+~ Measured deflection = Modslled defection | sitivity of the measurement method or about the equiva-
lence of the theory to reality. For a more precise compar-
Figure 4. Experimental and theoretical deflections. ison between real phenomenon and the theoretical mod-

el we will need to have a more controlled measuring con-
figuration. This could be achieved by a controlled sample
and reference solution areas, realised by a flow through
cuvette, and by calculating the change in the maximum
line position with the weighted average method.
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Developments in the Design and Prototyping of Injection

Moulded Plastic Optics at VTT Electronics

ABSTRACT

Demand for low-cost and easily manufacturable optical
components is increasing. Two examples of VIT Elec-
tronics’ activities in the field of injection moulded poly-
mer optics are presented. The first example is a novel de-
vice that can be attached to a mobile camera phone, and
the second is a low-cost illumination module based on
an LED. The prototype imaging and illumination lens-
es utilised in the example systems were manufactured in
Finland with low-cost prototype injection moulds.

Keywords: plastic optics, injection moulding

1. INTRODUCTION

One of the current trends in the field of optics is the move
towards high volume and low cost systems based on plas-
tic components. At VIT Electronics, this trend has be-
come apparent by the increasing number of inquiries and
actual customer projects concentrating on developing
modules and systems based on plastic optics. The main
benefits of using plastic components are light weight, low
cost, mass-producability and the possibility to integrate
complex mechanical features into optical parts.

Traditional glass lenses and metal mirrors can, in many
cases, be replaced with plastic ones in order to achieve
less expensive, easily manufacturable and simpler de-
signs. The rapid development in optoelectronics and es-
pecially in LED-technology has also created some new
market areas for optical components. Often the manda-
tory demand for mass-producability constrains the selec-
tion of manufacturing technology to injection moulding.
A good example of a consumer electronics product is the
mobile phone, in which injection moulded optical parts
are used in illuminating the keyboard and display and
as imaging components in the camera module. In con-
junction with LEDs, plastic optics is also moving towards
special illumination applications like car interior light-
ing and traffic lights. As the brightness of LEDs is ris-
ing and the prices dropping, they are also gaining ground
from the incandescent bulb and fluorescent tube domi-
nated general illumination market. Another potential ap-
plication field for polymer optics in the future is in the
low cost and disposable medical diagnostics device mar-
ket. As bio-sciences progress, there will be an increasing
need for more complicated, but still inexpensive, analy-
sis systems to be used at doctor’s offices or even at home
by individual consumers. With these views in mind, it is
clear that the demand for low cost and mass-producable
optical components is increasing and injection moulded
polymer optics is the obvious choice.

In this article, two examples of VTIT Electronics’ activi-
ties in plastic optics are presented. The first example is a
novel add-on device to a camera phone involving laser
and LED illumination as well as imaging optics. The sec-
ond example is a demonstration module for low cost LED
illumination. In both cases, the injection moulded optical
components were manufactured in Finland via a network
of mould manufacturers and injection moulders.

2. ADD-ON DEVICE FOR A CAMERA PHONE

Figure 1 shows the basic concept behind a novel optical
device invented at VIT Electronics. The main idea is to
have, on the side of a product package, a small printable
diffractive ROM (Read Only Memory) element, which can
be read by illuminating it with a laser-beam and photo-
graphing the resulting pixel matrix pattern with a cam-
era phone. The element contains information in the same
manner as a traditional bar-code, but due to the 2D-pat-
tern and diffractive nature of the tag, a much larger
amount of information can be packed into a smaller area.
The actual reflective ROM elements have been developed
previously by the University of Joensuu and VTT Elec-
tronics in the Tekes funded PRINTO-project.

2.
Printo memory 1.
Laser
3.
Image phone +
decoding
software S
VvIr

Figure 1. Basic concept behind the diffractive ROM read-
ing device.

During 2004, the basic concept of the reading device
was developed further as part of VIT Electronics’ stra-
tegic MINARES-project. A system with illuminating la-
ser and reading optics was designed as an add-on device
to a camera phone (Nokia 6600). Figure 2 shows the op-
tical concept of the device. The additional reading optics
functions like a telescope as it images the far-field pattern
produced by the illuminated ROM element into the aper-
ture of the phone’s camera. The phone’s camera lens then
images the pattern to the image sensor and a picture can
be recorded with the phone’s standard software. The illu-
minating laser beam is directed at the element from the
same direction as the reading optics.
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,\ Laser diode
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element

Camera phone optics

Additional optics

Figure 2. Optical concept of the reading device.

The mechanical design of the device was made in such a
way that the system can be used in three different modes
- in other words, the design was made to be modular. Fig-
ure 3 shows the mechanical sketches of the three-stage
device. First lens of the additional optics forms an inter-
mediate image, which is relayed into the camera optics by
the second lens. By removing the first lens and adding an
illuminating LED, a “microscope” can be created. With
the first lens intact the optics functions as a telescope and
it enlarges distant objects by a 2.3x magnification. The
ROM reading device is created simply by adding laser il-

lumination to the telescope optics.

ROM reading
device

“Microscope”
optics

Figure 3. Concept of the three-stage structure.

Figure 4 shows the concept of the microscope optics. The
approximately 4 mm diameter imaged area is illuminat-
ed from the side with an LED. A “microscope” lens is po-
sitioned in front of the phone’s camera module. The im-
age produced by the optics is magnified by 10x if the full
picture is viewed with the phone’s own display and can
be as large as 30x if the image is viewed with a larger dis-
play e.g. PC screen.
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Figure 4. Concept of the microscope lens.

The “microscope” lens was manufactured as a pilot case
in a Tekes-funded MITMM-project, which was carried out
during 2003-2004. The double-aspheric lens was used as
a test case for manufacturing injection moulded imaging
lenses in Finland. Figure 5 shows two lenses manufac-
tured with a two-cavity prototype mould. The lenses are
still attached to the U-shaped sprue. Clear diameter of the
optical surfaces is 5 mm and the components have flang-
es for mounting.

Figure 5. Injection moulded, double-aspheric imaging

lenses manufactured in Finland.

Figure 6 shows mechanical design of the device, which is
attached to the back of the phone in the place of battery
cover. The shape of the device follows tightly the shape
of the phone. The first module contains the microscope
lens. All electrical components like switches, LED and la-
ser were also assembled into the first module. The second
module, which is attached partly on top of the first mod-
ule, contains the first lens of the telescope and illumina-
tion beam steering optics with mirrors and a beam split-
ter. The mechanical parts were milled from black plas-
tic at VTIT’s workshop. Some adjustments for the laser
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Figure 7. Microscope lens reveals the sub-pixel (size 0.06
x 0.18 mm?) structure of a display.

pointing direction were also added to the housing. Elec-
tric power for the laser and LED is taken directly from the
phone’s own battery.

Figure 7 shows an example picture taken with the “mi-
croscope” lens attached to the Nokia 6600 camera phone.
The picture shows that the optics can easily determine the
sub-pixel structure of a display. In this case, the size of
the three coloured sub-pixels was 60 pm x 180 pm. The
image was taken with the camera’s standard software.

Figure 8 shows an example picture taken with the tele-
scope optics attached to the phone. The 80 x 80 data ma-

OPTOMECHANICS

"Microscope lens"

Figure 8. The reading device brings out the 80 x 80 pixel
datamatrix coded in the ROM-element.

trix projected by the diffractive ROM element under la-
ser illumination can be seen with a Oth diffraction order
bright spot in the middle. The information contained in
the matrix can be decoded with special software that can
be programmed into the mobile phone.

3. LED ILLUMINATION DEMONSTRATION MODULE

Figure 9 shows the basic idea of an LED illumination
demonstration module that was manufactured as VTT
Electronics’ own pilot case in a Tekes-funded INTOR-proj-
ect. The purpose of the module was to test the possibil-
ity to design and manufacture mass-producable and low
cost plastic components for controlled LED illumination.
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In this case, the lens was designed to collimate the light
emitted by a surface mountable LED. A simple lens hold-
er was designed to lock to the lens with a friction bond.
The holder is attached to the circuit board with small snap
hooks that go through holes drilled into the circuit board
around the LED soldering pads.

Lens holder
with snap hooks

Figure 9. Concept of the LED illumination module.

A prototyping mould with inserts (see Figure 10) was
used for making the two injection moulded parts. The
mould inserts had three cavities - one for the holder parts
and two cavities for lenses. The same mould can be used
to produce both holders and lenses by changing the plas-
tic material from opaque to transparent and rotating the
injection nozzle by 180°. The total cost of the prototype

mould design and insert manufacturing was only 5500 €.

7

Figure 10.

Unfinished three-cavity prototyping mould in-
serts.
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Figure 11 shows a moulded 7 mm diameter clear lens part
and a 12 mm high black holder part. The third part in the
picture is a test piece, which shows one holder and one
lens still attached to a common sprue. The lens had two
aspheric optical surfaces with 5 mm clear aperture. The
components shown in the picture were the results of the
first test runs. The INTOR-project continues in 2005 and
further test runs will be performed with the lenses. Fur-
ther development includes the shape measurements of the
mould and lenses and possible reshaping of the mould
lens cavity based on the measurement results. The second
lens cavity will also be equipped with a single point dia-
mond turned optical inserts for very good optical surface
quality and shape accuracy.

~ X
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Figure 11. Injection moulded parts: clear lens, black hold-

-
e o2

er and a test piece with both components.

In Figure 12, a whole assembled illumination demon-
stration module is shown. A battery holder, resistor, but-
ton switch and LED were soldered to a test board. Three
holes were drilled around the LED pads for lens holder
snap hooks. Optics assembly was very simple - the lens
was pushed inside the holder and the holder hooks were
slipped through the holes of the board.

Figure 12. An assembled demonstration module.



The first assembled test modules functioned as expect-
ed. The lens actually imaged the top of the LED to a long
distance. Divergence of the nearly collimated illumina-
tion beam was around 3 degrees. Figure 13 shows an il-
lumination spot close to the module. The spot is circular

and quite even.

Figure 13. The module produces a round and nearly colli-
mated illumination beam.

4. DISCUSSION

Manufacturing plastic optics differs from standard injec-
tion moulding of mechanical parts mainly in the quali-
ty requirements set for the components. Typically, imag-
ing optics have tighter tolerances than illumination op-
tics, but in both cases they are on the limit of mould man-
ufacturing and injection moulding capabilities. Geomet-
rical shapes need to be controlled with considerably high-
er precision and surface quality, and material uniformity
needs to be much better than what is considered standard
in the mainstream injection moulding industry.

In standard production, injection moulded parts are gen-
erally inspected with an eye, with simple hand-held in-
struments like slide gages or by fitting the various me-
chanical parts together. The allowed surface roughness
and shape deformations in optics, however, are typically
too small to be seen with a naked eye and too complicated
to be measured with a ruler. Proper functioning of sepa-
rate optical parts is also very difficult to determine with-
out special optical measurements. This means that a set of
sophisticated characterisation equipment like an MTF de-
vice, interferometer and expensive coordinate measure-
ment system are needed to determine if the parts meet
the specifications or not. Optical part characterisation re-
sources are a key factor that most injection moulders and
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mould manufacturers lack if they want to start optical
parts production. There are currently only a handful of
such firms in Finland that can manufacture optical injec-
tion moulded parts and none of them are making actual
imaging optics. Large-scale illumination optics have gen-
erally less stringent quality requirements, but they too
can benefit from proper characterisation measurements.

Designing, manufacturing and characterising optical
parts requires a lot of special knowledge. DFM (Design
For Manufacturing) ideology is a vital factor when mass-
producable and low-cost parts are needed. By knowing
the possibilities and limitations of the required manufac-
turing technology, the designers are able to make easily
manufacturable quality designs. VIT Electronics has a
long history in designing and prototyping optoelectron-
ic systems especially for telecommunication, machine vi-
sion and optical analyser applications. During the last few
years the injection moulded plastic optical components
have become more and more important in the wake of
some new “consumer electronics” type of applications. In
these projects, the role of VIT Electronics can be to man-
age the whole concurrent development cycle of modules
and systems. The optical and mechanical design, as well
as the characterisation of components and prototypes,
can all be performed under the same roof. In-house me-
chanical and optical workshops can also produce compli-
cated optical first-round prototype parts. The two exam-
ple cases presented in this article show that by network-
ing with suitable partners, VIT Electronics is also able to
manufacture prototypes that can verify the main produc-
tion features of real products utilising plastic optics.

Jukka-Tapani Mikinen
Jukka-Tapani.Makinen @vtt.fi
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Possibilities for Using Raman

tr to Determine th

Homogeneity of Pharmaceutical Powder Blends and Dosage

INTRODUCTION

The homogeneous blending of active ingredients and ex-
cipients is an essential element in the manufacturing pro-
cess of pharmaceutical tablets. Homogeneous mixing en-
sures good tablet-to-tablet reproducibility. The end-point
of the blending operation is traditionally determined by
the off-line HPLC analysis of replicated samples. Alter-
nate blending and analysis steps are continued until the
sample variations are below the acceptable limits. In ad-
dition, the determination of the total amount of active in-
gredient in compressed tablets, the dosage, is also based
on HPLC analysis.

In recent years, optical spectroscopic methods, e.g. NIR,
IR and Raman spectroscopy, were applied to determine
blend homogeneity. Advantages of optical methods in-
clude short measurement time and the possibility to do
the measurements in-situ, or at least without sample
preparation. We have performed preliminary tests with
Raman spectroscopy to determine the homogeneity of
powder blends and dosage of compressed tablets. Raman
spectroscopy has features that make it very potential in
these applications. The spectra are most specific for the
species and the spectra of many active ingredients are
much stronger than those of common excipients.

A CCD Raman spectrometer developed by VTT Electron-
ics was used in the tests. A 830 nm laser was focused
on the sample through a fibre-optic probe and the scat-
tered power was collected with the same probe. The Ra-
man shift range of the spectrograph was 2000-200 cm!
and its resolution was 8 cm™. The size of the measurement
spot was 0.5 mm (dia.) and laser power falling on the spot
was 100 mW.

BLEND CONTROL

Only two components, active ingredient (API 1) and lac-
tose were used in a blending test with a turbular mill.
Mixing periods of 15s, 15 s, 30 s, 1 min and 3 min were
executed one after another. Raman measurements were
carried out between these periods as the mill was stopped
and the spectra were measured at 20 different spots
through the transparent wall of the mill.

API 1 and lactose have distinct bands close to each oth-
er, API 1 at 1100 cm™ and lactose at 1080 cm™. The ratio
of the band areas at different spots and their mean val-
ues as a function of the cumulative mixing time are giv-
en in Fig. 1. At first, the measurement spots hit the area
rich of API 1 and the variation was small. Variation then
increased as blending proceeded and started to decrease
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Fig 1. Band ratio of lactose and API 1 as a function of
blending time.

as the average value approached the level of the homoge-
neous mixture.

The sample volume covered by a single measurement was
small, representing only in the order of 0.1 mg, if we as-
sume the effective sampling depth to be roughly 1 mm.
This volume can be increased if the measurements are
executed in-situ during blending, and the volume can
be easily controlled by adjusting the measurement time,
which was short (10 s) in our test. These results already
show, however, the effectiveness of the blending process
used.

BLEND HOMOGENEITY

In the second tests, samples were taken from a produc-
tion batch of a pharmaceutical formulation, which had
already been blended and stored in a container. A sam-
pling thief was used and the samples were taken from
three different positions and four different depths with-
in the container.

The formulation B composed of an active ingredient API
2 (16%) and five excipients, mannitol having the largest
concentration (55%). API 2, and mannitol dominates the
spectrum of this formulation (Fig. 2). We used the distinct
bands at 1000 cm™ for API 2 and at 870 cm™ for mannitol,
respectively, when assessing the local variations. Man-
nitol serves as a good estimate for the ingredients, repre-
senting 2/3 of their total concentration.

Each of the 12 samples were measured at 10 different
points, and 6 acquisitions of 30 s (each) were collected
and averaged in order to obtain a high-quality spectrum



4
12X10, ; ; . . .

Formulation B i
API2
10 Mannitol

RAMAN SIGNAL

0 A L AN ¥ VAR e, Y

1800 1600 1400 1200 1000 800 600 400
RAMAN SHIFT (cm™)
Fig. 2. Spectra of the formulation B and its two main
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for each point. The band ratio of API 2 to mannitol was
calculated and the variations between the samples and
the mean variation between the single points are present-
ed in Table 1.

Table 1. Ratio of the band areas of API 2 (1000 cm™) and
mannitol (870 cm™) and its variations for the blend of
formulation B and for the tablets compressed from this
blend.

API 2 / mannitol ratio Powder blend | Tablets
Mean value 0.0996 0.0996
Variation between 6.7% 0.7%
samples

Mean variation 3.6% 4.2%
between single points

Variation between the samples is high (6.7%) compared
to the mean variations between single points (3.6%) and
can be regarded as real variation in API 2 concentra-
tion. The sample volume is now increased to the order of
1 mg by averaging 10 measurement points, but it is still
small compared to a normal tablet size 0.1-1 g. The sam-
ple volume can be easily increased by moving the sample
e.g. with a motorised x-y table during the measurement.
A larger sample volume could reduce the variations be-
tween the samples and give a more relevant estimate for
the variation of tablet dosage.

The physical sampling with a thief can presumably be re-
placed by constructing a fibre-optic Raman probe inside
the thief. The opening of a side-sampling thief can be
equipped with a window and the measurement beam fo-
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cused just outside the window. The whole analysis can be
automated by using a robot to handle the thief-probe and
the sample volume can be increased by rotating the probe
around its axis at each sampling position during the mea-
surement. This technique can give a better picture of the
blend homogeneity throughout the whole blending vol-
ume.

TABLET HOMOGENEITY

In the third test we used tablets compressed from formu-
lation B with magnesium stearate as a lubricant. The tab-
lets (10 pcs) were measured at 10 different points, and the
band ratio of API 2 to mannitol was determined similarly
as for the powder blend and the results are also present-
ed in Table 1.

As the powder is compressed into tablets, penetration of
the laser beam remains more limited and the effective
sampling depth is considerably only in the order of 0.1
mm, which means that the sample volume obtained by
averaging 10 spots is only 0.1 mg. In spite of that, the re-
sults are extraordinarily good; the mean value is exactly
the same as with the powder blend, the variation between
the samples is considerably smaller and the mean varia-
tion between the measurement spots is close to the value
of the powder blend.

In any case, the measurement provides information only
from the outer surface of the tablet and the number of
samples is rather small. A possible explanation for the
small variation between the tablets can be that the mate-
rial comes from the same area of the container.

TABLET DOSAGE

In the fourth test we used amphetamine tablets seized by
the police. The main analytical demand for illicit drugs
is similar to legal ones, to determine the exact amount of
the active ingredient in the tablet. The analytical problem
with illicit drugs is more complicated, because the con-
centration and composition of the excipients varies and
are usually unknown to the laboratorian.

We used the approach familiar from HPLC analysis, and
dissolved the tablets into a certain amount of solvent and
measured the amphetamine concentration in the solvent.
Dilute hydrochloric acid (HCI) was used as the solvent, to-
gether with an internal standard NaH,PO,, which gives a
distinct band of phosphate (880 cm™) between the am-
phetamine bands (Fig. 3). The procedure was calibrat-
ed with samples of pure amphetamine by using the ra-
tio of the band areas of amphetamine at 1000 cm™ and
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Fig. 3. Different amounts of amphetamine in dilute HCI.
The band of internal standard NaH PO, can be seen at
880 cm'.

phosphate at 880 cm™', respectively. When analysing the
seized tablets, insoluble components were first centri-
fuged out and an acquisition time of 1 min was used in
Raman measurements.

Several batches of seized street samples were chosen and
5 tablets from each batch were analysed using the Ra-
man method. The average value of 5 tablets was compared
with the results obtained from the routine HPLC analysis
(Table 2). The Raman results are mostly within the mar-
gin of error of the HPLC method.

Seized street samples Amphetamine (%)
HPLC Raman
Huu4-01076 18 18,0
Huu4-01075 24 25,6
Huu4-01363 48 46,7
Huu4-01377 27 27,4
Huu4-01237 56 55,5
Huu4-01324 58 58,9
Huu4-01296 53 53,4
Huu4-01376 27 25,2
Huu4-01386 13 13,2
Huu4-00833 69 69,7

Table 2. Results of the HPLC and Raman methods for
seized amphetamine samples.

Compared to the routine HPLC method, the actual analy-
sis time in the Raman method is much shorter. If the prep-
aration of the samples is executed in series, e.g. by using
a multi-well sample plate, the average turnaround time
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can be reduced by using several measurement probes in
the Raman analyser. Technically, this can be realised by
imaging the spectra from the probes at different heights
on a large CCD detector and by using a separate laser for
each probe. An adequate number of probes for one detec-
tor could be between 6 and 10, resulting in a correspond-
ing decrease in the turnaround time.

CONCLUSIONS

One of the advantages of Raman spectroscopy is that the
instrument can be easily connected to the process and ex-
ecute the measurements in-situ without any sample treat-
ment. In determining the homogeneity of powder blends
or dosage of compressed tablets, the measurement beam
cannot penetrate the sample and traditional sampling and
sample treatment methods are needed to enable analy-
sis. Also, in these cases, the use of Raman techniques can
make the analysis faster and more effective compared to
the traditional procedures based on HPLC.
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New Multivariate Calibration Method Applied to PAT:

API Content in Tablets Using NIR

ABSTRACT

A new method for multivariate calibration was devel-
oped [1] that combines the best features of “classical”
(also called “physical” or “K-matrix”) calibration and
“inverse” (or “statistical” or “P-matrix”) calibration. By
estimating the spectral signal in the physical way and
the spectral noise in the statistical way, the prediction
accuracy of the inverse model can be combined with
the low cost and ease of interpretability of the classi-
cal model, including “built-in” proof of specificity of re-
sponse. The method was demonstrated [2] on a data set
of near-infrared spectra from pharmaceutical tablets,
which is available on the web [3] (so-called Chambers-
burg Shootout 2002 data set). It was proven that the cost
of calibration can be significantly reduced compared to
today’s standard practice of statistical calibration using
PLS or PCR, because the need for lab-reference values is
virtually eliminated. Several other, significant advan-
tages are realized as well, which all stem from the fact
that the calibration becomes “science-based” and ful-
ly transparent to the user. In summary, these advantag-
es mean that in a majority of spectrometric application
cases, “cost of calibration” is no longer a roadblock to
development and employment of new, application-spe-

cific, multivariate analyzers.

INTRODUCTION

(This paper is basically an excerpt of [2], in which the
Shootout example and the important implications for
the FDA’s PAT initiative are discussed in detail.) Stan-
dard practice for multivariate calibration today is the so-
called “statistical modeling” approach, usually based on
a PLS- or PCR-type algorithm. Disadvantages of “statis-
tical modeling” include (i) the difficulty and expense to
prepare “calibration standards” with reference concentra-
tion values that vary over a large range; (ii) the inabili-
ty to prove specificity of response; and (iii) the high cost
and risk for developing new, application-specific mea-
surement instruments. The latter stems from the fact that
hardware specifications can not be derived directly from
the spectra, but that, instead, a full-scale statistical cal-
ibration is necessary for each “iteration” of the develop-
ment process.

The proposed new method picks the cherries, so to speak,
of the earlier “classical” and “inverse” approaches to mul-
tivariate calibration [1,2]. The end result is fully science-
based and optimal in the mean-square error sense, i.e.,
measurement accuracy is as good as or better than the re-
sults from costly statistical calibration. All disadvantages
mentioned above disappear.

THEORY

The basic assumption behind spectrometry is that the
measured spectrum contains a response from the ana-
lyte of interest:

xT=y-gl+x] [AU] W

where vector x” the measured spectrum (in e.g. absor-
bance “units,” [AU]); scalar y the true and sought-after
concentration of the analyte of interest (in units of [mg]
in the Shoutout example); g’ the response spectrum of
the analyte of interest [AU/mg]; and x,f [AU] everything
in the measured spectrum that is not from the analyte
of interest, including instrumental noise and interfering
spectra.

The shape of the response spectrum of the analyte of in-
terest, g’, is determined not only by the chemical struc-
ture and state of the sample, but usually also by its phys-
ical properties (e.g. scattering) and the type of sampling
optics. In other words, g’ is usually application-specific.

The spectral signal is described by a mean, y-g’, and a
root-mean-square (RMS), o, g, where o, the standard de-
viation of y. Likewise, the spectral noise is described by a
mean, ')ZZ , and a covariance matrix, 2. The latter can be
estimated as follows: assume for a moment that a large
number, say 10,000, NIR spectra can be measured from
tablets with constant concentration of Active, say, 200
mg. In other words, the differences between these spec-
tra are solely due to variations in the other constituents
and noise sources. Writing all these spectra into one ma-
trix, X,

T T
X 200mg X1
T T
X, 200mg X0
X=|: = : -gT+ =y-g'+X,
x7 x!
10,000 200 mg 1,10,000

(2)
shows that after mean-centering, the measured spectra
represent only spectral noise,

X=X (3)

n

“w
~

where the tilde means that the matrix is mean-cen-
tered (the average row is subtracted from all the rows).
Thus, the covariance matrix of the spectral noise can be

estimated as,

~ o~

>= ___)(_7_)(____

[AU?] (4)
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If the NIR spectra contain, e.g., 128 spectral variables
(wavelengths), then matrix X has dimension 10,000 rows
X 128 columns, and matrix X has dimension 128 x 128.

It turns out that the optimum solution to the measure-
ment problem, Eq.(1), is a function of the quantities in-
troduced above. Without further mathematical derivation,
the results are given. The optimum b-vector in the sense
of minimum mean-square prediction error is [1],

opt™ _T:(;f,_g_‘T_Z__g [mg / AU] (5)
where 2~ the inverse of 2. The “1” in the denominator of
Eq.(5) is responsible for the familiar effect that the slope
in the prediction scatter plot turns down towards zero if
the “range,” o, of the calibration signal is too small [1].
If the “range” is large (05 -> ), then Eq.(5) turns towards
the desired, unity-slope result:

bow(lJ= g g (6)
When bmm is used to predict the concentration value of a
T
new spectrum, x‘med s
— 7 A\ T
yprfd_ y +(Xpred X) bapt(l] [mg] (7)

(where X"=y-g” + X! ) then the standard error of predic-
tion a.k.a. standard deviation of (ypmj—y] is,

SEP, = \f L [mg RMS] (8)
Equation (8) is the spectroscopic, multivariate limit of
detection of signal g in noise =. The PRESS'? result of
a PLS or PCR calibration can be shown [1] to converge
with increasing number of calibration standards to-
wards the value of Eq.(8) if the error of the lab-reference
method is zero and the prediction slope is one and the
unspecific correlations (cmp. [2]) are zero. When vali-
dating the spectroscopic method against a lab-reference
method, the RMS prediction “error” measured (e.g. in
the PRESS'?) is Eq.(8) plus the inaccuracy of the lab
method itself.

To summarize, the proposed method (in its basic form) in-
volves the followings steps: (a) determine “manually” the
response spectrum of the analyte of interest, g, in units
of, e.g., [AU/mg]; (b) collect a representative population
of “noise” spectra and compute X using Eq.(4); (c) com-

pute b using Eq.(6); and (d) predict new spectra us-

opt(1)
ing Eq.(7), where y and X" the mean analyte concentration

and the mean spectrum of the “noise” spectra that were
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used for computing 2. (In cases where mean-centering is
not desired, y and X' are effectively defined as zero, and
Eq.(4) is computed using un-centered spectra.)

EXAMPLE

Some readers may already be familiar with the Cham-
bersburg Shootout 2002 data set, which contains near-
infrared (NIR) spectra of pharmaceutical tablets probed
in “diffuse transmission” [3]. The data set was used at
the IDRC Chambersburg 2002 conference in a competi-
tion for designing the best calibration for content of the
active pharmaceutical ingredient. (The nature of “Ac-
tive” is un-disclosed.) When David Hopkins published
a spectrum of Active [4], a unique opportunity opened
up to demonstrate this new method on a publicly avail-
able data set.

Background information on the Shout-out 2002 data set
is available [3,4,5]. Shortly, the data is organized into
subsets called Calibration, Test, and Validation, coming
from two spectrometers (hereafter identified as, e.g., Cal-
ibrationl and Calibration2). Figure 1 shows some exem-
plary “raw” spectra. No spectra were deleted as outlier
and no spectral pre-processing was performed. Figure 2
shows the available lab-reference values.

Figure 2 shows that all of the Calibration tablets and most
of the Test tablets are so-called “designer samples,” i.e.,
samples that were specifically made for the purpose of
calibration. The designer samples show much larger vari-
ation (“range”) in the content of Active than do the “nor-
mal” production tablets, which were obviously used for
the Validation set and also for parts of the Test set. One of
the main goals here is to demonstrate that on-line optical

600 800 1000 1200 1400 1600 1800
wavelength (nm)

Figure 1. Twenty randomly selected spectra from data

set Calibrationl.
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Figure 2. Sequence of lab-reference values, arbitrarily
arranged as follows: Calibration first (m=155); then Test
(m=460), then Validation (m=40).
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Figure 3. Spectrum of the active ingredient as measured
from pure powder (A); baseline fit (B); and result of base-
line correction (C).
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Figure 4. g-vector estimates: (A) from the baseline-cor-
rected spectrum of the active ingredient; (B) estimate
used by PLS (offset +2-107).
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analyzers can be calibrated not only with a significantly
reduced number of lab-reference values, but also without
the need to artificially “upset” a smoothly running pro-
cess in order to produce “range.” The first 93 and the last
99 of the Test samples (m=460) show low variation in the
amount of Active, cmp. Fig. 2 bottom (standard devia-
tion = 2.62 mg, around a mean of 195.4 mg). These sam-
ples were obviously made from “normal” production tab-
lets, and we will therefore use these samples to estimate
the spectral noise, Z. By using spectra from both instru-
ments, Test] and Test2, we can plug 2-(93+99)=384 spec-
tra into Eq.(4), and the inclusion of instrument-to-in-
strument “noise” will ruggedize the calibration.

Trace A in Fig.3 (hereafter abbreviated as “trace 3A”)
shows the spectrum of the pure active ingredient as pub-
lished by Dave Hopkins [4]. Traces 3B and 3C show the
author’s baseline correction, which produced reasonable
results from about 800 - 1500 nm (the circles are the
knots chosen for the spline). Trace 3C is in units of [AU]
and needs to be scaled to become a g-vector estimate. By
dividing by 200 mg, the scaling is set roughly right, say,
to within a factor of about 2 (since the spectrum pub-
lished by Dave Hopkins is representative of “some” aver-
age tablet). The result is shown in trace 4A and will be
used as g-vector below.

Before demonstrating the new method, some PLS pre-
dictions are shown in Fig. 5 for comparison. Trace 4B
shows the g-vector estimate that PLS derives from Cali-
brationl (cmp. [2]). There is a negative-direction feature
at 1220 nm, which is obviously an unspecific correla-
tion (UC). Probably more important, the spectral base-
line of trace 4B is offset from zero by about 1.5-10 AU/
mg. This leaves the PLS regression vector sensitive to fu-
ture changes in the scattering characteristics of the tab-
lets, at a rate of 2.8 mg per 100 milli-AU of flat-baseline
shift, which is bad in a PAT application. (PAT being the
name of the ongoing FDA initiative encouraging pharma
industry to increase the use of on-line analysis meth-
ods.) Since pharmaceutical customers fear unspecific re-
sponse to scatter changes, any g-vector used on tablets
should be free from baseline offset.

Some example predictions using the new method are
shown in Fig.6. Matrix inversion, 2-, was performed us-
ing the first 20 PCR factors, which is practically “full-
rank.” No further scale adjustment of trace 4A was per-
formed (the rough scaling described above happened to
be accurate, i.e., produced a near-unity prediction slope).
Thus, the formula used for prediction was,
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Figure 5. PLS predictions calibrated from data set Cal-

ibrationl (m=155), 3 factors, wavelength range 800 -
1500 nm. Predicted are (®) Testl (m=460); (o) Valida-
tionl (m=40; y-axis offset 20 mg), and (x) Validation2
(m=40, y-axis offset 40 mg). The ideal prediction lines

for each case (identity lines) are also shown.
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where g, the g-vector estimate as plotted in trace 4A;

= 195.4 mg the mean concentration, X, 1o the

and y

n=384

mean spectrum, and X the covariance matrix com-

n=384

puted from the 384 spectra selected for estimating the
spectral noise.

When comparing Fig. 6 with Fig. 5, remember: (a) The re-
sults shown in Fig.5 required 155 reference values, where-
as only two were needed for Fig.6; (b) the results in Fig.5
required the preparation of “designer samples” with large
concentration range, whereas Fig.6 did not require any
designer samples; and (c) the predictions in Fig.5 are af-
fected by UC whereas in Fig.6 we know exactly what is
being measured, viz., the length of the active agent re-
sponse spectrum plotted in trace 4A.

The most likely reason for the horizontal spread ob-
served in Fig.6 is inaccuracy of the HPLC reference meth-
od, which was 1.3 mg RMS (oral information by Gary
Ritchie).

SUMMARY AND OUTLOOK

A new method of multivariate calibration is described
that can provide significant practical benefits compared
to the methods of the current practice. The new meth-
od combines the best features of the two currently ex-
isting approaches to multivariate calibration. Namely, it
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Figure 6. Predictions using new method as described in
the text, g-vector is trace A of Fig.4, wavelength range
is 800 - 1500 nm. (o) Testl (m=460); (o) Validationl

(m=40); and (x) Validation2 (m=40). Offsets like in
Fig.5.

is proposed that, whenever possible, the user should de-
fine the response spectrum of the analyte of interest, g,
in the “classical” (or “physical” or “K-matrix”) way, i.e.,
by “manual” estimation based on spectroscopic exper-
tise and application knowledge. The spectral noise, X, can
then be defined in the “inverse” (or “statistical” or “P-ma-
trix”) way, i.e., by collecting a population of characteris-
tic spectra, but without the need for lab-reference values.
The b-vector solution of the proposed method is optimal
in a mean-square prediction error sense, and can be di-
rectly computed from g and X by using Eq.(6).

With g defined by a-priori knowledge, spectroscopy is
no longer a “secondary” method that needs calibration
against a “primary” reference method. Instead, it becomes
a “primary” method, firmly routed on physics and chem-
istry. Significant practical benefits can be reaped from
this change. Whereas “classical” calibration could not re-
alize these benefits in many applications for the reason
discussed in [1,2], the proposed method can make these
benefits available to a majority of spectroscopic applica-
tions, including NIR applications. Whenever a responsi-
ble application scientist is able to define the shape of the
response spectrum “manually,” the following benefits ap-
ply:
e The need for lab-reference values is virtually elimi-
nated from calibration because the calibration does
no longer need to “learn” what the signal a.k.a. g-
vector is. The cost of calibration can therefore be



significantly reduced compared to today’s standard
practice of statistical calibration based on PLS or
PCR.

Specificity of response can be proven to regulatory
agencies and concerned end-users. (In fact, taking
“manual” control over what is used as signal is the
only way to guarantee specificity of response.)

There is no need anymore to artificially upset an in-
dustrial process in order to collect on-line calibration
standards that vary over a certain “range.” Rather, a
smoothly running process with a minimum of analyte
variation is sufficient for measuring the “noise spec-
tra” required for the new method. (If some unknown
amount of variation is present, it doesn’t hurt [2].)
New possibilities become available to tackle calibra-
tion transfer.

Spectrometer hardware performance can be directly
translated into user-relevant output accuracy, cmp.
Eq.(8), which greatly simplifies the setting of hard-
ware specifications. This, in turn, often enables sig-
nificant reductions in R&D time and expense required
for the development of new, application-specific in-
struments.

The calibration process itself becomes more trans-
parent and “communicate-able,” or in the words
of the pharmaceutical industry, “science-based,”
which should create a multitude of opportunities for
adapting calibrations to given measurement situa-
tions.

The process of “manually” defining the response vector, g,

is not as daunting as many spectroscopists, and in partic-

ular, NIR spectroscopists, may think at first glance. Even
in the NIR, it is estimated that the method is applicable
in a majority of applications [2]. As demonstrated in the

Shout-out 2002 example, the method is also applicable in

cases where the sample is optically scattering.
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Accurate Colour Inspection System for Real Time Industrial

Application

INTRODUCTION

Colour gives the finishing touch for many products. In
furniture, for example, parquet and coating steel pro-
duction colour is a very important feature of the fi-
nal product. Nowadays it is common to measure colour
point-by-point. A major drawback with this is that the
result is based on a more or less random set of samples
and colour variation may pass undetected.

The main objective of this R&D project is to combine two
different colour measurement techniques into a single
method capable of measuring colour very quickly and
accurately in wide areas. The method is targeted at on-
line applications and the results can be reported in var-
ious formats including CIELAB values. The colour in-
spection system is based on a compact prism-grating-
prism imaging spectrograph, PGP camera, and three
channel colour technique, RGB camera. Due to the op-
tical features of the spectrograph, it is possible to accu-
rately measure the colour of a surface of a product com-
pletely during the manufacturing process. On the other
hand, this three channel technique can be used for fast
colour measuring, but the colour information acquired
is less accurate than with full spectrum data. The per-
formance of the method was evaluated and demonstrat-
ed under laboratory and industrial conditions. The re-
sults enable the participants to develop commercial co-

lour measurement devices.

PROJECT RESULTS

The objective of the project was to implement a colour
inspection system in real time industrial applications.
The system was composed of a PGP camera, an RGB cam-

era, a user interface and an analysis program. The PGP
camera is very accurate but its measurement rate is low,
whereas the RGB camera provides continuous data at a
high rate. In order to generate accurate colour data, high
accuracy PGP data is combined with high-speed RGB
data. The imaging and illumination part of the measure-
ment is depicted in Figure 1.

The application platform was a dual processor PC run-
ning MS Windows 2000. The user-interface is shown in
Figure 2a). Before measuring the colour, the inspection
system is calibrated using a known target. The measure-
ment area was up to 1000 mm in cross direction and the
wavelength range was from 400 nm to 700 nm. The spec-
trographs optical resolution was 5 nm, which enables
precise colour measurement. The colour values were cal-
culated in relation to D65 illumination. Measurement re-
sults were reported in XYZ tristimulus values, CIELAB
values and colour difference between two values. The
XYZ tristimulus values are calculated from CIE stan-
dard observer functions, taking into account the type
of illumination and reflectance of the sample. XYZ tris-
timulus values are often converted to L, a, b scale using
equations. ‘L’ is for lightness, ‘a’ is for redness-green-
ness, and ‘b’ is for yellowish-bluish. Figure 2 b) shows
Lab-values as a function of the position measured by the
system. The repeatability of colour for white reference
was AE=0.1 for the PGP camera and AE=0.3 for the RGB
camera. An accurate colour inspection system was dem-
onstrated on the production lines of the end user par-
ticipants.

Figure 1. The imaging and illumination part of the measurement.
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Figure 2. a) User interface, and b) Lab values measured by the colour inspection system.

oormerer £z
|
||
| 0928 | e |
| 73 iz
I
L |
Fiurring Tagh'al 14 rDiigCri 1815 Wisk S 1000% Sora S50 el 108 59med
; = e ———
Stut PGP | Siop PGP | 174 £ [
i ST L e e
Sl o 5 i S A s5m gu
* g
el Fioa | 18 i iz
|Savete [dmagent [ Sava on oo :E E«g ﬁg
| Ste ks posice [0 Com ot 3_056‘2
sww- F mow |
' Doark Level B Oadioetore ?!“
SetTine | [V f B
.-iinm;ln — _— ——— =
[ b B
| 1 ] 1 il
Passghin | &[T = =
Todal fms} [ = | 500
a)
CONCLUSIONS

In summary, an accurate colour inspection system has
been developed for real time industrial applications. The
benefits include a tested method combining speed, ac-
curacy and total coverage. The project results give the
project participants a chance to develop the colour in-

spection system.
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3-D Measurement System for Steel Tube Production

INTRODUCTION

VTT Electronics has developed real-time process 3-D
measurement system, PROFMIT, for dimension measure-
ment of steel products. Measurement device enables au-
tomation of steel tube and beam production. The system
replaces current manual dimension measurement meth-
od. Dimension measurement device has been integrat-
ed to the production’s control system and it reduces the
amount of waste in production. Measurement system is
based on the 3-D measurement method, in which semi-
conductor lasers, advanced machine vision and dedicated
3-D calibration algorithms are applied.

INSTRUMENTATION

VTT and Ruukki have developed a new advanced 3-D
measurement device tailored to Ruukki’s steel production
line. The development project was done in two phases. In
the first phase VTT designed, realised and demonstrat-
ed the performance of the off-line measurement device.
Based on the experience from this prototype instrument,
the real-time production-integrated measurement system
was developed in phase two. In the near future Ruukki is
going to integrate this in-line dimension measurement
system with their production’s control system, developed
by CapriCode Oy, in order to maximise speed and quali-
ty in production.

The developed 3-D measuring system is based on the op-
tical triangulation measurement principle and employs
line lasers for illuminating the target and matrix camer-
as. The dimension measurement is realised with a multi-
camera machine vision system and accurate detection of
the laser line position. The challenge in this measuring

Figure 1. Measuring Principle.
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system was to construct well-stabilized high-precision
optomechanics and intelligent calibration for a very de-
manding process application. The reflection properties of
the surface of the steel tubes and pipes vary a lot and the
system must be able to measure the dimensions reliably.

RESULTS

The need for a fast and reliable measurement tool main-
ly comes from the large product range offered by Ruukki.
The short delivery times, small stocks and focus on de-
manding high-tolerance products has led Ruukki to ren-
ovate their production and develop state-of-the-art mea-
suring and automation systems for their production lines.
The developed measurement system will replace the man-
ual measurement method in production, and the system
offers fast feedback on tube dimensions for the automat-
ed control system. The 3-D dimension measurement will
dramatically reduce the amount of waste because the ad-
justments to production can be done immediately based
on reliable measuring data. The obvious benefit of the
measuring system is the faster and easier product chang-
ing operation, which is essential in cost-effective produc-
tion of Ruukki’s tubular steel products.

SUMMARY

VTT has developed a real-time dimension measuring sys-
tem integrated with Ruukki’s hollow section and tube
production. Based on the measuring data, Ruukki has de-
veloped a state-of-the-art measuring and automation sys-
tem for their control purposes. The measuring system en-
ables continuous control and adjustment of the machine
rolls and enables cost-effective, high-quality production
for demanding tubular steel applications.
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Figure 2. PROFMIT-measuring system has been installed into steel production line.

Jukka Eilola, Sakari Impola Ruukki

Janne Paaso

t Janne.Paaso @vtt.fi

Tapio Vaarala
Tapio.Vaarala @vtt.fi

Janne Suhonen
Janne.Suhonen @vtt.fi

Jari Miettinen
Jari.Miettinen @tt.fi

65



ABSTRACTS OF EXAMINATION THESIS

Tunable Laser Module for Fibre Optic Communications

This thesis deals with the design, realisation, and testing
of the wavelength tunable 1540-nm laser modules that
are intended for fibre optic communications. The short
external cavity laser uses an electrically controlled sili-
con micromachined Fabry-Perot interferometer (FPI) de-
vice as the tuning element.

First, the most common techniques for the diode la-
ser wavelength tuning and applications for these devic-
es are reviewed. Then the ways of coupling laser pow-
er into the single-mode (SM) optical fibre are considered
and the characteristics of the fibre attachment methods
are studied.

The design, assembly and testing of three prototypes
is introduced. Their discontinuous tuning spans range
between 8 and 13 nm and their output power between
100 and 570 uW. The modules produce multimode tun-
ing having an rms spectral width of about 1 nm. In ad-
dition, one prototype is capable of single-mode tuning
with a side mode suppression ratio of 26 dB. The mea-
sured wavelength span is threefold compared to our earli-
er work near 980 nm and the widest reported single-mode
tuning range obtained from a short external cavity Fabry-
Perot diode laser without temperature tuning. This is also
the first directly modulated external cavity laser that has
a 3dB bandwidth of over 600 MHz.

The study confirms that it is possible to realise the laser-
to-SM-fibre coupling using adhesive bonding. Further
studies are needed in order to improve the speed and re-
peatability of the assembly process together with the long-
term reliability of the fibre attachment.

The prototype test results show that the FPI-tuned diode
lasers have potential for applications where moderate per-
formance suffices and low cost is mandatory. The hybrid
arrangement uses standard laser components and there-
fore can provide a cost-effective and easily configurable
solution for fibre optic communication and sensor appli-
cations. However, before the device characteristics can be
optimised the theoretical understanding of the FPI-tuned
laser operation must be enhanced. In addition, the pack-
aging techniques of the modules need to be improved tak-
ing into account both the reliability requirements and the

cost of production.

Doctoral Thesis, University of
of Electri-
cal and Information Engineering.

2004.

Oulu, Department
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Extremely Short External Cavity (ESEC) Laser Devices.

Wavelength Tuning and Related Optical Characteristics

In this work, we have developed ways to model and use ex-
tremely short external cavity (ESEC) semiconductor lasers.
We have used modeling and experiments to analyze the
wavelength tuning and other related optical characteris-
tics of various ESEC laser devices. A brief overview is giv-
en on the physics related to semiconductor lasers. A simple
phenomenological laser model is presented for the efficient
calculation of the multi-mode output spectrum of a Fabry-
Perot semiconductor laser. The effective reflectance model
is used to simulate the influence of the ESEC on the laser
operation. Several ways to calculate the effective reflec-
tance from various kinds of ESEC structures are presented,
including the Gaussian beam method, Fourier optics meth-
ods, and finite-difference time-domain (FDTD) method.
We give an overview of the ESEC laser devices. The wave-
length tuning and optical power characteristics of the pla-
nar-mirror (PM) ESEC laser are analyzed and compared to
the measurements. The wavelength tuning of a laser using
a micromachined tunable Fabry-Perot etalon in the ESEC
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configuration is analyzed. A method of wavelength tun-
ing profilometry in the ESEC laser configuration is intro-
duced, and the proof-of-principle experiments are present-
ed and analyzed. The direct semiconductor laser readout
systems for optical data storage are analyzed via model-
ing. Various types of playback signals are constructed, and
a wavelength tuning enhanced readout method is intro-
duced. The performance of a conventional Fabry-Perot la-
ser and a very small aperture laser (VSAL) in the direct
semiconductor laser readout system are modeled and com-
pared using the novel FDTD laser-
end model.
Doctoral Thesis, University of
Oulu, Department of Physical Sci-
ences. 2004.
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VOSEL Array Based T tor for Ontical |

In this study, integration of high-speed optical intercon-
nects into printed wiring boards is investigated. The per-
formance of electrical interconnects has many physical
limitations, for instance, due to dispersion, electromag-
netic emission, and susceptibility against electromagnet-
ic radiation. In contrast, optical interconnects offer very
high bandwidth and are insensitive to EMI/EMC problems.
Hybrid optical-electrical board including both electrical
wiring and polymer waveguides, is an attractive concept,
since it is a cost-effective solution if used processes are
compatible with current mass production methods. In this
work, transmitters using three different optical coupling
schemes were designed, fabricated and tested. One of the
coupling schemes was butt-coupling, and the others were
based on microlens arrays and micro ball lenses. Optical
front-end of the transmitter was located on LTCC substrate,
which included VCSEL array and drivers and associated
passive components for it, as well as micro-optical compo-
nents. By the use of the transmitter, alignment tolerances
and optical coupling efficiencies into polymer waveguides
were characterized. Also characterized was the high-speed
performance of the transmitter and signal propagation

ABSTRACTS OF EXAMINATION THESIS

through a waveguide. Results indicate that alignment tol-
erances are challenging but probably achievable with mod-
ern surface-mounting assembly techniques. Coupling ef-
ficiencies can be improved by modifications in the design
and by better and more integrated optical components. Due
to deficient characterization equipment made it difficult to
properly characterize high-speed performance of the VC-
SEL and driving circuitry, but fairly good operation was
demonstrated. Better results can probably be obtained by
the use of state-of-the-art integrated drivers, designed to
control VCSEL arrays. Such devices were not yet available
when components for the transmitter were chosen.

Diploma Thesis, University of Oulu,
Department of Electrical and In-
formation Engineering. 2004.
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Optical Biosensors

Optical integrated biosensors are an interesting alterna-
tive to conventional laboratory equipments in all areas
concerned with biomolecule analyses. These biosensors
are miniature optical configurations with a potential to
be quick and simple to use, and in addition cheaper to
fabricate than current laboratory devices.

Optical integrated biosensors can be either direct or in-
direct sensors. Indirect sensors require a label, which at-
taches to the measured molecule and prevents the defects
rising from non-specific binding. Although this improves
the sensitivity of the sensor, indirect sensor needs a more
complicated measuring process, because of several wash-
ing steps to remove bound from unbound label. Thus the
most straightforward way is to use the direct biosensor.
There are several ways to realise a direct biosensor and
one of the simplest ones is a Young interferometer.

We have modelled an integrated optical Young interfer-
ometer according to electromagnetic theory of propaga-
tion of light in waveguides and far fields. The designed in-
terferometer structure should possess single mode behav-
iour and a sensitivity of a magnitude of 10°. The struc-
ture is based on a 3.7um wide and a 2.8pm thick channel

waveguide with following refractive indexes n.=1.49547,
n =1.49233 and n=1.49233. The Young interferometer
has a 60pm branch separation and 5mm long sensing and
reference windows.

According to experiments the measured and the modelled
transitions of the interference pattern were in the same
order of magnitude. The theoretical sensitivity obtained
for the interferometer structure was 9-10~° . Although the
interferometer functioned as expected, the sensitivity
analysis was affected by the measuring configurations in
such extend that neither the real sensitivity nor the com-
parability of the theoretical model was possible to obtain
with sufficient accuracy.

Master’s Thesis, University of
Oulu, Physics Department of Bio-
physics.
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LTCC Package for 24 GHz band

This master’s thesis studies thermal management and
thermomechanical reliability of radar sensor demonstra-
tor package for the 24 GHz band. The package consists
of a RFIC flip chip bonded on a LTCC module attached
to a printed circuit board. The work includes fabricating
test structures and performing measurements and tests
on them. Flotherm simulation software is used to assist
in improving thermal management and thermomechani-
cal reliability. The usability of the software in this kind
of study is also evaluated.

Temperature measurements on test structures revealed
that vias right under the flip chip bumps cool the chip
most efficiently. The version in which signals and grounds
were first distributed to the edge areas of the module and
then connected through the LTCC layers with vias had
higher chip temperature in both simulations and mea-
surements. Underfill applied under the RFIC chip was also
found to enhance the thermal management of the pack-
age.

Thermomechanical reliability tests revealed that to en-
sure reliability of demonstrator package the LTCC mod-
ule should be as small as possible. The fatigue life pre-
dictions made with Flostress software were substantially
longer than real test results because fatigue damage was
not due to crack in a solder joint as the simulator assumed.
Instead the damage was located on printed circuit board.
The discovery demonstrated that joints are not the most

susceptible to thermally induced stresses and strains af-
ter all, an assumption which was taken for granted in
whole study.

Flotherm was concluded to be a useful tool for thermal
management since it gave reasonable results and man-
aged to imitate the thermal behaviour of the structure.
In contrast thermomechanic simulations made with Flos-
tress module gave over optimistic results. However when
attributes were changed to investigate the effect of pack-
age dimensions and simulation circumstances, simula-
tions followed real situation quite well. Thus it was con-
cluded that even though Flostress was unable to predict
fatigue life accurately it can be used for comparing dif-
ferent designs from thermomechanical reliability point of

view.

Master’s Thesis, University of Oulu, Department of Elec-
trical and Information Engineering. 2004
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Device Management System of the Micro Module Center

This Bachelor’s thesis involved the introduction of the de-
vice management system for the process devices of VTT
Electronics’ Micromodule Center process devices.

The system was implemented using the Facilitylnfo
maintenance manual software operated over an Internet
browser. A device database, based on the process device
locations and groups, was constructed into the software.
The basic data of the device, such as name, type, seri-
al number, manufacturer, device supplier, technical data
and possible additional information of the device, was en-
tered into the device database. Advance maintenance pro-
grammes were also created for part of the devices.

The device management system will be used for main-
taining process device data, device maintenance, timing
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of regular maintenance and collecting maintenance his-
tory data.

Engineer’s thesis, Oulu Polytechnic, Degree Programme
in Information Technology and Telecommunications,
Option of Measurement and Testing Systems, 2004.
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