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PREFACE

VTT Electronics is one of the six operative units in VTT, the Technical Research Centre of Finland, an independent, mul-
ti-field contract research organisation.  The main task of VTT Electronics is to work as a strategic R&D partner for elec-
tronics industry, thus for its part ensuring the prospected growth in this sector.  At VTT Electronics, 70 of its 300 staff 
members are experts in optics and optoelectronics.

The main goal of Optoelectronics research area is to assist companies in utilizing advanced optical, photonic and op-
toelectronic technologies in their products.  Our core competenceis are in the advanced technologies and integration 
methods of optoelectronic modules and instruments.  This focus includes challenging research and development aims 
in modelling, simulation and design, new advanced materials, cost-effective fabrication, manufacturing and packaging 
applied for multi-technological solutions in optics, optical communication, optical measurements as well as sensors and 
instrumentation. A new ’BioOulu’activity was started  on ’biomicrosystems’  in co-operation with University of Oulu 
and VTT Biotechnology focusing to R&D and commercial exploitation of multidisciplinary disposable biosensor systems 
for point-of-care diagnostics, environmental sensing and food safety.

In this report you will find extended abstracts concerning some of the published research work carried out in 2003.  The 
abstracts of the examination theses completed by our personnel and a list of publications are also included.

Oulu, February 16, 2004

Further information:  www.vtt.fi/ele 

Jouni Tornberg
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search
Jouni.Tornberg@vtt.fi
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INTRODUCTION
There are various factors that have to be taken into ac-
count when designing imaging systems: imaging qual-
ity, mass manufacturability, materials, detector, cost, 
imaging conditions, etc. It is not possible to optimise 
all of them individually in many designs, so there is a 
need to find the optimal balance between them. The im-
aging system of a cellular phone is an example of a de-
sign with conflicting requirements: there is a need for a 
lens design with good imaging quality, wide-angle and 
small F-number, but the design also has to be low cost, 
simple and mass manufacturable. In addition, due to the 
cost and power consumption, the imaging quality of the 
image sensor and the image processing capability are 
compromised. It is a challenging task to balance all the 
above-mentioned factors and it became apparent that 
there is a need to simulate the entire imaging system in 
the specification and designing phase. A simulation tool 
for fast image quality evaluation was developed. The 
tool enables numerical and visual evaluation and opti-
misation of the lens design.

SIMULATION ENVIRONMENT
Simulators that simulate some part of an imaging sys-
tem, e.g. image sensor or the lens system, are available 
and have been published [1]. There are also a few pub-
lished imaging system simulation methods or tools [2], 
[3].

Simulation Tool for Evaluation and Optimisation 
of an Imaging System

We have developed a simulation tool that comprises two 
software modules: one for the evaluation of the lens de-
sign and one for the evaluation of the image sensor [4]. 
The tool enables 1) quick visual image quality evalua-
tion, 2) visual and numerical evaluation of the image 
sensor showing the effects of image sensor noise in the 
image with given imaging conditions, 3) lens optimisa-
tion using quality metrics called the Subjective Quality 
Factor (SQF), 4) simulation of the effect of ambient tem-
perature, 5) estimation of total noise, and 6) computa-
tion of the signal-to-noise (SNR) ratio. Figure 1 shows 
the overall organisation of the simulation tool.

IMAGE QUALITY EVALUATION AND LENS DESIGN OPTI-
MISATION
The lens system is modelled in the Zemax environment 
with a customized simulation tool. The model provides 
realistic imaging from a planar object surface to a pla-
nar detector surface for a rotationally symmetric imag-
ing optical system. The model predicts not only the im-
age blurring due to the optical aberrations but also the 
possible geometric distortion of the image.

The previous methods used to simulate the realistic im-
age quality of an optical imaging system include 1) di-
rect ray tracing, and 2) convolution methods using Mod-
ulation Transfer Function (MTF) or Point Spread Func-
tion (PSF). Our simulation method is close to the convo-

Figure 1: Overall organization of the simulation tool.
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lution methods. We use terms such as ‘pointwise convo-
lution’ or ‘circular convolution’ to describe where each 
point in the image is replaced with the PSF produced 
by the lens to simulate the imaging, but the PSF varies 
with the field points. The method is useful for rotation-
ally symmetric optics, since only the radial field-de-
pendence of the PSF has to be calculated by ray tracing, 
whereas the azimuthal dependence can be calculated by 
rotating the PSF. The use of rotational symmetry de-
creases the number of rays to be traced in order to simu-
late the performance of the lens.

The Image Processing Simulation Environment (IPSE) is 
faster than direct ray-tracing methods and more versa-
tile than convolution methods. The quality of the final 
image depends on the lens design. The most pronounced 
feature, often seen in the simulated image, is the slight 
circular variation in the intensity. Simulated example 
images are shown in Figure 2.
  
When designing imperfect imaging systems, it is impor-
tant to judge the image quality in the same way as a hu-
man observer would perceive it, i.e. to estimate the ‘sub-
jective image quality’ of the imaging system. Reviews 
of these quality measures are given in [5] and in [6]. We 
have used a modified version of the Subjective Quality 
Factor (SQF) [7] introduced by Granger and Cupery [8] 
in our simulations. We use the normalized contrast sen-
sitivity of the Human Visual System (HVS) as a weight-

Figure 2: Example of imaging simulation. Left: Original image. Middle: Imaging with a distorting lens. Right: Imaging 
with a blurring lens.

ing factor for the MTF of the imaging system instead of 
integrating over a defined range of frequencies. SQF re-
places the time-consuming visual image quality evalu-
ations by humans.

Usually, objective measures, such as a spot size or an 
MTF, are used as an optimisation criteria for a lens de-
sign. Our simulation tool enables the optimisation from 
the subjective quality point of view. The SQF estimation 
is relatively slow, so the lens is first optimised using the 
objective criteria and the final optimisation is done us-
ing the SQF criterion. It is clear that the SQF optimisa-
tion improves the design in the SQF sense, although the 
improvement is not always noticeable or consistent over 
the field points. The obtained image quality was also 
verified visually using our image synthesizer module. 
The SQF optimised designs were rated better than the 
non-SQF optimized designs, especially in the corners of 
the images.

IMAGE SENSOR MODELLING
The sensor modelling tool simulates how a CMOS image 
sensor creates a digital image when a fictitious input 
scene is incident on the sensor, e.g. through an imaging 
optics. Generally, device modelling is a complex task 
as different models may be needed for different pixel 
structures and different sensor functionality. Howev-
er, by confining it to typical characteristics of common 
photodiode-based Active-Pixel Sensors (APS) we were 

DESIGN AND MODELLING
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Figure 3: Simplified flow chart of the image sensor modelling procedure.

able to build a modular procedure that models the op-
erational blocks and noise sources, and is thus able to 
demonstrate the estimated visual quality of the sensor’s 
output image.

Our modelling tool is a stand-alone application that has 
been developed in the Matlab environment. The input 
scene is provided to the simulator as an RGB or mono-
chrome bitmap image file. In addition, the simulator 
takes several input parameters that define the input im-
age (illuminance and ‘physical’ dimensions), imaging 
conditions, and features and specifications of the sen-
sor, as well as simulation control. The simplified model-
ling procedure is presented in Figure 3.

CONCLUSIONS
We have presented a new tool for visualizing, design-
ing and optimising the image quality of an imaging sys-
tem. The visualization shows the imaging performance 
of the designed lens system. The image sensor is mod-
elled using a separate module and enables visual evalu-
ation of the effects of various noise sources on the qual-
ity of the image. Any signal processing blocks (such as 
compression) may be easily added to the simulation sys-
tem. The designed simulator has proven to be useful 
when designing lenses for imaging systems used in cel-
lular phones.
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1. INTRODUCTION
We have used 3D finite difference time domain (FDTD) 
modelling to study the writing and reading performance 
of super resolution (SR) structures1-4 that have a bulk light 
scattering center (LSC) or donut-shaped aperture scatter 
in their active layers. Figure 1a shows a donut-shaped ap-
erture system that is compromised of a void surrounded 
by an Ag donut centered at the optical axis of the laser 
beam. Figure 1b shows a bulk Ag cylinder located at the 
optical axis of the laser beam in an AgOx active layer. In 
both cases the super resolution layer active is sandwiched 
between two dielectric (ZnS-SiO2) films and this three-
layer stack is deposited directly onto the phase change 
(PC) data layer of the disk, where amorphous phase marks 
are located within the crystal phase background material. 
In addition, the systems include another insulating layer 
between the data layer and the Al reflector layer.

3D FDTD Simulations of Super Resolution

Figure 1. Schematic drawings of (a) a bulk donut and (b) 
LSC SR geometries. 

2. MODEL
Here we report the results using a 3D FDTD model to 
compute the optical fields that occur within the PC lay-
er of an optical data storage medium that incorporates a 
SR structure that has an AgOx active layer. We have not 
used any land-groove structure in the model; the differ-
ent layers are just planar thin films. The writing perfor-
mance of the system was estimated by studying the ab-
sorption profile inside the PC data layer. The written mark 
size in the data layer is assumed to be the same as the full-
width-half-maximum of the absorption profile inside the 
PC data layer. The readout performance was modelled by 
calculating the modulation of the optical power reflected 
from a track of periodic amorphous data marks of vary-
ing length in the PC data layer, which initially has a crys-
talline phase. 

3. NUMERICAL RESULTS
Figure 2 shows some examples of calculated readout sig-
nal modulation as the function of mark size when the fo-
cused playback spot has wavelength λ = 650 nm and nu-
merical aperture NA = 0.6. The label ‘DVD’ indicates the 
reference curve, which is obtained from a DVD –type re-
writable disk with no super resolution layer. The resolu-

tion limit (λ �/4NA = 270 nm) of the conventional optical 
system is marked with a vertical dotted line and the mod-
ulation of the reference system at this point with a hori-
zontal dotted line. The diameter (the central void in the 
ring structure) of the two SR aperture types is 200 nm. 
Improved readout performance over the conventional disk 
at high storage densities (recorded mark size < 350 nm) 
is clearly shown with both types of apertures. Howev-
er, the null point at the 462 nm mark size in the modula-
tion curve with the LSC-type aperture are problems if the 
mark size is varied at the disk in such a way that this null 
point is crossed. The nulls arise from the fact that the re-
flectance from the disk from the on-mark and off-mark 
situations changes at this point.

Figure 2. Readout modulation curves from donut and 
LSC-type SR aperture geometries. DVD is the reference 
modulation curve calculated without the SR layer struc-

ture (DVD-RW type of media).

In Figure 3 we show cross-sections of the absorption 
density in the data layer obtained with different diam-
eter donut apertures and (as a reference) the Gaussian-
shaped focused spot profile that scans the data layer in a 
DVD-RW type of system. It is clearly seen that when the 
diameter of the SR aperture is 200 nm, the full-width-
half-maximum (FWHM) (185 nm) of the absorption pro-
file is significantly smaller than the FWHM of the refer-
ence curve (545 nm). On the other hand, when the SR ap-
erture diameter is 100 nm, the absorption profile exhib-
its 3 peaks and its total FWHM (720 nm) is effectively in-
creased. In addition, we can see that the FWHM (265 nm) 
obtained with the 300 nm diameter SR aperture is larger 
than with the 200 nm SR aperture, which indicates that 
some kind of minimum would occur when the SR aper-
ture diameter is near 200 nm with these disk structures.
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Figure 3. Absorption cross-section curves with different 
diameter ring-type apertures. RW is the reference curve 

in DVD-type media. 

4. DISCUSSION AND CONCLUSION
The recent experiments have shown that the AgOx lay-
er is decomposed to the small Ag particles and oxygen 
when it is heated with a focused laser beam. In addition, 
the whole SR, spacer and data layer structure is perma-
nently damaged, and only works as a write-once media5). 
A similar effect was also shown for the PtOx material6). 
However, in our model the aperture only exists in the re-
gion that is heated by the readout laser beam - that is, the 
aperture is considered to work as a dynamical window. If 
you consider the case where there is always an aperture 
in the same location where there is a mark (write-once 
media), the readout process modelled in this paper no 
longer holds. Nevertheless, we have shown that both LSC 
and donut-shaped SR structures exhibit improved perfor-
mance over the conventional phase-change disk, and be-
cause both of these types of structure have been observed 
in experiments7) we believe that these structures (espe-
cially the donut-shaped SR aperture) are close to the real 
behaviour of the metallic SR structures. Here we note that 
in a recent work, Lin et al.8) showed a donut-shaped ap-
erture when the Ag particle system is illuminated with a 
readout laser spot. Therefore, we suggest that the donut-
shape aperture model can be used in numerical simula-
tions to study the performance of the SR disks. Finally, 
the reason for the change in the signal power levels at the 
detector from the on-mark and off-mark situations, and, 
therefore, the null point in the modulation curve, need to 
be studied in more detail, but this is left for the future.

The readout characteristics of two bulk-type Ag SR struc-
tures were studied using the 3D FDTD method. The pro-

DESIGN AND MODELLING

posed oxygen aperture system using a bulk Ag donut is 
currently closest to the experimental data, which can ex-
plain the improved readout performance from the SR disk. 
However, in reality, the AgOx layer decomposed to small 
particles rather than a bulk sheet of Ag and the readout 
characteristics of such a particle aperture might perform 
differently. Finally, the reversed signal levels are shown 
as a null in the modulation curve.
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 INTRODUCTION
Modern optical technologies such as near-field scanning 
optical microscopy (NSOM), optical data storage (ODS), 
and heat assisted magnetic recording (HAMR) demand 
efficient near-field light sources that provide light con-
finement well beyond the fundamental diffraction limit. 
Accordingly surface plasmon enhanced near-field trans-
ducers, which are devices that confine the incident illu-
mination to a sub-wavelength near-field spot, have at-
tracted great interest. Usually, light that appears in the 
near field of a sub-wavelength sized radiating transduc-
er either decays rapidly with distance from the transduc-
er (i.e., the light filed is evanescent), or the light diverg-
es rapidly with distance from the transducer. Therefore 
the target surface to be illuminated has to be in the near-
field of the transducer. In theory, extremely small light 
spots can be achieved if photons are forced through a 
metallic aperture that is close enough to the target sur-
face. In practice, the viability of such systems is prob-
lematic since the transmission efficiency of nano-aper-
tures decays roughly as d -4[1], where d is the aperture 
size. However, it has been recently proposed and even 
demonstrated [2-5] that the transmission efficiency of 
nano-apertures can be greatly enhanced with the aid of 
surface plasmon polaritons (SPPs) and localized surface 
plasmons (LSPs). The primary goal of our work is to de-
termine how SPPs enhance the light transmission of sub-
wavelength sized near-field transducers. 

SURFACE PLASMON POLARITONS
A dielectric/metal-interface can support collective oscil-
lations of induced surface charge density that are excited 
by an incident light field, if the metal exhibits negative di-
electric permittivity at the light frequency. A surface plas-
mon polaritons (SPP) is the composite electromagnetic dis-
turbance that occurs when an incident light field couples 
resonantly with such an oscillating surface charge den-
sity distribution. Since induced surface charge density is 
proportional to the discontinuity of the electric field com-
ponent normal to the interface, only transverse magnet-
ic (TM) light can excite SPPs. A semi-infinite dielectric/
metal-interface (in which both the metal and dielectric me-
diums are very thick) can support only a bound SPP mode 
whose field amplitude decays exponentially with distance 
on the both sides of the interface. Since at any frequency, 
SPPs have larger momentum than light at all incident an-
gles, directly incident light cannot excite any SPP modes. 
Usually SPPs are excited by propagating evanescent opti-
cal fields produced either by total internal reflection from 
a prism located in the vicinity of the metal film, or by a 
grating deposited on the surface of the metal film. 

On Surface Plasmon Enhanced Near-Field Transducers

Figure 1: a) Amplitude of electric field component nor-
mal to the metal film in the antisymmetric (as) and sym-
metric (s) SPP modes when the thin metal film (ε �m) is in 
the symmetric environment (ε �1 = ε �3). b) The same as a) 
but now the metal film is in the antisymmetric environ-

ment  (�ε1 > ε �3).

In optically thin metal films, there is a coupling between 
the SPPs associated with each dielectric/metal-interface. 
Four thickness dependent SPP modes result: symmetric 
(s) and antisymmetric (as) modes which each branch into 
a pair of modes - one bound and the other leaky. The na-
ture of these modes depends strongly on the thickness of 
the metal film as well as the refractive indices of the ad-
jacent media. In the antisymmetric mode, the amplitude 
of the electric field component normal to the metal film 
exhibits a zero inside the film (cf. Fig. 1), while the sym-
metric mode maintains its phase across the film. In the 
bound mode, the SPP field amplitude decays exponen-
tially with distance on both sides of the thin film, while 
the leaky mode radiates some power into an adjacent di-
electric medium. A thin film having the same dielectric 
materials on both sides (symmetric structure) can sup-
port only bound SPP modes [6]. 
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Let us consider a three-layer structure, where the thin 
metal film (εm) is sandwiched between the semi-infinite 
dielectric layers (ε1, ε3) as illustrated Fig. 1. We assume 
that the illumination is incident on the ε1 side. When ε1 = 
ε3 (see Fig. 1a)), the electric field component normal to the 
metal film, which is the strongest field component, de-
cays exponentially on both sides of the film. When, for 
example, an optical recording medium is inserted 20 nm 
below the metal film, the SPP field will be strongly dis-
turbed and the SPPs will no longer propagate along the 
metal film. On the other hand, when ε1 > ε3 (see Fig. 1b)), 
the electric field of the antisymmetric mode is highly lo-
calized in the ε1 medium; consequently structures below 
the metal film will only slightly disturb the as-mode. To 
further illustrate this, we show light transmission and re-
flection from a multi-layer stack that supports propagat-
ing SPPs in Fig. 2. R1 and T1 curves show the transmis-
sion and reflection curves, respectively, in the absence of 
the recording medium (n = 2 + 3i), while R2 and T2 show 
the corresponding curves in the presence of the record-
ing medium. Interestingly, this multi-layer stack sup-
ports the s- and as-modes without the recording medi-
um, while only the as-mode remains when the recording 
medium is inserted below the metal film. Our conclusion 
is that only SPPs that propagate on the incident surface 
of a near-field transducer can enhance light transmis-
sion through the transducer in the presence of a record-
ing medium. 

LIGHT TRANSMISSION THROUGH A HOLE IN A CORRUGAT-
ED METAL FILM 
We have developed a parallelized Body-of-Revolution Fi-
nite Difference Time Domain (BOR-FDTD) tool, which al-
lows examination of light interaction with cylindrical-
ly symmetric structures in a time efficient manner. This 
tool was used to study the transmission of a normally in-
cident plane wave through a cylindrical hole in a cylin-
drically corrugated metal film. 

The modeled structure is schematically shown in Fig. 3. A 
normally incident plane wave having wavelength of 650 nm 
impinges on a silver metal film that has surface corruga-
tions with period Λ and depth h. The thickness of the base 
layer, i.e., the residual metal beneath the grooves is denoted 
by t.  A cylindrical hole with diameter d is centered on the 
axis of the corrugations. In our study, h and d are fixed pa-
rameters having values h = 90 nm and d = 100 nm. 

Figure 4 shows the transmitted power as a function of 
the corrugation period for several thickness of the base 
layer. The transmitted power was computed by integrat-

Figure 3: Schematic illustration of the modeled 
structure.

Figure 2: Light transmission (T) and reflection (R) 
from a multilayer structure (shown in the insert) 
that supports SPPs. In the case (R1,T1), the record-

ing medium (n = 2 + 3i) is not present.

Figure 4: Integrated power 20 nm below the corru-
gated aperture structure as a function of the corru-
gation period for several thickness of the base lay-

er (t).
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ing the z-component of the time-averaged Poynting vec-
tor over a circular disk centered below the aperture and 
having radius of 300 nm. Results clearly show that the 
corrugation period providing the highest transmission 
depends strongly on the thickness of the base layer. As-
suming that surface corrugations only slightly disturb 
the SPPs propagating in the base layer, the SPPs will be 
excited when the grating period equals the SPP wave-
length. For example, the wavelengths of anti-symmetric 
bound SPPs (that can be excited by 650 nm light) versus 
Ag film thickness (assuming planar thin Ag films) are: 
λSPP(20nm) = 567 nm, λSPP(40nm) = 618 nm, λSPP(60nm) 
= 628 nm, which are in rather good agreement with the 
peaks shown in Fig. 4.

We shall now illustrate how surface corrugations en-
hance the light transmission trough the central hole. Fig-
ure 5 shows the longitudinal component of the time-aver-
aged Poynting vector on the exit side of the aperture with 
and without the surface corrugations, when the thickness 
of the base layer is 20 nm.  From Fig. 5 we observe that 
the illumination “hot spots” directly behind the central 

Figure 5: Longitudinal component of the time-averaged Poynting vector on the exit side of the aperture in the xz- and yz-
planes with (a), (c) and without (b), (d) the surface corrugations. The incident plane wave is Ex-polarized.

holes in the uncorrugated and corrugated structures are 
elliptical, i.e., the near-field light exhibits more confine-
ment in the x-direction. In addition, the hot spot of the 
uncorrugated aperture is immediately behind the aper-
ture, while the hot spot of the corrugated aperture gains 
its tightest focus at a distance of 100-200 nm beyond the 
exit surface of the aperture. We also note that the surface 
corrugations enhance the near-field light transmission 
by three orders of magnitude.

DISCUSSION AND CONCLUSION
Surface plasmon polaritons posses interesting proper-
ties that may be utilized to achieve efficient light con-
finement beyond the fundamental diffraction limit. Our 
numerical analysis showed that cylindrical corrugations 
around a single aperture in a metal film significantly en-
hance the light transmission through the aperture and 
that the excitation of bound anti-symmetric SPP modes 
produces this transmission enhancement. It was also 
shown that antisymmetric SPP mode can reside in a pla-
nar metal film even when a thin film recording medium 
is inserted below the metal film and close to it. 
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SUMMARY
A novel design of an interferometric hydrophone trans-
ducer is presented. It consists of a coil of fibre embed-
ded in a layer of epoxy. Finite Element modelling of such 
transducer is difficult due to anisotropic mechanical 
properties of its structure. An  approach based on lami-
nate modelling techniques was adopted. Static and modal 
Finite Element analysis was conducted, as was a coupled-
field acousto-mechanical analysis. 

1.  INTRODUCTION 
One of the most sensitive optical fibre hydrophone types 
are interferometric hydrophones. Typically, they work in 
Michelson interferometer configuration, shown in Figure 
1, in which both sensing and reference arms are placed 
under water in close proximity in order to compensate 
the temperature influence on the operating point of the 
sensor.  

Coupled-field Modelling of Interferometric Hydrophone with 
Self-supported Mandrel

Fig.1 Optical fibre hydrophone using a Michelson inter-
ferometer configuration with 3x3 coupler. 

An important part of these sensors is the transducer, 
which responds to incident acoustic wave by changing 
optical path length of the sensing arm fibre. Often an air-
backed mandrel transducer is used [1]. This transducer, 
whose cross-section is shown in Figure 2a, consists of an 
aluminium cylinder on which several turns of optical fi-
bre were wound. This cylinder is supported by a stiff met-
al structure in such a way that a waterproof assembly is 
created. The space under the aluminium cylinder is filled 

with air, allowing the cylinder to deform in response to 
incident acoustic wave. This deformation is measured by 
the sensing fibre wound on the cylinder.

In transducer from Figure 2a differential hydrostatic 
pressure acting on the aluminium cylinder can be high, 
as the pressure inside the structure is close to atmospher-
ic pressure while the outside pressure may reach sever-
al MPa. As a result the cylinder must have a sufficient 
strength to withstand it. Increasing strength leads to in-
creased stiffness, which limits sensitivity of the trans-
ducer.

If hydrostatic pressure on both sides of the cylinder can 
be made equal, it does not have to withstand high pressu-
res. Therefore, its stiffness can be greatly reduced, ma-
king it more sensitive to the acoustic wave. This is an im-
portant advantage, although any pressure equalization 
method seems difficult to implement for transducers ope-
rating below few hundred meters. 

If a high stiffness is not required then the sensing struc-
ture can be implemented as a ‘laminate-like’ coil of opti-
cal fibre embedded in a layer of epoxy, as shown in Fig-
ure 2b. A principal advantage of such structure is that no 
energy of acoustic wave is wasted in the cylinder, which 
can lead to a higher sensitivity of the self-supported 
transducer.

2.  MODELLING OF TRANSDUCER
Finite Element modelling of self-supported mandrel 
transducers having several layers of many fibre turns 
each represents a challenge as it is impossible to approxi-
mate mechanical properties of such transducer by proper-
ties of the cylinder on which the fibre is wound. A direct 
model, in which fibre and epoxy in which it is embedded 
are represented by different sets of finite elements, is dif-
ficult to analyse for 2-D and is intractable for 3-D analy-
sis, due to excessive number of elements. Assuming that 

Fig.2 Cross-section of an air-backed mandrel transducer. a) standard design, b) self-supported design.
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a mandrel having 4 layers of 100 fibre turns each has to 
be modelled in 2-D using 200 elements per one fibre turn 
(i.e. 100 elements for the fibre and 100 elements for ep-
oxy around that fibre),  resulting number of elements is 
80 000. In 3-D, if the mandrel has radius of 20 mm and 
good shape of elements has to be preserved, the number 
of elements reaches 5� 108.

Therefore, another approach was adopted, based on a 
method developed during research on composite struc-
tures and having a proven track record. Central to that 
method is the assumption that regularly distributed fi-
bre aligned in one direction (as shown in Figure 3) em-
bedded in epoxy can be treated as a homogeneous, ortho-
tropic material (i.e. a material which has the same me-
chanical properites for all directions perpendicular to the 
direction of the fibre, but different properties in the di-
rection of the fibres). Elastic properties (i.e. Young modu-
li E, shear moduli G and Poisson’s ratios ν) of such mate-
rial are functions of those of fibre and epoxy, as well as 
of volume fractions (i.e. ratios of the volume of particu-
lar materials to the volume of the whole structure) of fi-
bre and epoxy in the structure. 

Fig.3 Optical fibre embedded in epoxy. 

Modelling steps in this method are summarised in Fig-
ure 4. The whole process is performed as follows. Based 
on fibre and epoxy elastic parameters, as well as on fi-
bre diameter, elastic properties of corresponding ortho-
tropic material are calculated using formulae known 

from mechanics of materials. Subsequently, a Finite El-
ement model is created using elastic parameters of this 
material and its analysis is performed. From this analy-
sis values of stress and strain in the orthotropic materi-
als are obtained in in the post-processing stage. Values of 
strain and stress in fibre and epoxy are calculated based 
on these data using another set of mechanics-of-materi-
als. Knowing stress or strain in the fibre as well as elas-
to-optical coefficients of the fibre`s material, a change of 
optical path length can be calculated.

Several important assumptions are made during this pro-
cess, which may have an impact on the accuracy of anal-
ysis. Firstly, the epoxy, which is assumed to be an isotro-
pic material, may  in fact have be an orthotropic mate-
rial. Secondly, stress and strain across the fibre`s cross-
section are assumed to be constant, which may not be 
the case. Finally, in orthotropic material acoustic wave 
propagates as a plane wave, whereas in the real structure 
sound velocities in fibre and in epoxy differ, affecting 
the way in which an acoustic wave is propagated. 

2.1. Static analysis
In order to calculate the sensitivity a two-dimension-
al axisymmetrical model of the mandrel transducer was 
created, using elastic properties of an equivalent ortho-
tropic material. The model allowed for easy choice of 
mandrel dimensions, number of fibre layers, and turns 
per layer, as well as diameter of the fibre. Here, as well as 
in all following modelling the ends of the mandrel were 
fully constraied (i.e. no movement was possible). 

Several configurations of transducers were modelled. Ex-
ample results for transducers having 200 turns of  silica 
glass fibre per layer and using a 125 µm singlemode fibre 
are shown in Table 1. 

Obtained results confirmed theoretical predictions stat-
ing that the induced phase change should increase with 

Fig.4 Finite Element modelling procedure for self-supported air-backed mandrel transducer.

DESIGN AND MODELLING
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Table 1. Phase change induced by pressure of 200 Pa act-
ing on transducer as a function of the number of fibre lay-
ers and diameter.

increasing mandrel radius. An important feature of this 
transducer is a relative independence of the phase change 
from the number of fibre layers. This stems from the fact 
that increasing the number of fibre layers increases the 
length of fibre subjected to strain, but at the same time 
increases the stiffness of the mandrel, thereby lowering 
strain acting on a unit length of fibre. This phenomenon 
can be taken advantage of for achieving optimum fre-
quency response, i.e. response free form mechanical res-
onances in the operating frequency band of sensor.

2.2. Modal analysis
An important characteristics of a mandrel transducer is its 
lowest resonanse frequency. As a rule a transducer should 
be operated below its first resonanse frequency to assure 
constant sensitivity and flat phase characteristics. 

In order to investigate properties of different mandrel de-
signs modal analysis was used to calculate the frequency 
of the lowest resonanse mode. In modal anaysis it is not 
possible to take advantage of the symmetry, as certain re-
sonance modes may not be identified if a simplified mo-
del (e.g. 2-D axisymmetrical) is used.

Therefore, a model made from 3-D shell elements was 
used. The lowest resonance frequency was ranging from 
1.5 kHz to 4.5 kHz, depending on the number of fibre 
layers and number of turns per layer. In all instances the 
lowest resonance mode was ‘quasi-bending’ mode, shown 
in Figure 5.  

It should be noted, however, that the analysis presented 
above was conducted for a transducer suspended in air, 
rather than for one immersed in water. Therefore, calculat-
ed resonance frequencies should be treated with caution.

2.3. Coupled-field acousto-mechanical modelling
A Finite-Element coupled field acousto-mechanical anal-
ysis of mandrel hydrophones is difficult, especialy if the 
range of frequencies is broader than a decade. On one 
hand domain in which the model is located cannot be 
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Fig.5 Lowest resonance mode of an air-backed self-sup-
ported mandrel transducer.

smaller than 1/10 of the longest wavelength used in anal-
ysis (1.5 m for 100 Hz in water) to allow for effective sup-
pression, by special attenuating elements, of acoustic 
wave reflected from the boundary of the domain. On the 
other hand, maximum size of an element cannot be big-
ger than 1/10 of the shortest wavelength used in analy-
sis (7.5 mm for 20 kHz in water) in order to avoid exces-
sive distorsion of high frequency waves propagating in 
the domain. Finally, in order to preserve a good shape of 
finite elements in the thin walls of the mandrel, element 
size in that part of the model has to be kept below 1 mm. 
This creates a significant difficulty in interfacing the 
mandrel to the rest of the model.

Taking into account limitations of available software, a 
two-dimensional model was built and tested, instead of a 
full 3-D model. Modelled mandrel had radius R=25 mm, 8 
layers of of 125 µm glass fibre, 100 turns per layer. Plane 
strain state was assumed in the mandrel. Source of the 
sound was modelled as a stiff plate with harmonic dis-
placement boundary conditions applied to it. Resulting 
Finite Element model is shown in Figure 6.

After preliminary tests, the response of the transduc-
er was calculated for frequency range 100 Hz – 15 kHz. 
Young modulus of coating/epoxy was 4 GPa. As it can 
be seen in Figure 4.4, a mechanical resonance is pres-
ent in the transducer at around 4 kHz, limiting the useful 
frequency range to approximately 2 kHz. Subsequently, 
Young modulus of coating/epoxy was increased to 8 GPa 
and analysis was repeated. As seen in Figure 7, magni-
tude of the induced phase shift is lower, but the resonance 
frequency shifted to around 6-8 kHz, increasing the use-
ful frequency range to approximately 3.5 kHz.

DESIGN AND MODELLING
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From the data presented above it can be seen that sensi-
tivity can be traded for increased bandwidth. However, it 
seems extremely unlikely that a transducer having suf-
ficient sensitivity and a useful frequency range over 10 
kHz can be built using this design. Moreover, as stated in 
the previous Section, by using a two-dimensional model 
certain resonances may not detected.

3.  CONCLUSIONS
A novel design of an interferometric hydrophone trans-
ducer is presented and principles of its modelling are de-
scribed. Modelling results indicate that this transducer 
can be used in low to medium frequency applications. Its 
sensitivity can be traded off for operating bandwidth, 
with operation up to 10 kHz seeming possible. Moreover, 
its sensitivity can be further improved by using a low di-
ameter (e.g. 80µm) optical fibre.
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ABSTRACT
Single-layered In2O3-SnO2 coatings, with an Sn/(Sn+In) 
ratio of 25-50 at.-%, were fabricated by a spin-coating 
method using coating solutions prepared from tin and in-
dium 2-isopropoxyethoxides. The electrical conductivi-
ty of the air- and H2-annealed samples was analyzed. The 
maximum conductivity for the air-annealed samples was 
obtained with the smallest investigated Sn content, being 
24 S/cm. However, H2 annealing induces a massive irre-
versible increase in the conductivity of the films with the 
specific Sn content of 30-40 at.-%. The highest reproduc-
ible relative conductivity increase was 7600 % (1 S/cm → 
76 S/cm). The effect of the H2 annealing on the chemical 
composition and the crystal structure of the fabricated 
films was investigated.

1. INTRODUCTION
Impurity-doped indium oxide (ITO, where Sn/(Sn+In) 
~ 9 at.-%) is conventionally used in transparent con-
ducting films in optoelectronic devices. However, re-
search and development of alternative materials with en-
hanced physical properties and reduced cost due to the 
lower amount of expensive indium is rapidly expanding 
as well. Some ternary oxides have shown promising re-
sults, such as GaInO3, Zn2In2O5, In4Sn3O12, ZnSnO3, and 
Zn2SnO4 [1,2]. 

Sol-gel processing of ternary oxides has only been re-
ported for In6WO12 thin films [3]. The reason for this may 
be in the relatively low conductivities achieved for the 
sol-gel-derived single-layer impurity-doped binary ox-
ides (Sb:SnO2 [4] and ITO). However, the conductivities of 
sol-gel films can be enhanced via suitable post-treatment 

Increased Conductivity in H2 Annealed of In2O3-SnO2 
Thin Films

techniques, either by creating oxygen vacancies in the 
material [5] and/or by removal of the oxygen depletion 
layer at the grain boundaries [6]. This can be achieved 
via plasma treatments or annealing of the samples under 
reducing atmosphere [2,7,8]. 

We have investigated the sol-gel fabrication on ternary 
In4Sn3O12 single-layered coatings. Even though, the ex-
pected ternary In4Sn3O12 oxide phase [9,10] was not de-
tected in X-ray powder diffraction (XRD) measurements; 
the H2 annealing was found to strongly affect the con-
ductivity of some formed binary-binary SnO2-In2O3 films. 
In this paper, we report on the effects of the precursor 
composition and annealing on the electrical and optical 
properties of the In2O3-SnO2 films fabricated via the sin-
gle layer sol-gel process. 

2. EXPERIMENTAL
Alkoxide solutions used were prepared using com-
mercial Indium(III)isopropoxide (In(OPri)) and 
tin(IV)isopropoxide (Sn(OPri)) as precursors. The Sn/
(Sn+In) ratios in coating solutions ranged from 25 to 50 
at-%. Sample films were prepared from solutions via spin 
coating. The deposited films were then dried at 140°C for 
30 minutes, after which they were further annealed in a 
belt furnace under air atmosphere in order to crystallize 
the materials. In addition to this, some samples were fur-
ther annealed in H2/N2 atmosphere using the same fur-
nace and temperature program. 

Electrical and optical measurements were recorded of the 
air- and (air+H2)-annealed slab films deposited on boro-
silicate glass substrates. Film thicknesses were also mea-

Figure 1. a) Optical transmissions of (�  ) air-annealed and (�  ) air-annealed + H2-annealed samples. Film thickness-
es were 70 nm and an Sn/(Sn+In) ratio of 35.5 at.-% for both samples. b) Electrical conductivity as a function of in-

creasing Sn at.-% of air-annealed samples (�   ) and Air- and H2-annealed samples (�   ).
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sured. Sheet resistances (Rs) were measured using a linear 
four-point method. The composition of films deposited on 
Si-substrates was investigated using XPS. X-ray powder 
diffraction was applied to the crystal structure studies of 
films deposited on Si-substrates. 

3. RESULTS AND DISCUSSION
3.1 Electrical and optical properties
The air- and H2-annealed coatings had transmission val-
ues higher than 85 % at visible wavelengths. The main 
difference between the spectra of investigated air- and 
H2-annealed highly conducting samples is the decreased 
transmission at near-infrared region, probably due to the 
increased carrier concentration [11]. In Figure 1a, trans-
mission spectra of air- and H2-annealed samples with an 
Sn/(Sn+In) ratio of 35.5 at.-% are shown as an example.

The electrical conductivities of the air-annealed films 
(60-70 nm) increased with decreasing Sn levels as shown 
in Figure 1b. The maximum conductivity value for air-
annealed samples was 24 S/cm, which corresponds to a 
sheet resistance value of 6200 Ω/ . 

In the case of (air+H2)-annealed samples, the conductiv-
ities were not monotonically related with the decreasing 
Sn levels. For the films with high Sn contents, hydro-
gen annealing did not provoke changes in conductivities. 
(Air+H2)-annealed films with low Sn contents yielded 
conductivities below those measured for the samples an-
nealed in air only. However, at around Sn/(Sn+In) ratios 
of 35 at.-% the H2 annealing had increased the films’ con-
ductivities markedly. The maximum conductivity mea-
sured, 76 S/cm at 35.5 at-%, corresponds to a sheet resis-
tance of 1950 Ω/ �. 

3.2 Chemical composition and crystal structure
According to the high-resolution XPS surface measure-
ments, all the tin detected on the surface of the air-an-
nealed films had only a chemical state (Sn4+), while the 
(air+H2)-annealed film also had a minor component in-
dicative of reduced Sn. The partial reduction of Sn may 
also account for the somewhat lower O/(Sn+In) ratios of 
the hydrogen-annealed samples.

The Sn/(Sn+In) ratios in the air-annealed samples were 
higher than the nominal ones for all the samples. For the 
(air+H2)-annealed sample, the Sn/(Sn+In) ratio was below 
the nominal value and the sputter profiles for both indi-
um and tin were more even throughout the bulk of film. 
According to the XRD measurements, all the measured 
samples were polycrystalline and with patterns corre-

sponding to In2O3. However, the background intensities 
for the (air+H2)-annealed samples were somewhat lower, 
which seems to indicate a decrease in amorphous mate-
rial (in the film or at the films-substrate interface). Fur-
thermore, the relative intensity of the reflection at 33° 
was much reduced after the hydrogen annealing, see Fig-
ure 2. The reason for that lowering is not fully understood 
at this point, but it clearly indicates some phase changes 
due to the H2 annealing.

Figure 2. XRD diffractograms of ( ) air-annealed 
and ( ) air-annealed + H2-annealed samples with Sn/

(Sn+In) ratios of 35.5 at-%.

4. CONCLUSIONS 
We have studied the effects of the reductive annealing 
and mixing ratios on the properties of thin films with an 
Sn/(Sn+In) ratio of 25-50 at.-%, fabricated by spin coat-
ing. H2 annealing was found to induce a clear, irrevers-
ible increase in the film conductivity at Sn/(Sn+In) ratios 
around 35 at-%. In all the films studied, hydrogen an-
nealing was also found to enhance partial reduction of 
the tin and a decrease in oxygen content on the surface; 
the latter might contribute to higher conductivity via ox-
ygen vacancies. However, we also found that the hydro-
gen annealing caused a reduction in amorphous material 
and the formation of a diffusion layer at the films-sub-
strate interface. XRD measurements did not show any 
sign of the expected formation of ternary In4Sn3O12. XPS 
and XRD analysis gave us some hints about the process-
es affecting the drastic increase of the conductivities at 
the certain Sn content region. However, much more in-
tensive work is required in order to fully understand the 
phenomena.

MATERIALS



  21

Leena-Sisko Johansson
Joseph M. Campbell
Helsinki U. of Technology, Centre for Chemical Analysis, 
P.O.Box 6100, FIN-02015 TKK, Finland

Juha T. Rantala
Silecs Oy, Tietotie 3, FIN-02150 Espoo, Finland

REFERENCES
1. T. Minami, J. Vac. Sci. Technol. A 17, 1765 (1999).
2. A.J. Freeman, K.R. Poeppelmeier, T.O. Mason, R.P.H. 

Chang, and T.J. Marks, MRS Bull. 25, 45 (2000).
3. W.S. Dabney, N.E. B.S. Luisi, A.P. Richard, and D.D. 

Edwards, Thin Solid Films 411, 192 (2002).
4. G. Gasparro, J. Pütz, D. Gantz, and M.A. Aegerter, 

Solar Energy Materials & Solar Cells 54, 287 (1998).
5. D. Kohl, Sensors and Actuators 18, 71 (1989).
6. S.–S. Park, and J.D. Mackenzie, Thin Solid Films 274, 

154 (1996).
7. T. Kololuoma, and J.T. Rantala, Electr. Lett. 26, 172 

(2000).
8. T.D. Senguttuvan, and L.K. Malhotra, Thin Solid 

Films 289, 22 (1996).
9. T. Minami, Y. Takeda, S. Takata, and T. Kakumu, 

Thin Solid Films 308-309, 13 (1997).
10. N. Nadaud, N. Lequeux, M. Nanot, J. Jove, and T. 

Roisnel, J. Solid State Chem. 135, 140 (1998), and 
references therein.

11. J.R. Bellingham, W.A. Phillips, and C.J. Adkins, J. 
.Mat. Sci. Lett. 11, 263 (1992).

MATERIALS

Terho Kololuoma
Terho.Kololuoma@vtt.fi

Arto Maaninen
Arto.Maaninen@vtt.fi



22

MATERIALS

1.  INTRODUCTION
Optical sensors using integrated optics implementations 
of common-path differential interferometer have been 
the subject of research for over a decade1. A planar or a 
rib single-mode waveguide, which is used as a sensing el-
ement, changes its birefringence as a result of refractive 
index changes of the medium in which it is immersed. As 
a result, a phase difference is introduced between polari-
sation modes propagating in the sensing waveguide. The 
combination of a long sensing waveguide (up to 30 mm) 
and high-resolution (10-4 rad) detection setups using mi-
cro-interferometric techniques yields a very high reso-
lution of the measurement. Apart from refractive index 
measurement, differential interferometer sensors can be 
used to measure relative humidity 1 or as a biosensor  to 
detect the binding of analyte-molecules to a specific cap-
ture layer on the waveguide surface 2. The influence of 
temperature can be eliminated by suitable sensor design 
and by two-wavelength or two-waveguide operation2.

However, this sensor can exhibit problems typical to fi-
bre optic chemical sensors, such as hysteresis or perfor-
mance deterioration in a hostile environment. Moreover, 
for certain applications a low-cost disposable sensor is 
preferred, as the development of fully reversible reac-
tions is not economically viable.

The authors decided to address these shortcomings by 
employing recent advances in sol-gel technology, which 
enables low-cost batch manufacturing of single mode 
waveguide structures. These structures, which can be 
protected by a layer of low refractive index chemically 
inert materials, can form a platform for a (bio-) chemical 
sensor or can be used for refractive index measurement. 
Manufacturing issues of sol-gel waveguides are present-
ed in this paper and the modelling of waveguides is dis-
cussed. The potential applications of the sensors are dis-
cussed as well.

2.  SOL-GEL MATERIALS AND POLYMER PLANAR WAVE-
GUIDES
In contrast to techniques such as conventional inor-
ganic sol-gel technology, sputtering, thermal oxidation, 
chemical vapour deposition (CVD), plasma enhanced 
CVD, f lame hydrolytic deposition, low temperature sol-
gel technology avoids using high temperature treatments 
(over 1000°C) or multi-step etching processes. Due to the 
good workability of materials and low cost of process-
ing, the sol-gel process has become an appealing tech-
nique for manufacturing optical integrated devices in a 
single process. 

Low-cost Differential Refractometer Using Sol-gel Integrated 
Waveguides

Photopatternable ORMOSILs (organically modified si-
lanes) have been investigated in recent years due to the 
simplification of processing and temperature compati-
blity with on-silicon processes. The inorganic network 
within the ORMOSIL’s improves thermal stability, scratch 
resistance and hardness of material, whereas an organ-
ic network ensures good flexibility, toughness and com-
patibility with various polymer substrates 3,4,5. Figure 1 
shows a typical example of ORMOSIL’s structure em-
ployed in sol-gel processing. 

Figure 1: Picture of organically modified silane used in 
sol-gel processing.

Sol-gel processed thin films have tunable refractive in-
dices that can vary in range from 1.3 to 1.6 and their op-
tical birefringence is easy to obtain. Optical attenuation 
values start from 0.1 dB/cm and thickness is in the range 
of 0.5-100 µm. 

Waveguides made of sol-gel, organically modified ma-
terials can be made using various, relatively simple, 
low-cost techniques such as embossing, UV-irradiation 
through the binary mask and direct laser writing. 

Various materials can be used in each of these techniques. 
Possible substrates are glass, quartz, semiconductor ma-
terial wafer, metals and plastics. The most appealing ap-
proach is roll-to-roll embossing of the waveguide struc-
tures on polymer films coated with sol-gel waveguide 
material. This method would significantly lower produc-
tion costs , and make integrated optics components more 
feasible. Figure 2 shows a 1x4 splitter made of organical-

Figure 2: Interferometer, 3D image of a sol-gel splitter 
processed on a PET  plastic substrate.
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ly modified, sol-gel material, which was processed using 
UV-irradiation through the patterned binary mask. The 
1x4 splitter was processed on polyethyleneterephthalate 
(PET) polymer foil. 

3.  PRINCIPLE OF SENSING AND SENSING STRUCTURES
Optical sensors using integrated optics implementations 
of common-path differential interferometer have been 
the subject of research for over a decade [1]. A planar or a 
rib single-mode waveguide, which is used as a sensing el-
ement, changes its birefringence as a result of refractive 
index changes of the medium in which it is immersed.

Polarised light is launched into a rib waveguide in such 
way that the two lowest waveguide modes, i.e. TE and TM 
are excited with equal amplitudes (Figure3). 

Propagation constants of the two modes, βTE and βTM, de-
pend on refractive indices nw and ns, as well as on the re-

Figure 3: Principle of sensing.

Figure 4: Examples of the bio-sensing, integrated optics structures.

fractive index nm of the medium surrounding the wave-
guide. Phase difference ∆φ between TE and TM modes ex-
isting in the waveguide can be expressed as:
  ∆φ = (βTE - βTM)l
where l is the length of the waveguide, and is a function 
of the refractive index nm. If l = 10 mm, measurement res-
olution of nm can be as good as 10-6.

Figure 4 shows examples of sensing structures in the case 
of biosensing. Shape and thickness of the protective coat-
ing can be used to modify propagation characteristcs of 
the waveguide and mode field distribution. The desired 
antigen, in the case of the biosensor type, can be attached 
to the waveguide surface by the surface modification of 
the waveguide itself, or by special modifications of the 
waveguide materials in the synthesis steps. 

4. MEASUREMENT OF PHASE DIFFERENCE AND SENSOR 
SET-UPS
The most accurate method of phase difference between 
TE and TM modes is based on Multi-Channel Polarimetry 
with a resolution up to 2π/2000 rad and Wollaston or No-
marski Prisms with a resolution up to 2π/1000 rad.

The measurements are performed as follows. TE and TM 
modes are collimated by lens CL (Figure 5). Nomarski (or 
Wollaston) prism NP changes propagation directions of 
TE and TM modes, so that they make angle α. Polariser A 
brings the modes into interference, creating a fringe pat-
tern on the CCD detector. The position of the fringe pat-
tern depends on the phase difference ∆φ, which is to be 
measured. 
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Figure 6 shows examples of the sensors set-up in which 
sol-gel waveguides can be employed. The substrate used 
in these cases can be made in the future from cheap, plas-
tic materials and the waveguide component can be pro-
cessed using low-cost, mass production techniques, such 
as embossing. 

Two methods for the modelling of the sensor can be em-
ployed, and they are Finite Element Method (FEM) and 
Beam Propagation Method (BPM). The primary objectives 
of the modelling are the investigation of mode field dis-
tribution in a broad range of structures, optimisation of 
light interaction with the sample (or anti-gen layer), and 
optimisation of coupling between the light source and 
sensing structure. Also, measurement should be made 
temperature independent. 

Figure 5: Phase difference measurement set-up.

Figure 6: Integrated optics sensors set-ups.

Repeatable coupling of light into the sensing structure 
is an existing problem. Tolerances better than 1 µm and 
long term alignment are required. If a disposable sens-
ing part is used, the active alignment is necessary. (Fig-
ure 7)

To eliminate the influence of the temperature problem the 
measurement of phase difference must be carried out for 
two wavelengths or a sensing part design with tempera-
ture compensation must be developed. 

The cost of the optical part of the sensor can also be a 
problem. Due to alignment needs and the use of pola-
rising components the cost is relatively high (around 
1000USD). 

MATERIALS
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Figure 7: Coupling of the light.

5.  CONCLUSIONS
Differential refractometers using sol-gel integrat-
ed waveguides are a promising group of sensors with a 
broad range of potential applications. They allow a com-
plex refractive index to be measured with a high resolu-
tion, based on which detection of several chemical com-
pounds can be implemented. Designs with disposable 
sensing part are possible. As a result, chemical reactions 
that are not reversible can be used, which significantly 
broadens the scope of use of such a sensor. 

Further modelling and experimental research is needed 
in order to assess the properties of these sensors. Cur-
rently, the most important obstacle to the widespread ap-
plication of the presented sensors is the repeatability of 
launching light into the sensing structure. 
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I. INTRODUCTION
The increasing need for low cost and electrically func-
tional materials has reinforced the place of low tempera-
ture co-fired ceramic (LTCC) technology as a key founda-
tion of high frequency modules and components. Conven-
tional free shrinkage LTCC has many benefits, but there 
are some key drawbacks. Typical x,y- shrinkage is 13% 
±0.2% leading to several problems. Internal metalliza-
tion patterns should be in a favorable way to avoid warp-
age. Due to the high dimensional tolerances, accurate sol-
der paste printing on a large panel is problematic. The 
shrinkage also causes an unrecoverable loss in available 
surface area for circuit layout, especially in the case of 
large panels with multiple numbers of circuits.

There are several methods for the co-firing of LTCC lam-
inates, where the x,y- shrinkage can be reduced practi-
cally to zero, thus enabling very small dimensional toler-
ances. In these methods, the laminate is constrained dur-
ing firing to prevent the x,y- shrinkage. In practice, the 
shrinkage is transferred to the z plane. The constraining 
mechanism enables very small dimensional tolerances 
and can, if well designed, re-balance the forces that lead 
to lack of f latness. Therefore, 100% solid ground planes 
are possible for shielding. Another benefit of constrained 
sintering compared to the free sintering method is that 
the number of circuits from the same laminate area is in-
creased typically 20…40%. 

The constraining is typically accomplished by using con-
straining tape layers which are laminated on both sides of 
the LTCC stack. Also, pressure can be applied during sin-
tering to constrain the x,y- shrinkage. After firing, the 
constraining layers need to be mechanically removed, 
which is an extra process step. The constraining tape can 
also reduce the freedom of choice of co-fired top layer 
materials due to risk of unwanted interactions.

The latest innovation in zero shrink LTCC processing is a 
self-constraining tape system, developed by Heraeus. In 
the new HeraLock ® technology, the HL2000 LTCC tape 
consists of two separate layers. Another layer contains 
particles of glass, ceramic and organic binder and anoth-
er, self-constraining layer, consists of refractory ceramic 
and wetting agent.

The processing of the HeraLock system (HL2000 tape) is 
similar to the processing of free sintered LTCC substrates. 
In practice, the x,y- shrinkage can be reduced to close to 
zero. Typically, z shrinkage is 29%. The HeraLock sys-
tem potentially offers the same benefits as the conven-

Mechanical and Electrical Properties of HeraLock ® HL2000
Zero Shrink Low Temperature Co-fire Ceramics

tional constrained sintering methods - improved accura-
cy and increased number of parts/panel, but without any 
additional process steps. This will give a clear cost ben-
efit. Cost efficiency is further increased if low cost green 
cutting is used for the part singulation. For the other zero 
shrink LTCC processes, a costly dicing process must be 
used. Also, co-fired surface conductors can be used for 
the HeraLock system.

This paper presents some results of the mechanical and 
electrical performance of the HeraLock system.

2. PROCESSING
A 5” x 5” test circuit consisting of 8 tape layers was man-
ufactured for the characterization of high-frequency 
properties of HL2000. The test circuit contained, e.g., mi-
crostrip lines and resonators. The vias were filled using 
stencil printing. Conductor lines were screen-printed with 
325-mesh screen except in the case of surface conductors, 
where 400-mesh screen was used. The main difference 
in the processing was a lower lamination pressure, com-
pared to other LTCC systems. This was required to allow 
the organic binders to evaporate properly from the LTCC 
substrate during the co-firing process. In these experi-
ments, the lamination pressure was as low as 1000 psi, 
whereas 3000 psi is typically used in the free sintering 
LTCC process. 

3. RESULTS
The x,y- shrinkage of HeraLock substrates was as low as 
0.2% with the tolerance of ±0.04%. A photograph of an 
11” x 7” part cut on the diagonal whilst unfired is shown 
in Fig. 1. One half was fired and then re-matched to the 
other half, which is still unfired.  The lack of shrinkage 
is clearly visible. 

Figure 1. Photograph of a single part divided to show 
lack of shrinkage during firing.
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The repeatability of printed and fired line width was ex-
cellent. The variation of the surface line width was ±3 µm. 
Fig. 2 shows a photograph of a round spiral inductor with 
a line width of 90 µm.

Figure 2. Spiral inductor with line width of 90 µm.

The S-parameter measurements were made by a network 
analyzer at the frequency range 4-40 GHz. Table 1 shows 
the normalized mean attenuation values for 110 and 220 
µm wide microstrip lines, and Table 2 presents the nor-
malized attenuation values of microstrip ring resonators 
calculated from the measurements. 

Table 1. Average attenuation values [dB/cm] of 110 and 
220 µm wide microstrip lines.

Frequency [GHz] 4 20 40

110 µm line width 0.17 0.71 1.12

220 µm line width 0.12 0.56 0.94

Table 2. Normalized attenuation values [dB/cm] of mi-
crostrip ring resonators at peak frequencies.

Frequency [GHz] 5.7 11.2 16.7

Attenuation [dB/cm] 0.145 0.305 0.375

Straightforward comparison between different technol-
ogies is difficult due to different geometries and mate-
rial parameters. However, some estimation can be made. 
It can be found out that HeraLock values are compara-
ble with the conventional Heraeus LTCC system CT2000 
and better than the DuPont 951 tape or most of the PWB 
systems.

4. CONCLUSIONS
Mechanical and electrical properties of HeraLock ® 
HL2000 were studied. It offers very small shrinkage of 

0.2% with the tolerance of ±0.04%. It was shown that the 
attenuation of this LTCC tape system is competitive with 
other, more traditional LTCC tapes, even at millimeter 
waves. The good high-frequency performance together 
with dimensional accuracy open many application fields 
for this novel tape system.
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ABSTRACT
In this study the low-cost planar multimode (MM) poly-
mer waveguides have been fabricated into printed wiring 
boards (PWB). For this purpose, the commercially avail-
able optical poly(methylmetacrylate), polyolefin, epoxy 
and polyimide were evaluated and used for the fabrica-
tion of waveguides with the lithographic rib-cladding 
and groove-filling fabrication processes. The key optical 
properties such as the refractive index, intrinsic absorp-
tion and birefringence of the tested materials were char-
acterized. In-plane (nTE) and out-of-plane (nTM) refrac-
tive indices (RI) of the slab waveguides were measured 
by using the prism coupling method at the wavelengths 
of 633...1550 nm. The calculated birefringence values ∆n 
(nTE - nTM) showed that the PMMA, the polyolefin and 
the epoxy exhibited very low birefringence, which is a 
required property of the polarization independent pas-
sive components. The RI maps were used in the cladding/
core design, after which the waveguides were fabricated 
by employing the polymers having 3-5% difference in 
the refractive index. The absorption losses measurements 
with the prism coupling showed 0.1...0.5 dB/cm intrinsic 
absorption. With the selected materials, passive optical 
waveguide test structures (straight and bent waveguides, 
splitters, and crossings) with rectangular cross section-
al shapes were also fabricated. The optical loss of the re-
sulting waveguides was measured using the waveguide 
cut-back method.

1.  INTRODUCTION
In fast evolving communication world the combination 
of optical and electrical technologies enables large quan-
tities of data to be generated and transported at very 
high rates and with minor losses over long distances. 
The short-range on-board high-speed (~10Gb/s/ch) op-
tical interconnections are currently under intensive in-
vestigation in many laboratories worldwide. Majority of 
the optical interconnection realizations are based either 
on free space connects with diffractive elements or on 
guided wave connections [1-3]. Although optical fibers 
can provide high information carrying capacity in point-
to-point connections, they are not feasible in high-den-
sity circuitry mainly due to that viable solutions for vol-
ume production are not available and because of diffi-
cult optical passive component fabrication. Therefore, 
the most promising guided wave technologies for chip-
to-chip routings are based on integrated optics, which 
permit production of photonic circuits on planar means. 
Although polymers have higher intrinsic losses, inferi-
or thermal stability and mechanical properties compared 
with currently used silica-based glasses or semiconduc-

Fabrication and Characterization of Optical Polymer 
Waveguides Embedded on Printed Wiring Boards

tor materials, they are particularly attractive because of 
the ability to be processed easily at low temperatures on 
several low-cost substrates.

In recent years, intensive research activities have been 
carried out of to develop low-loss optical polymers and 
some are currently commercially available [4]. Typical 
polymer classed used in optical applications include ac-
rylates, polyimides, polycarbonates, olefins and epoxies. 
In addition to limited availability of high performance 
optical polymers, major technical challenges are related 
to the cost-efficient waveguide fabrication, package in-
tegration, efficient light coupling and beam turning, and 
robust automatic optical component assembly. Further-
more, as an immature technology, photonics suffers from 
lack of standardized package designs, several fabrication 
problems and insufficient or unknown reliability of ma-
terials and packages.

To address some of the aforementioned challenges, the 
feasibility of selected commercial polymer systems as op-
tical on-board interconnections will be studied in this pa-
per. The key optical properties of the selected polymers 
are characterized.  Two lithographic-based waveguide 
fabrication processes will be demonstrated. The reliabili-
ty of the waveguides is characterized by interfacial adhe-
sion test and by studying the stability of the optical prop-
erties under changing temperature and when exposured 
to air pollutants.

2.  MATERIALS AND METHODS
In order to implement the optics into printed circuit 
boards, the compatibility of the optical polymers with 
the board materials and processes was set as the prima-
ry criterion in materials’ screening. Several low-loss op-
tical polymers conventionally used in plastic fibers such 
as polycarbonates, styrene plastics and polyolefins, are 
available only in foils or granules, and therefore they can 
not be utilized by liquid deposition methods, like spin de-
position or roller coating. On the other hand, majority of 
the high performance polymer systems, like f luorinated 
polyimides, halogenated acrylates or polysiloxanes are 
designed for silicon based integrated optics and usually 
not thick film process scalable. This in turn is a problem, 
when tolerance relaxed large-cored waveguide devices 
are fabricated on-board level.

The other qualitative screening parameters for the optical 
waveguide materials were:
• High optical transparency
• Refractive index match 
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• Low birefringence
• Excellent adhesion to polymer substrates
• Easy application and processing
• Scalability to thick film processing
• Good long-term stability under various environ-

mental conditions
• High heat resistance
• High moisture resistance
• CTE matching to PWB substrate

From the commercially available polymers, poly(methyl-
methacrylate) (950KPMMA, MicroChem), highly cross-
linked multi-functional acrylate-based photopolymer 
(Truemode, Teraherz Photonics), epoxy-based glycid-
yl ether derivative of bisphenol-A novolac (SU-8, Mi-
croChem), cyclo-olefin copolymer (Topas, Ticona), and 
polyimide (PI2525, DuPont), were selected for waveguide 
evaluation. Additionally, a mercaptoester optical adhe-
sive (NOA, Norland Adhesives) was selected for index 
matching purposes. Selected properties of the materials 
are given in Table 1.

The polymer waveguides were optically characterized for 
their in-plane (nTE) and out-of-plane (nTM) refractive in-
dices, intrinsic absorption and birefringence. Measure-
ments were carried out by using the Metricon prism cou-
pling method. The adhesion of the cladding/core polymers 
was measured with pneumatic stud-pull method. The sta-
bility of the optical properties of the selected waveguide 
polymers was tested under temperature cycling (IEC 68-2-
14N) and flowing multi-gas (IEC-68-2-60) tests. Structur-
al characterization was carried out by optical and scan-
ning electron microscopy (SEM).

Tradename

950KPMMA Truemode
SU-8-

50,2000
Topas 5013 Pyralin PI2525 NOA 81

Material PMMA Acrylate Epoxy
Polyolefin 

(COC)
Polyimide

Mercapto-
ester 

adhesive

Manufacturer MicroChem
Teraherz 

Photonics
MicroChem Ticona DuPont Norland

Patterning Technique Lithographic Lithographic Lithographic
Inj. mold, 

embossing, 
extrusion

RIE Dispense

Thickness (um) 1-5 1-200 1-2000 1-100 1-20 1-100

CTE (ppm) 54-72 60 47-57 60-70 40-50 210

Tg (C) 95-105 180 200 135-140 320 30

Water Absorption (%) 0,3-0,4 -- 0,08-0,15 <0.01 0,3 0,16

3.  WAVEGUIDE FABRICATION PROCESS
The large cored 50-150 x 50-100 µm (width x thickness) 
step index waveguides with the refractive index profile 
∆n of 0.03...0.05 were fabricated on the IS410 (ISOLA AG) 
0.7 mm thick and 10x10 cm sized FR-4 substrates.  Be-
cause the available refractive index (RI) tunable poly-
mers mostly failed in other selection criteria, step in-
dex structures were fabricated by combining the exist-
ing optical-grade polymers. Large index profile and core 
dimensions were designed to increase the coupling effi-
ciency and allow greater tolerance in optoeletronic com-
ponent assembly.

The two lithography-based, groove-filling and rib-clad-
ding processes were used in waveguide formation (Fig-
ure 1). In the rib-cladding process, the waveguides cores 
are photopatterned on top of under-cladding and sealed 
with upper-cladding polymer coating. The waveguide 
cores are formed of higher index polymer cladded with 
the lower index material to result total internal reflec-
tion (TIR) waveguiding structure. In the groove-filling 
waveguide fabrication process, the optical core/clad-
ding layers are formed into photodefined groove struc-
tures by one- or two-step filling process. In the two-step 
filling process, additionally the under cladding is depos-
ited into the grooves. Waveguide processing was carried 
in the 100-class cleanroom environment. Grooves were 
filled with similar squeegee blading process that is used 
in SMD paste printing. Photopatterning by UV lithogra-
phy or direct laser writing enables well-defined structure 
formation on large area substrates and smooth sidewalls 
as compared with the replicative fabrication methods for 
example embossing.

Table 1: Some properties of the selected optical polymers.
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Figure 1: Lithographic rib cladding and groove filling 
waveguide fabrication processes.

The 5-inch lithographic mask with dark and light field 
test geometries was designed. The optical test geometries 
contained straight waveguides of 5-10 cm in length and 
25-200 µm in width. Line/space designs resulted 250-µm 
pitch to be coupled to a standard arrayed optoelectronic 
component. Other passive test structures were 45/60/75/
90-degree x-junctions, 1x4 couplers and bendings with 
differing radius angles.

4.  RESULTS AND DISCUSSION
The refractive indexes (nTE, nTM) of the tested polymers 
were measured with the Metricon prism coupling method 
at the wavelengths of 633/830/1300/1550 nm. The mea-
surements were carried out of the slab waveguides fabri-
cated quartz glass substrate, the nTE values are presented 
in Figure 2. As the optical properties depend on the proc-
ess parameters and application (such as laminate char-
acteristics, degree of cure, molecular orientation in spin 
deposition, thermally induced internal stresses) the data 
given by vendor can be used only as referential. The low-
est absorption losses (< 0.1 dB/cm) at all wavelengths were 
obtained with the acrylate-based 950KPMMA and True-

mode polymer (the latter measured from the preformed 
sample). Other tested polymers resulted 0.3 - 0.5 dB/cm 
absorption at 830 nm.

Figure 2: In-plane refractive indices (nTE) of the tested 
materials measured using prism coupling method.

The modeling results of the effects of process induced 
waveguide imperfections such as micro-cracks and side-
wall rouhgness showed that signal attenuation as a result 
of scattering can easily cause total functional failure of 
the light transmission even at relatively short transmis-
sion lengths. Therefore, even though the optical struc-
tures are geometrically similar to those formed in elec-
tronic circuits, the optics require well-defined structures 
and highly smooth surfaces. From the selected materials, 
epoxy-based negative acting SU-8 polymer had shown 
very low roughness measured with Atomic Force Micros-
copy (AFM) [5], excellent surface planarization, and pat-
terning characteristics and was therefore used as struc-
tural layer in groove filling waveguide fabrication pro-
cess. The modeling results are presented in [6].

The refractive index maps were used in cladding/core 
material design. Examples of the optical waveguide fab-
ricated by two lithography-based processes are presented 
in Figures 3 and 4.

Figure 3: Cross section sample of the epoxy cored COC/
SU-8/COC waveguides on FR-4 substrate.

FABRICATION AND PROCESSING
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Figure 4: PMMA/SU-8/PMMA waveguides on FR-4 sub-
strate fabricated with two-step groove filling process. Af-

ter photolithographic waveguide groove structure pat-
terning, 950PMMA is deposited by spinning as under-

cladding. SU-8 waveguide cores are then squeegee print-
ed and top-cladded with PMMA cladding layer.

The calculated birefringence values ∆ �n (nTE - nTM) showed 
that in addition to acrylate-based polymers (950KPM-
MA and Truemode), the cyclo-olefin copolymer (To-
pas) had very low birefringence. A nonzero �n value in-
dicates that the material is anisotropic and therefore bi-
refringent. This has an effect to the polarization depen-
dent loss, which is not allowed in waveguide applications. 
The polymers that have three-dimensionally cross-linked 
structure have intrinsically very low birefringence val-
ues, because they do not suffer orientation during polym-
erization. However, the birefringence of the cured layer 
do not depend only on the polymer composition and film 
thickness, but also the substrate where it is processed. 
Low coefficient of thermal expansion (CTE) especially 
in inorganic substrates like quarz or silicon result that 
the substrate is much more firm than waveguide poly-
mer film applied on top of it. When the substrate-wave-
guide system is cooled, the optical film tends to shrink 
more than substrate and stress-induced birefringence is 
caused. When optical polymer waveguide layers are de-
posited on an organic substrate, significant reduction of 
the birefringence and thus polarization independency is 
achieved.

As the waveguides were fabricated by using two dif-
ferent polymers in cladding/core layers, intrinsical-
ly good wetting characteristics of the materials was re-
quired. Even though chemical surface treatments like 
plasma or RIE would promote the adhesion, these can-
not be used in cladding/core interface because the treat-

Figure 5: Birefringence (�∆n) of the tested polymers pro-
cessed as slab waveguides on quarz glass substrate.

ments roughens the surface to improve the adhesion and 
this in turn lowers the cladding/core surface smoothness 
causing signal attenuation as a result of scattering. The 
cladding/core interfacial adhesion was characterized by 
using the pneumatic pull-stub adhesion test. It was found 
that of the tested core/cladding systems PI/epoxy, epoxy/
PMMA and epoxy/COC, polyimide’s adhesion to epoxy 
was 83% higher when compared to that with PMMA and 
over 250% when compared with epoxy/COC. To study the 
effects of the environmental stresses on the above men-
tioned waveguide systems, the specimens were further 
subjected to changing temperature, humidity and expo-
sure to air pollutants. These test results are presented in 
Ref. [7].

The stability of the waveguide materials’ optical and me-
chanical properties was studied by exposing the slab 
waveguides for thermal shock (IEC 68-2-14N +125oC/-
45°C, dwell 15min/15min) and air pollutants in f lowing 
multi-gas (IEC-68-2-60, NO2 200±20ppb, SO2 200±20ppb, 
H2S 100±20ppb at the 75±5% RH/30±2°C) reliability tests. 
After 170 h in thermal shock and 500 h at the f lowing 
multi-gas testing period, negligible change of refractive 
index or absorption was observed in the prism coupling 
measurements. Additionally, no delamination or peeling 
off from the substrate was observed. As a conclusion, the 
selected polymers showed acceptable optical character-
istics and environmental stability under the reliability 
tests conducted. Yet, to characterize the long-term reli-
ability of the polymers, longer tests should be conducted.

5.  SUMMARY AND CONCLUSIONS
In this study, optical polymer waveguides were fabricated 
on printed circuit boards. The optical properties of the se-
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lected commercially available poly(methylmetacrylate), 
polyolefin, epoxy and polyimide were measured by using 
prism coupling and cut-back methods. The processability 
and compatibility to selected substrates were evaluated. 
The polymers with the absorption losses of 0.1-0.5 dB/cm 
in the datacom wavelength region were screened for fur-
ther tests. The stability of the waveguide materials’ opti-
cal and mechanical properties was studied under envi-
ronmental temperature cycling and flowing multigas re-
liability tests.

The results showed that lithography process can be used 
to fabricate low-loss polymer optical waveguides on FR4-
based substrates. Yet, the lack of available photo-pattern-
able high performance polymers limits the wide imple-
mentation of the optical technology. Additionally, since 
the photonics employ variety of designs comprising of 
dissimilar materials, many new reliability and fabrica-
tion challenges are met. In addition, several issues relat-
ing to packaging and integration are to be solved before 
optics can be implemented efficiently and cost-wise into 
printed wired boards.
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1.  INTRODUCTION
This report includes surveys of future trends in electron-
ics packaging and component technologies from both in-
ternational and national standpoints. The emphasis of the 
report is in the miniatyrisation of electronics and in its 
consequencies on technologies in the long term. The re-
port is mainly based on existing international roadmaps 
such as ITRS2002 and the Japanese Jisso Technology 
Road Map JEITA2001. National views and trend expec-
tations have been studied by a questionnaire list sent to 
R&D people in the Oulu area electronics industry and re-
search laboratories. 

The report reviews the most important technologies in 
electronics manufacturing, their expectations and needs 
as well as their relationship to the increasing effective-
ness of electronics circuits, increasing memory and data 
storage capacity, signal integrity and reliability of cir-
cuits. 

Besides the trends of decreasing dimensions and increas-
ing tolerance demands in electronics, the most important 
targets of development are increasing modularity of de-
vices, combining of electronics, photonics and mechan-
ical components into the same devices, development of 
new 3 dimensional design and testing tools and introduc-
ing new electronics materials. 

Packaging and Component Technologies of Future 
Electronics

Figure 1. Applications as well as related innovations and technologies in the area of telecommunication. 

2.  MINIATURIZATION 
The investigation shows that miniaturization continues 
on all levels of electronics realization during the time 
period of 10 years: increasing wiring density on the sili-
con chip, increasing wiring density on the substrate, in-
creasing number of wiring layers, increasing contact 
density of components and stacking of silicon compo-
nents into 3D-structures. As shown in Figure 2, there are 
clear growth expectations for MEMS components, optical 
components, active polymer based components and nan-
otechnical components. 

Figure 2. Trends in component technologies for the time 
scale 2 – 10 years. Scale 1…5 for importance. 
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3.  TRENDS
The next 10 years in electronics is going to be a very in-
teresting time period because the decreasing dimensions 
of components will come nearer to atomic dimensions. 
The new processing technologies for component manu-
facturing will require enormous investments and devel-
opment work. In interconnection and packaging technol-
ogies the challenges are in more and more complicated 
systems, where the design and testing will become very 
difficult. 

Implementation of photonics and new polymeric mate-
rials, as well as new bioelectronic applications, requires 
new types of skills compared with those offered by tradi-
tional education of electronics engineers. Finland should 
provide conditions for new fields in electronics applica-
tion and participate in development of new technology 
solutions. This requires investment in research, develop-
ment and education. 
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Miniaturization is not an end in itself in electronics. In-
stead, the driving force comes from the applications, e.g. 
in mobile telecommunication. Nowadays the actual elec-
tronics have only a share of 10 per cent of the size of a 
mobile phone. The user interface, display, mechanics, an-
tenna and battery take the major part of the volume. The 
development in miniaturization however makes it pos-
sible to add new functions and improve its performance, 
e.g. increasing its capacity in data and image transfer. 

Miniaturization and new cost effective packaging con-
cepts are needed in applications related to ambient intel-
ligence where small size intelligent sensors are utilized. 
New manufacturing technologies based on polymer elec-
tronics make possible the implementation of electronics 
and optoelectronics in completely new application areas 
such as in consumer packages and printed matter. 

The complete report in Finnish is obtainable from the 
following address: www.vtt.fi/inf/pdf/tiedotteet/2003/
T2213.pdf
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Tero Majamaa
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1. INTRODUCTION
Low temperature co-fired ceramic (LTCC) technology is 
a multilayer electronic packaging technology, which has 
arisen much interest because of its capability to provide 
high-density packaging solutions with good performance 
at high frequencies. Applications of LTCC technology of-
ten require joining of LTCC modules on a printed circuit 
board. Solder lands on an LTCC module are usually made 
from a silver-based metallization, which reacts upon sol-
dering with the solder alloy, causing some concern of the 
reliability of the module [1-3]. The joint structure resem-
bles that of a ceramic BGA (CBGA) on a printed circuit 
board with a distinction in the solder land metallization 
on the module side, however. The reliability estimations 
of CBGA on FR-4 are thus not valid in the case of LTCC 
modules on FR-4. 

The present investigation is aimed at determining the fa-
tigue life, the failure modes and the reasons for failure in 
LTCC module / FR-4 joints during thermal cycling. Spe-
cial attention was given to the metallurgical reactions 
between Sn and Ag-Pd and Sn and Ag-Pt metallizations 
[4-6].

Reliability of Solder Joints of LTCC Modules

Figure 1. Solder ball attachment structures: standard (left), cavity (middle) and standard with AgPt metallization and 
solder resist (right).

2. EXPERIMENTAL
The LTCC modules were manufactured using the DuPont 
951 tape material. The three different test structures for 
the attachment of solder balls (10Sn90Pb) onto LTCC are 
depicted in Figure 1. In the standard structure the balls 
were attached onto AgPd pad with 62Sn36Pb2Ag solder, 
in the cavity (depth 0.13 mm) structure the pad was placed 
one tape layer inside the LTCC, and in the third structure 
the metallization was of AgPt and a solder resist partly 
covering the pads was also used. The size of the balls was 
0.89 mm, the pitch was 1.5 mm and the balls were placed 
in matrix form (9x9….20x20). The LTCC modules were re-
flow soldered onto an FR-4 PCB using the same solder as 
used for ball attachment onto LTCC. A daisy chain type 
of connection as shown in Figure 2 was used.

The reliability assessment of the LTCC assemblies was ac-
complished by exposing them to thermal cycling in tem-
perature ranges of 0 - 80°C, 0 - 100°C and -40 - 125°C. A 
minimum of 5 minutes’ dwell time at the temperature ex-
tremes was applied to allow creep/stress relaxation. The 
ramp rate was limited to less than 5°C/minute in such a 
way that the cycle times were 1 h (0 – 100°C) and 2.4 h 
(-40 – 125°C). The solder joint integrity of the high-DNP 
joints was monitored by measuring resistance changes in 
the daisy chain networks.

Figure 2. The LTCC modules were connected using a daisy chain pattern.
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Modules were examined during the thermal cycling test 
using a Sonoscan D-9000 C-mode scanning acoustic mi-
croscope to investigate the initiation and propagation of 
thermal fatigue cracks in solder joints. The microstruc-
tures of the solder joints and fatigue cracks were charac-
terized using a Jeol MS 6400 scanning electron micro-
scope. The element composition in particular areas of the 
solder joints was evaluated by energy dispersive spec-
troscopy (EDS). 

3. RESULTS
The measured mean and characteristic lifetimes and the 
Weibull β − parameter for the different configurations 
studied are shown in Table 1. One can see that the cav-
ity structure is considerably better than the standard 
structure, and that the AgPt-metallization with solder 
resist still further improved the results, especially the 
β -form factor. The considerable improvement in life-
time was shown when using an HIT/PCB with somewhat 
lower TCE of 12 ppm/°C instead of FR-4 with TCE of 16 
ppm/°C. 

Table 1. -Mean and characteristic lifetimes and the Weibull 
�− parameter for the different LTCC/PCB configurations in 
tests -40 -125°C and 0 - 100°C.

Testi LTCC/
FR-4
Standard

LTCC/
FR-4
Cavity

LTCC/
FR-4
AgPt/
Resist

LTCC/HIT
Standard

-40 - 125°C

Nmean 334 720 919 588

Nchar 362 868 1013 662

� 5.0 2.9 11.3 3.1

0 - 100°C

Nmean 3254 4440

Nchar 3575 4890

� 3.9 3.8

The failure mechanisms in the structures were quite dif-
ferent. Figure 3a shows the propagation route of a crack 
found in the standard structure. The cracking initiated 
from the interface between LTCC/conductor (right) and 
propagated into the ceramic. In the final stage the root 
of the via cracked. Cycling 5000 cycles in the temper-
ature range 20…80°C produced a very different kind of 
fatigue crack in solder near LTCC side.  The propaga-
tion route of cracking in the cavity structure is shown 
in Figure 3c. The crack propagated through the cavity/
solder interphase, and finally the silver filled via was 
broken. 

The measured failure rate of the modules as a function 
of cycles for the AgPt/resist -structure is shown in Fig-
ure 4a, and the route of propagation of the crack is shown 
in Figure 4b. In this case, the crack propagated in solder 
near the solder/conductor interface.

From metallographic studies of the joint structures, it 
was found that the AgPd metallization dissolves during 
soldering almost completely, and a thick (30µm) interme-
tallic layer is formed between the via and the solder con-
taining Ag3Sn and PdSn4 particles in solder matrix. In 
the case of AgPt conductor, very little dissolving of con-
ductor into solder is evident, only a thin (1…2µm) layer of 
Ag3Sn is formed. 

4. CONCLUSIONS
The lifetime of standard AgPd/solder joints was found 
to be relatively short. The reason for this was the quick 
reaction with tin and the high tensile stresses during 
thermal cycling. Longer lifetimes were observed when 
using PCB with TCE more closely matching that of LTCC. 
The durability of the joints in cycling temperature range 
of 20…80°C was found to be higher than expected, this 
was due to low tensile stresses during the cycling, which 
inhibits the propagation of the crack into the ceramic. 
Considerable increase in the lifetimes of the joints was 
achieved by using the cavity structure. This is caused by 
the lowering of the tensile stresses during thermal cy-
cling due to the support effect of the cavity walls. Still 
better lifetimes were achieved with the AgPt pads with 
solder resist on the sides of the pad. The basic reason 
for this was considered to be due to the very low reac-
tion between the conductor and solder. In addition, the 
solder resist supports the metallization and thus inhib-
its the initiation of cracks between the LTCC/metalliza-
tion interface. 
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             a) -40 - 125°C/standard    b) 20 - 80°C/standard                c) -40 - 125°C/cavity

Figure 3. Microstructures of joints with cracking after thermal cycling.

Figure 4. Cumulative failure as a function of thermal cycles in the temperature range –40…+120°C (left), and a micro-
structure of the joint after thermal cycling.
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This article presents some of the results from a collabo-
ration program between VTT and CRC.  The program fo-
cuses on the application and fabrication of LTCC technol-
ogy for mm-wave frequency communications. The Wí-
lkinson power dividers presented in this paper have been 
designed by CRC for the Ferro A6S LTCC system utilising 
embedded resistors. The test tiles were manufactured by 
VTT Electronics.

CRC BRIEFLY
The Communications Research Centre (CRC) is the Gov-
ernment of Canada’s primary laboratory for research and 
development in advanced communications technologies. 
Its R&D addresses rural and remote broadband access, 
spectrum issues, wireless and satellite communications 
systems, radio fundamentals, broadcast and multimedia 
technologies, broadband networks and photonics.  CRC 
(http://www.crc.ca/) is located in the western end of Ot-
tawa, Ontario, and has a technical staff of 220.  

LTCC PROCESSING
VTT Electronics has the experience of processing many 
of the commercially available LTCC material systems 
(for example, DuPont 951 and 943, Ferro A6S, Herae-
us CT 2000 and Heralock). Line width and spacing less 
than 100 um can be processed with the conductor print-
ing technique, and with UV-sensitive conductor pastes 
less than 50 um can be realised. The development work 
for the better quality fine-line conductors is going on 
practically continuously, using UV-patterning and etch-
ing techniques. Some special LTCC materials, like zero-
shrink, high- and mixed-K laminates and ferrites, have 
also been evaluated, as well as the integration of many 
kinds of passive components and structures.

A very low-loss tape system is desired for millimetre 
wave applications, and Ferro A6S is one of those systems 
that is commercially available, and it is one of the most 
used LTCC systems in VTT Electronics as well.

POWER DIVIDERS
Wilkinson power dividers are important passive com-
ponents for many communications applications and are 
widely used in phased array antennae.  Development of 
Wilkinson dividers in LTCC technology will facilitate the 
integration of phased array signal distribution networks, 
with the driving electronics and the radiating elements 
significantly reducing the fabrication difficulties en-
countered in phased array technology.

20 GHz Wilkinson Power Dividers in LTCC Technology

A Wilkinson divider allows an input signal to be split 
equally, and in phase, between the two outputs, and 
a corporate arrangement of several dividers allows in-
phase and equal amplitude signals to be delivered to a 
multitude of radiating antenna elements.  Wilkinson di-
viders also have high isolation properties due to the use 
of a 100Ω � resistor between the two output arms, which 
absorbs any reflections coming back to the output ports.

The Ferro A6S LTCC system allows the microwave circuit 
designer to use resistors ranging from 10 Ω �/� to 10 kΩ �/�.  
Two types of Wilkinson divider were investigated using 
100 �Ω/� - a microstrip version and a stripline version.

In its simplest form, a microstrip divider can be posi-
tioned on the top surface of an LTCC substrate.  However, 
since the most attractive feature of LTCC technology is 
the ability to use multiple ceramic layers along with mul-
tiple metal layers, the divider will very often be buried 
within an LTCC system as a stripline component with me-
tallic ground planes above and below the divider.  Fig. 1 
shows the layout of a stripline Wilkinson divider with 
one ceramic layer above and below the structure.

100 Ω
resistor

Figure 1.  Wire drawing of a stripline Wilkinson divider.

Transmission line widths in LTCC depend on the num-
ber of layers of ceramic between them and the associated 
ground planes.  While selection of the number of ceramic 
layers depends on the number and type of circuit func-
tions being integrated together, the positioning of trans-
mission lines in too few or too many layers may make it 
difficult to realize the desired impedances.

The microstrip and stripline situations not only require 
different transmission line dimensions but also place dif-
ferent constraints on the fabrication of the resistors. In 
the case of stripline the resistor is buried within the LTCC 
material, but in microstrip it can be printed on the top 
surface of the LTCC.  Therefore, the microstrip situation 
offers an opportunity for resistor trimming if the fabrica-

Input

Output 1

Output 2
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tion tolerances are too great for the required performance.  
Multilayer stacking of resistors is an alternative means 
of reducing the impact of resistor variation, although the 
interlayer vias used to connect the resistors add reactive 
impedances to the structure and must be accounted for 
in the design.  An example of a microstrip divider that is 
being explored using two layers of resistor is shown as a 
wire drawing in Fig. 2.

Figure 2.  A microstrip Wilkinson divider with two lev-
els of resistor.

POWER DIVIDER TESTING
In order to study the signal distribution performance of 
LTCC Wilkinson dividers, a series combination of two di-
viders was designed for operation at 20 GHz.  Two mi-
crostrip dividers were arranged as shown in Fig. 3 to al-
low the characteristics of a two-way split to be studied 
along with those of a four-way split.  An input signal at 
Port 1 will provide a -3 dB split to Port 2 and a –6 dB split 
to the other two output ports.

The measured results (Fig.4) show that the divider ports 
are well matched at the design frequency, while the inser-
tion losses are 3.42 dB (Ports 1 to 2), 6.32 dB (Ports 1 to 3) 
and 6.58 dB (Ports 1 to 4).  The excess losses beyond the 
ideal 3 dB and 6 dB are mostly due to the resistance of the 
metallization, although there may also be a small amount 
of signal loss through internal reflection between the di-
viders and through radiation.  The phase balance between 
Ports 3 and 4 was within 3 .̊

Figure 3.  Layout of two Wilkinson dividers in cascade.

CONCLUSION
The Wilkinson power dividers for 20 GHz have success-
fully been designed and realised in the Ferro A6S LTCC 
substrate utilising embedded resistors. The achieved per-
formance parameters were good, despite some deteriora-
tive effect on the performance caused by the tolerances 
of the LTCC resistor.

Figure 4.  Performance of cascaded Wilkinson dividers 
(a) return loss, (b) insertion loss, (c) isolation.
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1. INTRODUCTION
Band-pass filter structures at millimeter waves require 
typically narrow and accurate conductor lines and spaces. 
This can be a limiting factor in high-volume production 
where screen-printing is the most commonly used meth-
od. Therefore, the etching technique was used as an alter-
native when a traditional edge-coupled microstrip filter 
was studied. This paper presents the realization and mea-
surement results of microstrip filter types. 

2. MICROSTRIP EDGE-COUPLED BAND-PASS FILTERS
A band-pass microstrip edge-coupled filter was designed 
and simulated by using Ansoft Ensemble 8.0 simulator. 
The conductor layer was on the surface of the substrate 
and the ground layer was 200 µm below it. The size re-
quired on the surface was 8 x 4 mm2 and the layout of 
the designed surface structure is shown in Fig. 1. The de-
signed line widths of W1 and W2 were 200 and 130 µm 
and the gaps G1, G2 and G3 were 75, 130 and 200 µm, re-
spectively. The length of each resonator was 820 µm.

Edge-coupled Band-pass Filters in LTCC Modules

Figure 1. Layout of the designed microstrip band-pass fil-
ter.

The screen-printed filters were realized on Ferro A6-S 
tape system using CN33-398 Ag conductor and CN33-343 
Ag via fill paste. The surface layer was printed using 400-
mesh screen. In the etching technique, 2622D Ag paste 
was double-printed on top of the fired substrate. Firing 
was made after both printing steps.

The average line and gap widths and their tolerances were 
measured, and the results are presented in Table 1. The 
variation in the mean line widths throughout the filter 

was quite large in the case of the screen-printed conduc-
tors. Also, the tolerances were larger for the printed con-
ductors. A photograph in Fig. 2 shows a typical difference 
between the printed and etched conductors.

Table 1. Measured mean dimensions and tolerances of the 
lines and gaps in the filter structures.

Printed 
conductors

Etched 
conductors

Mean line 
width [µm]

Tol. 
[±µm]

Mean line 
width [µm]

Tol. 
[±µm]

W1 198-218 4-5 193-196 2-4

W2 122-136 5-6 118-125 3-4

G1 66-77 6-9 84-84 1-5

G2 112-129 4 135-135 2-4

G3 191 7 204 2

Figure 2. Printed (left) and etched (right) conductors and 
gap. Designed line and gap widths are 130 and 75 µm, 

respectively.

The results of the performance from both filter types are 
shown in Table 2. Although the accuracy of the conduc-
tor lines was worse in the printed conductors, the atten-
uations and center frequencies of the printed and etched 
conductors were quite similar. In all structures, the atten-
uation was less than 1.5 dB at millimeter waves. The main 
difference was the narrower band-pass in the case of the 
etched filters as seen in Fig. 3. 

Table 2. Summary of transmission parameter measure-
ments.

Filter 
type

Minimum 
attenuation 

[dB]

Center 
frequency 

[GHz]

3-dB relative 
bandwidth 

[GHz]

Printed 1.40 42.65 7.78

Printed 1.44 42.38 7.68

Etched 1.43 42.98 6.68

Etched 1.40 42.98 6.88
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Figure 3. Transmission parameters of edge-coupled mi-
crostrip filters.

The most obvious and meaningful difference between the 
printed and etched versions was in the width of the nar-
rowest gap (G1 in Fig. 1). Therefore, the effects of these 
dimensions were studied more by simulating. The simu-
lations showed that the decrease of the gap width caused 
a more even band-pass response. Fig. 4 presents a com-
parison between 2 simulated curves (40 and 80 µm gap 
width) and the measured etched filter. Removing of a rip-
ple in the band-pass requires the use of a correct manu-
facturing method. Instead of screen-printing, photoimag-
ing or etching techniques should be used to realize nar-
row gaps. 

Figure 4. Simulated (40 (  ) and 80 ( ∆ �) µm gap width) 
and measured response (�◊) of microstrip edge-coupled 

band-pass filter.

3. CONCLUSIONS
Two different band-pass filter types were designed, real-
ized and measured at millimeter waves. Dual-mode patch 

filters resulted in insertion losses less than 3 dB. The re-
peatability of the performance of the filters was good. 
The design of the filter package proved to be important. 
In microstrip edge-coupled filters, the screen-printed and 
etched filters resulted in quite similar responses in band-
pass. The main difference was a steeper edge of the band-
pass in the case of the etched filters. The minimum atten-
uation was less than 1.5 dB. 
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LTCC (Low Temperature Co-fired Ceramic) -Technology 
has the capabilities for the integration of the millime-
ter wave functions in the substrate. In the on-going proj-
ect, there was a need to design a gain-type antenna in-
tegrated in the multi-chip module package. The most in-
teresting solution was a slot-coupled patch antenna array 
formed by four patch antennas, because then it was pos-
sible to place the components on the one side of the sub-
strate and the patch antenna array can radiate out of the 
other side. The used electromagnetic simulation software 
calculated the radiation gain of the antenna array to be 
8.5 dBi at 42 GHz and the impedance matching in the 
terms of reflection attenuation to be better than -15 dB 
over the wanted 40.5 - 43.5 GHz bandwidth.

INTRODUCTION
LTCC-Technology enables the integration of passive elec-
trical functions into the substrate of the electronic de-
vice. LTCC itself is a good technology for mm-wave tele-
communication applications due to the low-loss and high-
performance nature of the utilized ceramic materials and 
silver conductor metallization. Integrated antennas are 
commonly of high interest in the mass production tele-
communication industry for the cost reduction. Integrat-
ed antenna structures are the only reasonable way to re-
alize the high-gain antenna arrays needed in the mm-
wave telecommunication to achieve the needed reproduc-
ibility of the realized antenna systems.

PATCH ANTENNAS ON MM-WAVE BAND
On the millimeter waves, the patch antenna is the com-
monly-used antenna type due to the feasible dimensions 
of the antenna elements. The design dimensions of the 
mm-wave structures lead to the need of utilizing very ac-
curate conductor patterning techniques. In the case of the 
current project, the use of the integrated antennas was 
aimed in the module that has attached mm-wave compo-
nents on the top of the substrate, and the antenna radiates 
out of the bottom surface.

The planned concept of the millimeter wave module was 
directed to design a slot-coupled patch antenna, in which 
there is a coupling slot in a solid grounded metal layer. 
The slot must be in the transverse position compared to 
the feeding microstrip line. That way the use of a via can 
be avoided. In general, vias are very problematic on the 
mm-wave frequencies causing very bad reflection to the 
traveling mm-wave signal if not designed very careful-
ly. The impedance matched optimization of vias results 
in relatively narrow functional bandwidth. Furthermore, 
slot-coupled transitions have proved to be very good in 

Millimeter Wave Antennas on LTCC

the sense of insertion loss, so there is not any real ad-
vance of using a via.

Figure 1 presents the construction of the slot-coupled 
patch antenna. The antenna has, in this case, actually 
two patches one upon the other. That means one para-
sitic patch element has been included in the antenna de-
sign. The functional bandwidth of the antenna can be in-
creased by using a number of parasitic elements [1]. The 
specified center frequency is 42 GHz in this case.

Fig. 1. The slot-coupled patch antenna.

All the dimensions of the antenna structure must be de-
signed specifically for each LTCC tape system and sub-
strate stack configuration. In fact, the gain and band-
width specifications of the antenna may limit the possible 
useable configurations of the substrate stack. The design 
of the antenna is ultimately the trade-off between the 
wanted radiation gain in the main direction and func-
tional frequency bandwidth.

PATCH ANTENNA ARRAY DESIGN
Very often the needed radiation gain cannot be achieved 
with a single patch antenna. In such a case, several 
patches can be arranged to form an antenna array. Ideal-
ly, doubling the number of the antennas in the array will 
give 3 dB more radiation gain and will narrow the radi-
ation beam, of course. Figure 2 presents a patch antenna 
array constituting of four patch antennas.

The best way to design complex antenna systems for the 
mm-wave band is using some advanced electromagnet-
ic simulation software. As the number of the elements 
in the antenna array is increased, the solution time in 
the EM-simulation will be ultimately prolonged unrea-
sonably. To avoid this, a large antenna array can be built 
from sufficiently small blocks that will be connected 

Two patches
(one parastic 

element)

Coupling 
slot

Feeding 
microstrip 

line

0.8mm x 0.8mm
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Fig. 2. The antenna array constituting of the four patch 
antennas.

with proper combiners in the ultimate antenna system. 
In this case, the array constituting of the four patch an-
tennas was reasonable to be optimized by running An-
soft Ensemble v. 8.0 planar EM-simulation software. The 
larger arrays can be built by combining the needed num-
ber of the building blocks together. Figures 3 and 4 pres-
ent the simulated performance of the antenna array con-
stituting of the four patch antennas designed for DuPont 
943 low-loss LTCC tape system. The simulation predicts 
the matching to be fairly good on the desired band 40.5 

- 43.5 GHz and the gain to be 8.5 dBi at 42 GHz, which is 
pretty good, as well.

In an antenna array, separate antennas must usually be 
fed quite accurately in the same phase not to distort the 
radiation pattern. The antennas must be placed suffi-
ciently far away from each other to avoid the antennas 
being interactive and deteriorating the performance of 
the array.

The simulations of the antenna structures showed that 
the deviation in the dimensions of the silver conductor 
patterns in the LTCC substrate must be very small to en-
sure proper antenna functionality. Especially, the cou-
pling slot between the feeding microstrip line and the 
patch stack is very important for the antenna impedance 
matching.

Figure 5 presents the measured reflection attenuation of 
the array constituting of the four patch antennas. The 
best matching occurred between 45 - 48 GHz and was 
very good. Indeed, the realized and measured patch an-
tenna array seems very promising in the matching point 
of view.

Matching stubs

4.6 mm

The difference between the wanted and realized func-
tional frequency span is easily caused by the manufac-
turing tolerances of the silver conductor patterns, and re-
design would likely correct this error. That can be con-
sidered as a tuning action, which is usual in the high fre-
quency design.

CONCLUSION
Antenna arrays with four slot-coupled patch antennas 
were designed and realized. The antenna array was sat-
isfactorily functional in the measurements, but this kind 
of antenna structure pointed to be quite sensitive to the 
physical manufacturing tolerances. That was seen as an 

Fig. 3. The simulated reflection attenuation of the anten-
na array constituting of the four patch antennas.

Fig. 4. The simulated radiation beam of the antenna ar-
ray constituting of the four patch antennas.
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Fig. 5. Measured reflection attenuation of the antenna 
array constituting of the four patch antennas.

error in the functional frequency span of the antenna 
structure. However, slot-coupled patch antennas may be 
feasible antenna structures up to at least 45 GHz if de-
signed carefully enough to handle the effects of the man-
ufacturing tolerances.
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1  INTRODUCTION
Reliable, reproducible and high-yield packaging tech-
nologies are essential for meeting the cost and perfor-
mance objectives set for modules using MEMS devices. 
Photonic modules consist of optical, electrical and me-
chanical parts with different packaging levels includ-
ing glass elements, passive and active chips, submounts 
and packaged components. Typically, device alignment 
and attachment is critical. Therefore, for cost-effective 
packaging, the alignment should be done passively us-
ing precision machined parts. 

We employed low-temperature co-fired ceramic (LTCC) 
technology to process multi layer substrates for MEMS 
packaging [1]. LTCC technology has several benefits, 
such as, stabil ity, low dielectric loss, possibility to ma-
chine cavities into the substrate and compati bility with 
hermetic sealing. In addition, the fair match of the ther-
mal expansion coefficient (αLTCC ≈ 6 ⋅ 10-6 1/K) to sil-
icon (αSi ≈ 2.5 ⋅ 10-6 1/K) reduces packaging-induced 
thermo mechanical stresses.

Here we present the use of LTCC substrate as a wiring 
board for a silicon surface micro machined Fabry-Pe-
rot interferometer (FPI) device [2]. FPI is an electrically 
controlled optical bandpass filter that is widely used in 
spectroscopy. We applied the FPI device to demonstrate 
a wavelength tunable diode laser in an external cavity 
configuration [3].

2  PRECISION SUBSTRATE
The MEMS module consists of the FPI chip, a glass lens 
mounted on a metal sleeve and a LTCC substrate as shown 
in Fig. 1. The FPI contains a movable and a stationary 
mirror both having a reflectance of 97 %. The chip area 
is 2.8 ⋅ 2.8 mm2, diameter of the clear aperture 1 mm and 
thickness 500 µm. FPI chips were fabricated at VTT Mi-
croelectronics Centre in Espoo, Finland.

We used Du Pont 951 material to process the LTCC sub-
strates that served as the mounting platform and wiring 
board for the electrical con nections. The substrates con-
sisted of eight tape layers each having an unfired thick-
ness of 130 µm. A mechanical tool was used to punch 
holes into the LTCC sheets in order to open cavities for 
the FPI chip and the silicone inserts were placed into the 
openings to prevent their dimensional distortions dur-
ing the lamination process. 

The cavities served as reference marks during the as-
sembly and they also enabled the passive alignment of 

MEMS Packaging Using Precision Machined LTCC 
Substrates

Figure 1. Side view of the FPI module.

the FPI chip and the lens. Typi cally, cavity dimensions 
possess horizontal and vertical tolerances of ± 20 µm 
and ± 10 µm, respectively.  

3 FPI AND LASER ASSEMBLY
Because FPI devices are sensitive to stress-induced deg-
radation, low stress die attach tech niques are necessary. 
We attached the FPI chip to the center of the LTCC cav-
ity with two drops of high viscosity UV curing adhesive 
as shown in Fig. 2. This material is easy to use, has ex-
cellent adhesion to the LTCC surfaces and remains f lexi-
ble after curing. The FPI was bonded to the substrate via 
25-µm Au wires. 

Figure 2. FPI device on the LTCC substrate.

The edge-emitting laser chip was soldered with an 
In50Pb50 preform to the Cr/Ni/Au-metallized AlN sub-
strate using the f lip-chip bonder. The laser facet was po-
sitioned f lush with the substrate edge and the top con-
tact was bonded with 25-µm Au wires to the substrate. 
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The main challenge in the module assembly is the align-
ment of the vertically standing FPI device with the hor-
izontal laser chip as shown in Fig. 3. There are six de-
grees of freedom, that is, three translations and three 
rotations, from which the FPI-to-laser separation and 
the pitch and yaw are the most critical ones. For exam-
ple, if the FPI is tilted, it is impossible to bring it suffi-
ciently close to the laser. The module assembly was per-
formed using precision-positioning equipment that con-
tained two CCD cameras. After the alignment the FPI 
modules were fixed with UV-cured adhesive.

Figure 3. FPI and laser assembly (top view).

We measured the obtained FPI-to-laser-separations us-
ing a coordinate measurement system. The target value 
was 20 µm, whereas the measured separations varied be-
tween 20 µm and 88 µm. This rather large variation was 
caused by the residual angular errors and the movement 
of the aligned FPI module during the curing of the fix-
ing adhesive. This clearly points out the difficulties en-
countered when aligning and attaching components that 
have different orientations and dimensions in the 3D 
space. 

We verified the operation of the packaged FPIs by mea-
suring their optical transmittance as shown in Fig. 4. 
The average bandwidth of 2.7 nm (FWHM) corresponds 
well with the values obtained from the chip measure-
ments. This implies that LTCC structures have poten tial 
for optical MEMS packaging.
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INTRODUCTION
Lead sulfide (PbS) array detectors offer an interesting 
possibility for NIR spectroscopy. They offer low cost, 
high linearity and low noise for wavelengths up to 3 µm. 
However packaging complexity limits typically pix-
el count to considerably less than 100, if the detector is 
packaged without multiplexing electronics. An applica-
tion specific integrated circuit (ASIC) multiplexer circuit-
ry solution for this application is typically too expensive 
if production volume is hundreds of units. 

The purpose of this work is to integrate PbS array de-
tector with the thermoelectric cooler element into a her-
metically sealed package. A preamplifying multiplexing 
circuitry is also integrated into the package. PbS array 
needs to be temperature stabilised and PbS material is 
very sensitive for humidity and some gases. That is why 
PbS array has to be packaged hermetically. The integra-
tion of preamplifying multiplexing structure makes it 
possible to increase the number of detector elements with 
only slight increase in the pincount.

METHOD
A preamplifying structure is implemented on to the LTCC 
substrate (Low Temperature Co-fired Ceramics) into a 
hermetically sealed package right next to the detector 
array, which minimises the coupling of the interferenc-
es into high ohmic leads. After the signal has been pre-
amplified, it will be serialised by using multiplexers. The 
LTCC substrate makes it possible to integrate the pream-
plifier circuitry in a very efficient manner using discrete 
high quality passive components. LTCC has great electri-
cal properties in wide frequency range. The design rules 
for typical LTCC process are presented in reference1.

The number of layers can be easily made 20 with LTCC 
technology. This makes it possible to produce very high 
density and high quality substrates. By using either wire 
bonded ICs (Integrated Circuit) or CSP circuits (Chip 
Scale Packaged) with the smallest SMT (Surface Mount-
ing Technology) passive components it is possible to make 
the integration density very high. This is very critical 
feature in integrating the electronics inside the hermeti-
cally sealed packages. It is also possible to integrate pas-
sive components into the substrate in LTCC technology. 
Figure 1 demonstrates some of the possibilities that the 
LTCC substrate offers. LTCC material is perfectly suited in 
hermetical environment because its material is ceramic 
that does not have any outgassing problems.

“Integrate-It-Yourself” Preamp and Multiplexer on LTCC 
Substrate, for PbS Array

RESULTS
A 24 element PbS array was integrated into the same 
package with the preamplifying and multiplexing mod-
ules. Figure 2 shows the structure before enclosing it to 
the package. The modules have 12 channels each and 
their dimensions are 32 mm * 12 mm. The inner dimen-
sions of the package are 40 mm * 35 mm. The dimensions 
of PbS array are 28 mm * 7 mm.

During the layout design it was also demonstrated that 
one can reduce size of the 16 channel preamplifying 
and multiplexing module in 8 mm * 12 mm by using the 
smallest available passive components and bare chips on 
both sides of the substrate. This small size would allow 

Figure 1. The LTCC substrate and some possibilities that 
it offers for design.

Figure 2. PbS-array with the preamplifying and multi-
plexing modules.
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one to fit 128 element array with the 8 pieces of 16 chan-
nel preamplifying and multiplexing modules into the 
package shown in figure 2.

The measurements of the structure shown in figure 2 
have revealed that by using good layout design proce-
dures one can control the capacitive crosscoupling re-
gardless of small dimensions. Also the detectivity re-
mains high even if the detection procedure used was not 
typical phase sensitive detection (PSD).

CONCLUSION
The LTCC substrate technology has many advantages that 
can be exploited in various kind of radiation detectors. It 
makes it possible to use standard assembly methods to-
gether with high integration grade. For example one can 
select substrate material on the basis of it’s thermal coef-
ficient of expansion so that direct attachment of detector 
elements to the substrate can be done with high reliabil-
ity. LTCC has no vapour outgassing problems so it is per-
fectly suited in hermetical packaging. During this work 

it was demonstrated that LTCC substrate offers a great 
possibility to integrate electronics into the same package 
with the detector array.

Typically production volume for optical detection mod-
ules is quite low. LTCC’s design and production starting 
costs are low compared to full ASIC solutions. LTCC is 
competitive in price in small series production and pro-
totyping is fast. It’s mechanical accuracy is high and it is 
reliable substrate material. 
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INTRODUCTION
A lot of interest has been generated in the use of organ-
ic materials for electroluminescent devices. Organic light-
emitting device (OLED) meets many of the targets nec-
essary for display and instrumentation applications, for 
example in the devices, which use small screens such as 
cell phones, personal digital assistants, wristwatches and 
cameras. OLEDs have attracted a lot of attention, mainly 
due to their simplicity of fabrication, low operating volt-
age and power consumption, high brightness, very thin 
structure, mechanical f lexibility, light weight and full-
color range in visible wavelengths [1].

There is an ever-increasing demand for smaller and light-
er weight electronic and optoelectronic devices that con-
sume less power, have greater functionality and can be 
fabricated using environmentally benign processes. Re-
cent advances in OLEDs enforce the notion that organic- 
and hybrid-based materials, and devices, are indeed key 
enablers for novel electronic and optoelectronic devices. 
The ability of these molecular and/or polymeric organic 
materials to be processed and fabricated on plastic sub-
strates will be a key factor in the development, for exam-
ple, of roll-up-displays, disposable plastic electronics and 
decorative illuminations [2].

Currently, processing and fabrication of organic-based 
electronic, optical and optoelectronic materials and de-
vices is carried using traditional techniques such as 
spin coating, dip coating and vacuum thermal deposi-
tion. However, these techniques are either limited to cer-
tain substrate geometry or costly and time consuming. A 
tremendous advantage can be gained by incorporating 
printing techniques in the processing and fabrication of 
organic materials and devices. Printing methods such as 
ink jet, screen and gravure printing can be useful in the 
fabrication of certain types of devices based on organ-
ic materials [3]. In this study, semiautomatic screen and 
gravure printing machines were used to fabricate thin or-
ganic and metal layers on flexible substrates like plastic 
and paper for the OLED applications.

ROLL-TO-ROLL FABRICATION PROCESS
Single layer OLED structure consists of transparent and 
conductive anode substrate, light-emitting organic lay-
er and a ref lective metal cathode layer (Figure 1). An 
externally applied voltage drives electrons and holes 
from cathode and anode, respectively, into the recom-
bination region where they form an excited state. The 
recombination of the electron-hole pair leads to a pho-
ton emission.

Roll-to-roll Fabrication of Organic Light-emitting Devices

Figure 1. Flexible OLED consists of anode substrate, or-
ganic and metal layers. Light is generated in organic lay-
er when the electric field is applied between electrodes. 
The emission is observed through the polymer substrate.

Common anode material nowadays is the sputtered in-
dium-tin-oxide (ITO), but another choice is the print-
able PEDOT:PSS conductive polymer. The demands for 
anode film are high transparency at the visible region, 
small sheet resistance, high work function and low sur-
face roughness.

Deposition of organic materials is done by semiautomatic 
screen or gravure printing techniques, where the organ-
ic solution is printed using the squeegee and the screen 
or the gravure roll, respectively. Printed organic layer is 
100-300 nm thick depending on the process parameters 
(Figure 2).

Figure 2. Photograph of a flexible OLED with gravure 
printed emitting layer.

After that, a metal paste is screen printed onto organic 
layer using patterned screen. Patterning is needed to de-
fine the active emission area in the device (Figure 3).
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Figure 3. Photograph of an OLED with screen printed 
metal cathode layer, which has unique logo patterning.

Because the organic materials are very sensitive to oxy-
gen and moisture, the fabricated device must be encapsu-
lated. OLED structure is hermetically laminated between 
its anode substrate and plastic foil using roll-to-roll lam-
ination equipment. In summary, the flexible organic light 
sources can be fabricated continuously in the same roll-
to-roll process, which consists of printing and lamina-
tion units.

CONCLUSIONS
Conventional roll-to-roll organic thin film coating pro-
cesses, screen and gravure printing techniques, have 
been developed for the fabrication of OLED devices and 
other plastic optoelectronic components. The perfor-
mance of the devices can be improved by optimizing the 
process conditions, such as proper solvent, solution vis-
cosities, solvent evaporating temperature, printing pa-
rameters, etc.
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INTRODUCTION
BioOulu is a multidisciplinary project developing new 
analysis methods and instruments combining biotech-
nology, information technology and electronics exper-
tise. The BioOulu project studies and develops new meth-
ods for manufacturing cheap and disposable biosensors.

BioOulu, a spearhead project of Bioforum Oulu, combines 
top expertise in biotechnology and information technol-
ogy into a new multidisciplinary research group. BioOu-
lu links the expertise of research institutes into new in-
novative activity, transfers expertise, technologies and 
study results from research institutes to companies, and 
develops new technologies and products to companies.

BioOulu also aims at promoting networking between 
companies and creating new businesses. The goal is to 
develop solutions from ideas to final products and to cre-
ate new spin-off companies.  

MULTIDISCIPLINARY PROJECT – CHALLENGE AND OPPOR-
TUNITY
One of the greatest challenges in developing biosensors is 
the multidisciplinary nature of the field. Improving cur-
rent methods requires special expertise in measurement 
technology, biotechnology, molecular biology, chemistry, 
physics and optics. The new measuring instrument also 
has to be built economically and the operating costs have 
to be reasonable. (Figure 1.)

BioOulu - Combining IT and Biotechnology to Create 
Tomorrow’s Biosensors

Combining biotechnical and electronics expertise creates 
significant synergy for developing new analysis meth-
ods and measuring instruments for medicine, welfare 
technologies, food industry, environment and industri-
al processes.

The operation BioOulu is characterised by biomolecular 
recognition methods and instruments, and their minia-
turisation (laboratory-on-chip). (Figure 2.)

Disposable and cheap multipurpose sensors are developed 
for mass production with printing technology. (Figure 3.) 
The first sensor to be manufactured with the new print-
ing technology helps diagnosing cardiac insufficiency

FOUNDERS OF BIOOULU
Oulu University has made significant research in elec-
tronics and biotechnology for decades. VTT Biotechnol-
ogy is one of the leading research institutes in recom-
binant antibody technologies in Europe. VTT Electronics 
has internationally first-rate optical sensors research and 
development, for example. 

BioOulu aims at strong networking with international re-
search centres. New cooperation and research partners 
are welcome.  BioOulu project is funded by The European 
Regional Development Fund, The Provincial State Office 
of Oulu and the city of Oulu.

Figure 1. New and cheap measurement sensors and instruments and quick analysis methods are required in clinical use 
and foremost in point-of-care diagnostics. The development of sensors is aimed at decreasing the cost of individual lab-

oratory tests.
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ABSTRACT
The prototyping process of plastic optics is described. The 
sequence is divided into five main phases: specification, 
optics design, optomechanical design, manufacturing, 
and characterisation. The whole process can be applied to 
various optical prototyping tasks including both imaging 
and non-imaging optics.

1. INTRODUCTION
One of the current trends in the field of optics is the move 
towards very high volume and low cost systems based 
on plastic components. Plastic optics can be found in In-
ternet-cameras connected to home-PCs or in the built-in 
camera and display backlight modules of mobile phones. 
In order to be able to cope with the strict price and per-
formance requirements of these complex multitechnolog-
ical applications, the principles of concurrent engineer-
ing come into good use. One of the main ideas of con-
current engineering is to be able to make sensible trade-
offs between different technological disciplines needed 
to produce a multitechnological module. For example, in 
the mobile phone environment several variables like the 
number of lenses, mechanical size, image sensor resolu-
tion, power consumption and cost need to be balanced in 
order to find the optimal camera module design. Natu-
rally, there are also several trade-offs to be considered in 
the integration of this module into the mobile device it-
self. Many of these design variables need to be set already 

Prototyping Process of Plastic Optics

at the prototyping phase of product development. For this 
reason the knowledge of the prototyping processes in-
volved in different sections of the development cycle are 
very important. By analysing the different processes it is 
possible to see what needs to be specified, which parts of 
the design have a co-dependence and therefore, how the 
design changes in one part affect the others.

2. PLASTIC OPTICS PROTOTYPING PROCESS
Figure 1 shows the main iteration cycle of the plastic op-
tics prototyping process. The sequence is divided into five 
main phases: specification, optical design, optomechan-
ical design, manufacturing and characterisation. Al-
though in principle the process can be seen as sequential 
the multitude of issues involved in each part of the cycle 
makes it practically impossible to divide the process into 
separate self-sufficient parts.

There are several contrasting issues to deal with be-
tween the different phases. One major trade-off is be-
tween the tolerances required by the optical design and 
tolerances achieved in manufacturing. If the nominal 
performance of the designed system is close to the op-
tical specification, a set of very tight tolerances is re-
quired in order to keep the performance inside the spec-
ification after manufacturing errors. In manufacturing 
there are typically a set of tolerances that are impossi-
ble to achieve, a set which is possible but costly, and a 

Figure 1. The five main phases of plastic optics prototyping process.
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set of tolerances that is easy and less expensive. Gener-
ally, tighter tolerances cost more than loose and there-
fore the manufacturing method and its restrictions need 
to be considered even in the optical design phase. The 
same applies to the mechanical design. Characterisation 
facilities may limit the amount of properties that can be 
reasonably specified.

Inside the process efficient exchange of data is essen-
tial. Optical designs will have to be transferred to the 
mechanical design software and mechanical designs will 
have to be transferred to the formats used by the tools 
in manufacturing. By keeping the geometry in electron-
ic format it is possible to shorten the project lead-time 
and avoid some of the possible human errors than can be 
introduced when the data is transferred manually from 
software to software. 

2.1 Specification
Specifications are used as a gateway to the rest of the de-
vice development process and therefore they are usually 
the channels through which the trade-offs between dif-
ferent modules of the whole device are routed. During 
specification, the optical and mechanical requirements of 
the optics module are defined. Also, the selection of man-
ufacturing method will have to be made due to the fact 
that it has an effect on the available materials, achievable 
tolerances, feasible surface shapes, and cost. 

Specification can be a difficult issue for a first prototype, 
because it is possible that there is only a small amount of 
prior knowledge available that is relevant to the applica-
tion at hand. Usually, more than one prototype is built be-
fore the actual product is manufactured, and by verify-

Figure 2. Some of the issues to be considered while creat-
ing the optical specification. 

ing the successive prototypes it is possible to improve the 
specifications for the next round of the iteration process. 
For this reason it is also important to specify those things 
that can be measured in the characterisation phase. In or-
der to be able to improve some feature its progress will 
have to be monitored in each cycle of the process. Figure 2 
shows some of the contrasting issues to be considered 
when creating the optical specification.
  
2.2 Optical design
In the optical design phase, the system is optimised, and 
a tolerance analysis is carried out. Figure 3 shows some 
of the elements that have to be balanced in an optimum 
design.

 

Figure 3. Balancing the optical design.  

The best possible merit function design is not necessari-
ly the best design to choose. There is always the possibil-
ity for a trade-off situation between optical performance 
and easily manufacturable tolerance values. The best de-
sign can be found by using iteration cycles between lens 
optimisation and tolerancing. In some cases this means a 
careful balancing between performance and cost.   

2.3 Mechanical design
Mechanical design is performed considering the geomet-
rical specifications and optical tolerances of the system. 
In addition, stray light analysis is carried out to verify 
the optical performance of the optomechanics. Figure 4 
shows some on the factors to be considered in optome-
chanical design 

For an optical designer it is not a difficult task to scale 
down the design on a PC screen, but the reduction of size 
can be seen also in the optical design phase through the 
trade-offs that will have to be made between manufac-
turing tolerances and mechanical design. With strict size 
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Figure 4. Factors in mechanical design.

requirements the mechanical designers will have to rely 
on simple and robust structures. Very small parts like 
spacers or aperture plates are hard to manufacture and 
handle during assembly. In plastic optics, however, one 
great advantage is the possibility to integrate mounting 
structures to the lens elements and this way to reduce 
the number of parts needed in the module. Unfortunately, 
this may have a negative effect on the stray light perfor-
mance of the system. The integrated mountings provide 
additional paths for unwanted light through the module 
and therefore plastic optics can be particularly vulnera-
ble to stray light. The size restrictions also limit the pos-
sibilities to position additional baffle structures inside 
the module.

2.4 Manufacturing
The manufacturing method for a prototype is selected 
by considering the type of prototype and cost. For first 
round prototypes the most important thing is to show 
that the design actually can provide the optical perfor-
mance that is expected from the simulations. 

In the prototyping phase of product development the in-
jection molding technique is somewhat problematic. Mold 
inserts for very small series are expensive to produce. For 
this reason separate machined and polished or diamond 
turned components are a compelling alternative for at 
least the first prototypes. With diamond turning it is pos-
sible to produce low-cost lenses with approximately the 
same complex surface shapes that can be expected from 
the injection molded components. Due to the fact that di-
rect diamond turning or machining can be a more accu-
rate method than injection molding, some consideration 

is needed in evaluation of the results. Figure 5 shows 
some of the differing elements of direct diamond turning 
and injection molding.

 
Figure 5. Some of the differing elements of prototype 

manufacturing methods.    

If the manufacturing method chosen for the prototype 
system is injection molding, there will be some addi-
tional limitations and benefits for the optical and me-
chanical designs. Flat surfaces are very hard to achieve 
due to the shrinking of the part inside the mold dur-
ing the curing phase of the injection molding cycle. If 
the mold has a f lat face, the resulting lens will have a 
slightly concave surface. Curved surfaces are easier to 
control although they also will experience some chang-
es in shape. The diamond turning machines can produce 
aspheric shapes as easily as spherical shapes and there-
fore this method will also give additional freedom for 
the optical design. One major limitation is the short list 
of plastic materials than can be used for refractive op-
tics. Good colour correction is difficult to achieve with 
only a few lens materials. By using diffractive struc-
tures this problem can be somewhat relieved. Diffractive 
components performing other optical functions can also 
be easily integrated into the design.

2.5 Characterisation
After the system is manufactured it is characterised, and 
the experimental results are compared to the original 
specifications and estimations obtained from the previ-
ous design verification simulations. Figure 6 shows the 
dynamics of the characterisation phase.

Several different measurements are necessary for thor-
ough characterisation. When an imaging system is con-
sidered the most important characterisation method is 
probably the MTF measurement. This is especially true 
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Figure 6. Dynamics of the characterisation phase.

if the specification of the lens states a value for the MTF. 
Some other characterisation possibilities include interfer-
ometric shape measurements of individual optical surfac-
es, roughness measurements with a profilometer and for 
example a stray light measurement of the whole system. 
Shape measurements are very important for injection 
molded optics since the shape of the optical surface is not 
identical to the shape of the mold. Injection molding pro-
cess parameters have their own effects on the resulting 
surface shapes. Diamond turning of the lenses or molds 
gives a surface rms roughness in the range of 6 nm, 
which is good optical quality in the IR-region, but in the 

visible range some roughness induced light scattering 
will appear. If there are several optical components in the 
system the accumulation of scattered light may cause a 
stray light problem.

If the performance of the prototype is not sufficient, a 
new prototyping iteration cycle is needed. New error 
analysis simulations can also be performed in order to 
pinpoint faults in manufactured modules. Simulation 
software provides an ideal environment in which per-
fect systems can function without any disturbance from 
the outside world. By introducing a controlled perturba-
tion to the virtual design it is possible to isolate the effect 
of one particular error to the system performance. In real 
life, all of the error sources act simultaneously and it can 
be difficult to see which issues have the greatest effect. 
By systematically going through these possible sources 
and comparing the simulation results to the actual mea-
surements it is possible to extract some information that 
otherwise could not be obtained. 

3. SUMMARY
The prototyping process of plastic optics was described. 
The multitude of issues involved in each part of the de-
velopment cycle makes it practically impossible to sepa-
rate the process into self-sufficient and sequential parts. 
A concurrent engineering approach was taken by analys-
ing the different considerations and trade-offs that will 
have to be made between the various phases inside the 
process.
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The use of modern computer numerical control (CNC) ma-
chining tools have opened new possibilities for the op-
tical and optomechanical designs. The fusion of optics 
and optomechanics has been earlier demonstrated by the 
integration of mirror optics directly to the high-accura-
cy optomechanical parts of various non-imaging opti-
cal systems. The increased accuracy of the manufactur-
ing of complex-shaped mechanical parts has also lead to 
the possibility of using the CNC machining in the refor-
mation of the optomechanics for the imaging optical sys-
tems. The high-accuracy of the CNC machined optome-
chanical parts among with the f luent data transfer be-
tween the optical and mechanical design programs and 
the computer aided manufacture (CAM) gives a lot of 
freedom for the optical design. 

We have designed and manufactured a 2.7 times de-mag-
nifying imaging optical system (see Figure 1) capable of 
resolving features smaller than 5 µm in the image plane. 
The specification of the lens is shown in Table 1. The op-
tical system is a double-telecentric catadioptric system 
consisting of the total of 13 optical elements: 9 lenses, 1 
mirror, 2 polarising beam splitters and 1 quarter wave 
plate (Figure 2). The numerical aperture (NA) is 0.18 on 
the object side and 0.44 on the image side. The distortion 
of the lens is less than 0.01 %. The field size is 23 mm in 
diameter on the object side and 8.6 mm in the image side. 
The measured modulation transfer function (MTF) of the 
system is over 34 % at 200 linepairs/mm (see Figure 3).

Table 1. Specification of the lens

Magnification 0.37 0.37

Image size 
(diagonal)

8.5 mm 8.5

Object NA > 0.15 0.18

Image NA ≥ 0.41 0.44

Distortion < 0.03 % < 0.01 %

MTF @ 200 lp/mm 60 % > 34 %

Wavelength 405 ± 10 nm 405 ± 10 nm

      
The optomechanics are composed of 2 larger pieces and 
several smaller parts; all of the parts are made using the 
5-axis CNC machining. One of the larger pieces provides 
a 90 degree angle in the optical path with less than 0.5’ 
accuracy. The overall accuracy of the mechanics is 0.01 
mm and the dimensions are 300 mm x 150 mm x 70 mm. 
The tolerances for the optical and mechanical compo-
nents were determined via optical simulations. The per-
formance predicted by the tolerance analysis is shown 
as a set of MTF curves in Figure 3. The measured MTF 

High-resolution Imaging Optics Needing No Assembly-
phase Optical Adjustments

shown in Figure 3 is clearly below the predicted MTF val-
ues. The measurement was, however, done without a sheet 
of glass covering the object plane, and thus the measured 
MTF can be considered as a worst-case estimate. The  in-
fluence of the missing cover glass was analysed with op-
tical simulations and the estimated performance with the 
cover glass on is shown as the dashed line in Figure 3. 
The optomechanical design also included the stray light 
analysis (see Figure 4) resulting some minor modifica-
tions to the mechanical parts. The realised lens is shown 
in Figure 5. 

Because of the use of the high-accuracy CNC machin-
ing of the optomechanics, the lens can be manufactured 
without any optical adjustments or testing in the assem-
bly phase. 

Figure 1: Optical and mechanical 3-D modelling com-
bined with CMC machining enables design and manufac-
turing of high resolution optics needing no optical ad-

justments.

Figure 2: The optical design of the imaging lens.
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Figure 3: Modulation transfer function of the designed 
optical system. The result of the tolerance analysis is 

based on 20 Monte Carlo runs. Due to mechanical limi-
tations in MTF measurement system, the MTF curve was 

measured without the cover glass on top of the object 
plane. The optical simulation predicted, that this fault 
drops the MTF from the nominal design by 10 percent-

age units.

Figure 4: The stray light analysis was used for fine-tun-
ing the optomechanics. The optomechanical model is 

shown on the left side of the figure. A stray-light simu-
lation result is shown on the right side. White dots illus-
trate the mechanical surfaces seen from the object plane 
(and thereby potentially illuminated with the stray light) 
whereas the red dots indicate the surfaces seen from the 
image plane. The stray light on the image plane is signif-
icantly decreased by eliminating the surfaces that can be 

seen from both the image and the object planes.  

Figure 5: A photograph of the realised lens.
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INTRODUCTION
Although the NIR method is an obvious choice for on-
line measurement of coating thickness, no such instru-
ments have been applied for wet varnish coatings on fi-
ber boards. Measurement of coatings on a metal surface 
is often straightforward, as the NIR beam reflects total-
ly from a smooth interface and experiences absorption in 
both passages through the varnish layer. However, the 
surface of a fiber board is usually rougher, its reflectiv-
ity in the NIR region is reduced and dependent on wave-
length. Compensation for variations of surface properties 
was sought by measuring the difference between reflec-
tances before and after the coating process. The current 
measurement method, which is based on the weight in-
crease of test pieces in the process, was used as a refer-
ence method.

INSTRUMENTATION
Construction of the prototype instrument was based on 
techniques developed earlier in our laboratory. The NIR 
detector has two parallel channels separated with narrow-
band interference filters, one situated within the varnish 
CH absorption band at 1.7 µm and another just outside 
this band (Fig. 1). An alternative CH band at 2.3 µm has 
stronger absorption and was used at the lower end of 
thickness values. All four channels were integrated into 
a 4-channel PbS detector package. A halogen lamp was 

On-line Measurement of Wet Coating Thickness on 
a Coating Machine of Fiber Boards

used as an NIR source, radiation was chopped mechan-
ically and standard PSD techniques were used in signal 
recovery. A special mirror optics developed in our labo-
ratory was used in the probe heads, which were connect-
ed to the instrument with fiber-optic cables.

RESULTS
Field tests were executed with a Barberan curtain coat-
er (Fig. 2). Good correlation of NIR results with the ref-
erence weighing method was obtained for different types 
of coatings and fiber boards. The NIR method covers the 
usual thickness ranges from 50 to 500 g/m2 and the ob-
tained calibration error was typically 5-10 g/m2 (an ex-
ample is given in Fig. 3). In addition, the two-probe meth-
od enabled a separate measurement of each applied coat-
ing in multi-coating systems.

PARTNERS
VARNISH-LINE-MEASURE was a 2-year CRAFT proj-
ect funded by the European Commission under the 5th 
Framework Programme on Competitive and Sustainable 
Growth (Project no: 70223). The project partners were 
BARBERÁN (SME, Spain), SEITU (SME, Spain), TUR-
RI (SME, Italy), MARQUES (SME, Portugal), IKERLAN 
(RTD, Spain), CIDEMCO (RTD, Spain) and VTT Electron-
ics (RTD, Finland). The project was finalized by the end 
of the year 2002.

Fig. 1.  Typical spectra of varnish coating and fiber board. Filter bands are chosen outside water absorption regions.
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Fig. 2.  Developed on-line coating thickness meter on a 
Barberán curtain coater. Only one sensor head is shown 

in the picture.
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Fig. 3.  Calibration of polyester varnish on precoated 
cherry board. The values obtained without background 

subtraction were R2 = 0.87 and SEC = 20 g/m2.
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INTRODUCTION
Energy-efficient and clean traffic is one of the key pre-
requisites for sustainable growth, and road vehicles ac-
count for the major share of all traffic-related emissions. 
Therefore, all new cars have been equipped with effec-
tive pollution control technology. New catalytic con-
verters can turn most of the harmful exhaust compo-
nents into non-polluting ones. However, emissions in-
crease over the life of vehicles, as combustion residues 
accumulate on the catalyst and reduce the effectiveness 
of the conversion process. Furthermore, faults and mal-
functions or even the deliberate tuning of the engine (e.g. 
tuning chips) in this rather complex system lead to less 
than optimum operation, higher fuel consumption and 
higher carbon dioxide emissions and other emissions. If 
not detected at an early stage, faulty vehicles can turn 
into “gross polluters”, with high fuel consumption and 
emissions that account for a substantial part of total f leet 
emissions (Klein&Koskenoja 1996). Also, there is some 
evidence that car manufacturers intentionally optimize 
engine performance and emissions to pass the dynamom-
eter driving cycles and outside these driving conditions 
emissions can be much higher (Kiencke 2000). Further, 
driving conditions strongly affect emissions but their ef-
fects are not well quantified. Bishop and Stedman (Bishop 
et. al. 1989, Bishop&Stedman 1996) have pioneered and 
developed an instrument to remotely measure vehicle 
emissions. In several studies it has been found that about 
10% of the f leet generates more than 50% of total emis-
sions of carbon monoxide (CO). Most cars are clean but 
a small number of malfunctioning or tampered with ve-
hicles produce a major amount of regulated and un-reg-
ulated emissions. Idle tests are generally known to be a 
poor indicator of true emissions. In Finland the periodic 
inspection intervals have increased and therefore several 
years can pass without emission testing.

Remote Measurement of Vehicle Emissions

We present here a prototype analyzer for the remote mea-
surement of vehicle exhausts from individual vehicles 
during normal driving conditions (Figure 1). Measured 
emissions include CO2, CO, HC, CH4, NMHC and NO. This 
prototype has been developed in co-operation with Eu-
ropean research project REVEAL (1999-RD.10657). Part-
ners in this project were: Bundesprüfanstalt für Kraftfah-
rzeuge, Centro Ricerche Euron settore AgipPetroli, Far-
side Technology plc, Golden River Traffic Ltd, Nation-
al Centre for Scientific Research “Demokritos”, Nether-
lands Organization for Applied Scientific Research (TNO), 
RWTÜV Fahrzeug GmbH, Sira Ltd, and the University of 
Hertfordshire.

MODELING
Spectroscopic techniques have attracted much inter-
est in recent years, because they provide very versatile 
tools for trace gas monitoring. Spectroscopic methods 
can be separated into two categories: laser-based and 
broadband light sources. Laser-based methods have es-
pecially profited from the development of tuneable la-
sers.  Figure 2 illustrates various technological possibil-
ities to implement absorption measurement (NOTE: this 

Figure 2 Techniques for implementing absorption measurement.

Figure 1. Remote measurement principle.
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list is not comprehensive). The quantitative identifica-
tion of exhaust constituents is limited by the spectral 
resolution and by the minimum detectable absorption, 
i.e., by the sensitivity and selectivity of the particular 
technique. A spectral resolution is of primary concern 
for the proper identification of species, i.e., for detection 
selectivity (cross interference reduction).

The USF HITRAN-PC (Rothman et. al. 1998) has been 
used to obtain the absorption coefficients of the vari-
ous pollutants and other atmospheric gases and vapors. 
A spectral library Quantitative Infrared Database of In-
frared Analysis Inc. (http://www.infrared-analysis.com/)
was used as the spectral source of hydrocarbons, which 
have only limited availability in HITRAN96. 

Transmitted IR intensity through atmosphere can be ex-
pressed using the following equation:
  
       (1),

where M   is the spectral radiant excitance from the   
  source

 λ   is the wavelength
 T0   is the transmission of optics
 A0   is the area of the optics, which is limiting   

  the throughput
 Ω0   is the solid angle of the optics, which is limit- 

  ing the throughput
 l   is the path length
 α   is the absorption coefficient 
 pg/patm is the partial pressure of pollutant gas g  

      (=concentration)
 ε( λ)   is the emissivity of the source
 k  number of species.

For the purposes of remote sensing, only the absorption 
due to the vehicle plume should be considered, while the 
absorption of the background atmosphere should be sub-
tracted. 

This project has developed a new type of auxiliary filter 
(Fabry-Perot (FP) or gas-correlation filter (GCF)) for mea-
surement of NO in vehicle exhaust (PCT Pat. appl. Kän-
säkoski and Niemelä). A major problem with NO IR ab-
sorption measurement is the high interference of water 
vapor. Spectral simulations have indicated cross-sensi-
tivity values lower than 1/10 of those with the single fil-
ter. When equation 1 has been applied with the modeling 
results and are combined with application requirements, 
it shows that it is possible to measure CO, CO2, HC and NO 
with required photometric accuracy. Table 1 presents the 
required signal-to-noise ratios for each species and the 
optical power reserve available (this reserve is required 
while the implementation is not optimal). For NO the val-
ues are given at 5 %-m water vapor background (appr. 10 
m path length, 10°C and RH40%). 

DESIGN
Due to the fact that exhaust dilutes very rapidly it is ex-
tremely important to measure each gas almost simulta-
neously and through the same path. By combining these 
modeling results, knowledge of various technologies and 
application requirements the multiple detectors and beam 
splitting NDIR is currently the best choice for this appli-
cation.

Long path optics (LPO)
Major design parameters for the long path optics were:
• efficiency (throughput)
• cost
• robustness (vibration, dirt, temperature,..)
• ease of alignment.

Cube corner design is well known to be not sensitive to 
angular misalignment. A modified cube corner design is 
applied to long path optics. This was realized so that out-
going and incoming beams are angularly separated as 
well. The optical system shown in Figure 3 was used in 
the tolerance analysis. The system sensitivity to the an-
gular misalignment of the end mirror was studied. Toler-

I∆λ =           ∫ε(λ)M (λ)e k                   dλ
AoΩoTo

π ∆λ

Σ− αk(λ)      lk
Pgk

Patm

Table 1 Optical power at detector for each species and estimated SNR.

Optical power @ detector SNR (1�)  @ 10 ms
(diluted)

RESERVE (2 �)

CO 2.96E-6 W 7.42E+4 22.6

CO2 3.08E-6 W 7.71E+4 13.1

HC 6.44E-6 W 1.61E+5 45.2

NO (5 %-m BG)
GCF 5mm (100% ) 3.14E-6 W 4.43E+4 1.59

REF 3.44E-6 W 8.62E+4
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ance analysis was done by using the Advanced System 
Analysis Program, ASAP, by Breault Research Organiza-
tion, Inc.  ASAP designs were converted into 3D models 
and the mechanical design was done with IronCAD. This 
design was again verified with TracePro, which is opti-
cal 3D simulation software. The majority of the optics are 
protected from dirt, only the large ellipsoid mirror and 
the large f lat mirror are “outside” the instrument enclo-
sure. These mirrors were left unprotected, because large 
IR windows are very expensive and fragile. The majority 
of mirrors have been made with a high accuracy 5-axis 
CNC machine, which allowed us to reduce the number of 
alignments during assembly. The mirrors and other me-
chanical components are very accurately positioned with 
dowels. The mechanics has a limited number of align-
ments, only detectors have alignment (due to the toler-
ance of detector packages) and one mirror requires align-
ment due to the manufacturing tolerances. 

Figure 3. Cube corner based long path optics.

Electronics
All sensitive electronics and optoelectronics are stabi-
lized; the temperature of the light source is measured 
and controlled, detector temperatures are measured and 
controlled; also, the chopper frequency and amplitude 
are measured and controlled, this should ensure a stable 
operation even in harsh conditions. Signal detection is 
based on matched digital signal filtering (Känsäkoski, et. 
al. 1998). The main advantages of this technique are:
• it is programmable;
• it is easy to design, test and implement; 
• it does not suffer from drift, and so is extremely sta-

ble with respect to both time and temperature; and
• it is versatile in its ability to process signals in a va-

riety of ways.

Also, digital filters can easily be modified without affect-
ing the hardware. An analog filter can only be modified 
by redesigning the filter circuit. As a hardware platform 
we used VTT’s ReMIX/104 I/O board, which is a general 
purpose I/O board for PC/104 bus. 

PERFORMANCE SUMMARY
Performance of a filter-based infrared sensor system, has 
been evaluated as applied to the measurement of CO, CO2 
and NO concentrations of exhaust plume. All sensors 
have two channels: a measurement channel and a ref-
erence channel. The reference channel being common to 
CO, and CO2.  High selectivity was aimed for when spec-
ifying the filter for the measurement channel of each 
sensor, and selectivity of the NO sensor was further im-
proved with auxiliary Gas Correlation Filters (GCF). In-
terference in all these sensors comes from the side of H2O 
(vapor); in CO and CO2 sensors also from N2O, and CO and 
CO2 have some mutual interference in the measurement. 
An additional advantage of the two-channel sensor sys-
tem is that it compensates for scattering caused by parti-
cles and small water droplets (fog) of the exhaust plume, 
and it might be possible to use the 4.0 µm reference chan-
nel, which is quite transparent for the gas and vapor com-
ponents, even as a rough estimate for particle concentra-
tion (opacity). 

High response gives high sensitivity for the sensor, but 
can also lead to non-linearity of the response, if the con-
centration-path length product is high, as is the case with 
CO and CO2 sensors. The non-linearity error can be cor-
rected with squared absorbance or non-linear calibration 
equation (3rd order polynomial fit give reasonably good 
results). More accurate results could be received with two 
different calibration equations - one for low concentra-
tions and another for high concentrations. This would es-
pecially improve the zero point accuracy of the measure-
ment. 

DISCUSSION
Since the introduction of remote sensing of vehicle ex-
hausts a new tool has been available for emission inven-
tories. Remote measurement gives access to measurement 
data of thousands of cars / day in real life driving condi-
tions. This data can be used for several purposes: to de-
tect gross polluters (usually gross consumers as well), de-
tection of specific vehicle models with poor emission per-
formance, evaluating and improving the emission inven-
tories, public information systems that display the emis-
sion status of cars as they drive by, measurements at toll 
booths to charge higher tolls for gross polluters, f leet 
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characterization, evaluation of inspection and mainte-
nance programs or the impact or other emission reduction 
programs such as reformulated fuels, evaluation of the 
rates of deterioration and technological improvement of 
the emission control systems, environmental taxes based 
on emissions, and traffic management, just to name few 
possible applications. Future research should concentrate 
on applications development. Figure 4 is a picture of the 
developed remote sensor source optics and a 3D CAD 
model of part of the optics. 
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Figure 4. A picture of REVEAL source optics and a 3D 
CAD model of the optics.
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INTRODUCTION
Moisture measurements play an important role when pa-
per tensile properties are studied. It is generally known 
that the moisture content greatly affects the paper’s ten-
sile properties, which are particularly important with re-
gard to paper machine runnability. VTT Processes has 
been studying the  tensile properties of press dried and 
dry paper since 1995. 

VTT Electronics has developed several on-line NIR-anal-
ysers for the paper machine environment. In this case, 
a laboratory paper moisture analyser, which is easy to 
move and use, was developed for the VTT Processes labo-
ratory tensile studies.

INSTRUMENT
The main goal in the design of the instrument was the fi-
bre optic probe head, which should be easy to use, and the 
use of the instrument’s case as a transport box so that 
during storage or transportation the probe head could 
be stored in a special probe holder inside the instrument 
case (fig. 1). 

Paper Moisture Analyser (PIRMA) Using 4-Channel Near 
Infrared Spectroscopy

Figure 2. Probe head and paper sample.

Figure 1. Instrument case and probe head.

The fibre optic probe head has  been designed so that 
the same sensor rig can be used with different focusing 
mirrors. This means that if a different spot size or fo-
cal length is needed in future applications, only the part 
where focusing mirrors are needs to be redesigned and 
manufactured (green/gold part fig. 2). This also saves de-
sign costs for similar probe heads in the future. 

For VTT Processes, the probe head was delivered with 
mirrors for two different spot sizes (circular diam. 10 mm 
and line 50x10 mm). The probe head also includes a ref-
erence sample (at the left in figure 3) that can be rotated 
to the front of the probe to compensate the instrument’s 
drifts due to ambient temperature changes.

The illumination and collection fibre bundles are low-OH 
quartz (diameter 3.0 mm). 

Figure 3. PIRMA sensor rig and measuring spot on a pa-
per sample.

The detector technique is based on a four-channel detec-
tor component developed at VTT in Oulu. This component 
has four PbS-detectors covered with interference filters 
for measuring each wavelength, and the whole package 
is hermetically sealed in a single Peltier-cooled package. 
This structure provides true parallel measurement of all 
channels. The detectors are thermoelectrically cooled to 
achieve higher response and insensitivity to temperature 
variations. This same technique has been used success-
fully in many industrial on-line applications, such as pa-
per machine analysers. 

When selecting bandpass filters for the wavelength mea-
surements, things that should be taken into consideration 
are : a) filtering  of the wavelength’s influence on the 
calibration b) filtering of the full-width influence on the 
signal c) ambient air moisture absorption, which can dis-
turb the measurement, and d) the wavelength drift of the 
water absorption peak as a function of the temperature 
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(the wavelength should be selected near the water’s isos-
bestic point). 

The detection electronics are phase-synchronised ampli-
fication so the ambient lighting doesn’t affect the mea-
surement.

As usual, the user interface was realised with Labview, 
but in this case VTT Process implemented VTT Electron-
ics measurement and calibration routines as part of their 
own Labview data collection software. This implementa-
tion was surprisingly straightforward and easy to do.

RESULTS
The PIRMA moisture measurement range is fairly large, 
beginning as high as 50 % moisture content. The drying 
force of a paper sample in the PIRMA moisture measure-
ment range is shown in Fig. 4. 

Jarmo Kouko 
VTT Processes

The PIRMA measurement technique makes it possible to 
measure paper moisture accurately during a tensile test. 
Exact moisture data makes it possible to interpret chang-
es in the tensile results related to the paper moisture con-
tent. The moisture content data is very important when 
the tensile properties of wet paper  are being studied.

CONCLUSION
VTT Electronics has built a tailored four-channel labo-
ratory paper moisture analyser with a fibre optic probe 
head to meet VTT Processes’ needs in paper tensile lab-
oratory measurements. The same instrument can also be 
used for on-line measurements. 

VTT Processes has utilised the PIRMA analyser in paper 
moisture measurements in laboratory-scale tensile tests 
for paper runnability research.

Figure 4. Drying force of a paper sample as a function of 
the PIRMA dry solids content.
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INTRODUCTION
The internal quality of potatoes and other vegetables and 
fruits is an important quality factor for both consumers 
and the food industry. There are several diseases and de-
fects which have no effect on the quality of potato skin. 
Therefore, internal defects remain invisible to the human 
eye and also to an ordinary camera. It is of the utmost 
importance to sort potatoes on-line in order to increase 
the quality of sorted potatoes intended for sowing, retail, 
and industrial processing. We will describe here a novel 
technique and instrumentation which enables us to non-
destructively ‘look inside’ the potato and define the in-
ternal quality of the potato from a continuous flow of po-
tatoes on a conveyor belt. This technique was original-
ly developed at the Institute of Horticulture and Canned 
Foods.1,2 This new instrument uses five different short 
wave near infrared (NIR) wavelengths for the measure-
ment. The transmission and reflection of near infrared 
light from potatoes are measured from several different 
angles. The total number of measurement channels is six-
teen. We will describe the optics and signal processing of 
this instrument and the first test results.

V-CAMERA INSTRUMENT
The ‘V’ in ‘V-camera’ stands for “virtually-peeling”. In 
this method and technology the potato, or other fruit 
or vegetable with a skin, is virtually peeled by measur-
ing the NIR transmission of potatoes and simultaneous-
ly measuring the NIR reflection from the potato skin. 
This method has been explained in detail earlier in NIR 
news.3 

Potatoes are measured when they drop from the end of 
the conveyer belt (the measurement can be performed 
on the conveyer belt, too).4 When te potato falls and en-
ters the  measurement zone it attenuates the signal from 
a light source. This rapid attenuation is detected by a de-
tector, which is just opposite the light source. Then the 
OBJECT PRESENT signal is created. This signal triggers 
the measurement cycle, which consists of “slices” of po-
tatoes. The slice length is typically around 1 ms (equal 
to a 2-3 mm slice of potato). These slices are measured 
at three different wavelengths and 2Rx2T geometry (two 
reflectance 0º/45º geometry and two transmittance 0º/
135º channels). In total, this is equal to 12 different mea-
surement channels. Also, the “back” side of the potato is 
measured by reflectance geometry with two wavelengths. 
When the potato has passed the measurement zone the 
OBJECT PRESENT signal is reset. During the time be-
tween the falling of potatoes a standardization value is 
measured at two wavelengths with a detector, which is 

Monitoring the Internal Quality of Potatoes by NIR 
Transmission and Reflection Measurement

just opposite the light source. The total number of mea-
surement channels then equals 16.

One measurement slice consists of a series of analogue 
to digital conversion (ADC) operations. Different mea-
surement channels are measured sequentially (interval 
1.6 µs). Within the time available for one slice this cycle 
is repeated n (n=slicetime/(16*1.6 µs)) times and the sub-
samples of each measurement channel are averaged. 

ELECTRONICS: LIGHT SOURCE, DETECTORS AND DATA AC-
QUISITION
The light source is a halogen lamp and the detectors are 
silicon (Si) photodiodes. Preamplifiers are transimped-
ance preamplifiers without bias. This kind of arrange-
ment is especially suitable for low frequency photometric 
applications (as is the case with the V-camera). Data ac-
quisition is based on the PC/104 standard I/O board devel-
oped at VTT Electronics (ReMix/104), which is connected 
to a PC/104 processor board. Some of the signal process-
ing (e.g., subsample averaging and reflectance channels 
summing) is performed on ReMix/104. Classification is 
done on a PC/104 processor board. This kind of arrange-
ment is very flexible and in future allows us to imple-
ment easily more complicated classification routines. 

OPTICS AND MECHANICS
The optical construction of the illumination unit is sim-
ple and robust. The only components are the light source, 
elliptical mirror, window, and target.

Figure 1. Simulated spot diagram of the illumination on 
spherical surface (image area 60 mm x 60 mm)



  69

OPTICAL ANALYSERS

Figure 2. Mechanical model of the illumination optics. 

To also minimize the chromatic aberration of the system 
the detection optics were designed using mirrors instead 
of lenses. This also gave free hands to place the compo-
nents and to reduce the size of the construction. 

The detection optics of the system is more complex, since 
each measurement geometry needs its own optics and 
each of these consists of three wavelength channels to 
be constructed. All wavelengths must be treated equal-
ly, so that changes in the measurement distance and in-
tensity should not affect the intensity ratios of different 
wavelengths.

The detection optics consists of two main parts:  
�• Spatial filtering part – all components  before the 

aperture including itself,  and 
�• Chromatic filtering – all components after the aper-

ture.

A 3-D model of the optics was built to optical design soft-
ware and all simulations were carried out with the real 
construction with all optical and mechanical components 
(Figure 3). The simulations proved that the intensity in-
stability of the system is less than 5 % when the size of 
the target sphere (potato) was changed from 35 mm to 60 

Figure 3. Mechanical model of the V-Camera combined 
with ray paths from optical simulation

MEASUREMENTS
In Figure 4 are signals from an artificially defective po-
tato measured by the developed V-camera. The potato had 
a 4 mm wide black tape around its center. For the pur-
poses of clarity only transmittance and reflectance from 
one wavelength and one measurement angle are present-
ed.  Low reflection from the tape is clearly visible in the 
reflection signal and also the high absorbance of the tape 
is visible on the transmission channel.

A 3-D model of the optics was built to optical design 
software and all simulations were carried out with the 
real construction of all optical and mechanical compo-
nents. The simulations proved that the optics behave as 
designed, Figure 1. One of the main issues in the illumi-
nation unit was to ensure that as little stray light as pos-
sible is detected by the measurement channels. In that 
sense this construction is simulated to work well. The me-
chanical 3-D model of the illumination unit is presented 
in Figure 2.

mm and 80 mm. It also proved that all wavelength chan-
nels have an equal detection area and that the detector is 
large enough.

Figure 4. Transmittance and reflectance signals at one 
wavelength from a defective potato, defect at the centre 

of potato.

DISCUSSION
The first measurements with the developed V-camera 
show that the system has a high signal to noise ratio. Also 
small defects are clearly visible. The system will be tested 
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extensively with a large range of potatoes and the capa-
bility to sort potatoes on-line will be demonstrated.
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INTRODUCTION
The most widely used practice in pest control is still 
spraying pesticides uniformly over the agricultural fields 
at different times during the cultivation cycle of arable 
crops. Most disease infestations are however not even-
ly distributed across the field but occur in patches with 
large areas of the field free of diseases or with a very low 
weed density in an early stage of infestation. Excessive 
use of pesticides raises the danger of toxic residue levels 
on agricultural products.

The main objective of the project was to develop a ground 
based real-time remote sensing system for detecting dis-
eases in arable crops in an early stage of the development 
of the disease before the disease can visibly be detected. 
The methodology was based upon differences in reflect-
ance variations between healthy and diseased plants. The 
early detection of diseases can be used to reduce pesticide 
use through spatially variable treatment.

THE MEASUREMENT
The detection of the diseased plants is based on the chang-
es of the plant’s chlorophyll, which can be seen as a spec-
tral change in the very near infrared range (800 - 1000 
nm). These changes must be ratioed to the reflectivity at 
the green (550 nm) region of the plant’s spectra. To evalu-
ate the feasibility of the optical detection methods, a pro-
totype was built on a 15 m spraying boom. The measure-
ment area is covered by collecting 15 measurement points 
from the canopy with fiber optics. One additional fiber is 
used to measure ambient light spectrum used as a refer-
ence. The fibers are connected to Specim PGP (prism-grat-
ing-prism) spectrograph and CCD camera, which form a 
spectrum from each of the measurement points. The field 
of view of each fiber was limited to 30 cm diameter with a 
collimating lens in front of the fiber. 

To be able to detect spatially more accurate information 
from the field, a high resolution Duncantech 3CCD CIR 
(Color Infrared) camera was used. The camera collects 
1920 x 1080 pixel images centered at 550 nm (green), 660 
nm (red) and 800 nm (NIR). The area imaged is only a 
small portion of the whole 15 m spraying width.

The measurement data is localized with a DGPS system inte-
grated in the instrument giving submeter spatial accuracy.

As the result of the measurement, a disease map and 
further also a spraying map with a one meter grid can 
be generated. In the OPTIDIS project, also methods and 
equipment for precision spraying were developed.

Development of an Optical Detection System for Diseases in 
Field Crops

INSTRUMENTATION
VTT’s role in OPTIDIS consortium was the instrumenta-
tion. The high demands for the application was set first by 
the harsh field conditions including high temperatures, 
highly varying ambient light level, dust, moisture and 
vibration. Secondly, as the instrument was used to col-
lect experimental data with two cameras, the amount of 
collected data was very large. The system was required to 
measure at least one image per meter for both the CIR and 
spectrograph. This leads to requirement of data collection 
capacity more than 20 MB/s on typical spraying speeds.

The protype system consists of:
• multi-point fiber optic spectrograph
• 3CCD color infrared camera
• dGPS receiver
• PC with 20 MB/s input data rate

The instrument was packaged to sustain field condi-
tions. The cooling air was filtered and fiber optics was air 
purged to avoid dusting problems (figure 1).

An easy-to-use and very flexible measurement software 
was designed for the instrument. The data collection was 
made based on either spatial triggering by dGPS signal or 
sequential fixed interval based measurement.

Figure 1. The measurement prototype was made to with-
stand field conditions.
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THE FIELD TESTS
The instrument was tested in wheat fields infected with 
yellow rust and septoria at Leuvain-la-Neuve in Belgium 
(figure 2). Variation was introduced also for the fertil-
ization. The results were analyzed both, the CIR imaging 
and fiber optical spectral data. The diseases cause small 
lesions in the early stages. For this, the high resolution 
CIR imaging was successfully applied. Using simple al-
gorithms like normalization and rationing the soil, leaves 
and lesions were recognized. A good correlation to visual 
inspection was achieved.

The multi-point spectrograph measurements showed too 
low sensitivity for the detection of the yellow rust and 
septoria. During the season, the disease came out late and 
severity was low even in the infected plots. Later during 
the season, the ears of the wheat interfere with the mea-
surement. This does not typically harm the measurement 
since it is too late for spraying.

However, a good correlation to nitrogen stress (level of 
fertilization) was achieved.

Figure 2. Field tests were performed at intentionally in-
fected fields.

CONCLUSION
The CIR imaging based detection can be effectively used 
to detect early stages of wheat diseases like yellow rust 
and septoria. The diseases cause small lesions in the 
leaves that must be detected. Therefore, resolution of the 
instrumentation must be near the size of the typical le-
sions to effectively detect the diseases in their early phas-
es. The sensitivity of the multi-point fiber optic spec-
trograph is not good enough for the disease detection, but 
it is very suitable for the properties that affect the whole 
plant like nitrogen stress. However, if the PGP could be 
used as a line imaging spectrograph effectively, then the 
width of the detection area would be limited. 
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1  INTRODUCTION
Infrared photodetector arrays offer performance advan-
tages over other types of optical sensing architectures, 
but, especially when multiplexed, photodetector arrays 
come at a price:
��• high unit cost (relative to single-element detectors)
��• limited number of suppliers
��• generally, arrays are often ”overkills” (only few pix-

els needed)
��• high NRE is barrier to effective customization
��• OEM customers have limited design control
��• choice of array materials is more limited than for 

single-elements photodetectors

2  PROPOSED SOLUTION
A new type of low-cost MEMS shutter array, which was 
developed at CRF originally for displays in cars, has the 
potential to overcome the problems listed above and re-
place photodetector arrays in many infrared sensing ap-
plications. As shown in Fig. 1, the photodetector array is 
replaced with, a linear MEMS shutter array and a single-
element photodetector.

Micro-mechanical Shutter Array for Replacing Infrared 
Photodetector Arrays

OPTICAL ANALYSERS

Figure 1. Concept of proposed solution.

3  DEVICE STRUCTURE
The structure of the device is shown in Fig.2. The device 
is based on an optically transparent substrate, e.g., glass 
or sapphire. The substrate is coated with two optically 
transparent layers, viz., first an electrically conductive 
layer and then an insulating layer.

The structure of the pixels is defined in the next layer, 
which is a metallic layer about 1 micrometer thick. The 
movable part of each pixel is realized by a f lexible, rect-
angular, metallic petal, which is fastened to the substrate 
at one end but released from the underlying insulating 
layer over most of its length. Without any external forc-
es applied, the pedal “curls up” away from the substrate 
due to internal stresses build into the metal. In this posi-

tion, the pixel can transmit light. When a voltage is ap-
plied between the flexible metal and the conductive layer 
in the substrate, then the petal rolls down “flat” onto the 
substrate and the pixel is closed to light transmission. In 
this position, the petal reflects light. The overall struc-
ture of the device gives it a feeling of an optical device, 
rather than an electronic device.

4  DEVICE REALIZATION
A number of one-dimensional (linear) and two-dimen-
sional shutter arrays were realized by CRF in Orbassano, 
Italy. SEM photographs of a 2D array are shown in Fig. 
3, where all petals are shown in the curled-up position. 
With typ. 80 Volts applied, the petals roll down flat onto 
the substrate. Both the opening speed (curling up) and 
the closing speed (rolling down) are on the order of 2 − 3 
m/s, or about 250 µs for 0.5 mm of active shutter length.

Figure 2. Structure and working principle.

Figure 3. SEM photographs of 2D shutter array.

5  ADVANTAGES
The mfg’ing processes allows very low unit cost and is 
potentially multi-sourced. Both linear or 2D arrays are 
possible, with pixels being individually addressable in 

MEMS 
Shutter Array

Single-element 
Photodetector
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both. Customization of pixel geometry is possible to sys-
tem manufacturers at very low NRE. Pixels have a “digi-
tal” response that is freely programmable by the user, e.g., 
in a Hadamard sequence. A choice of substrate materials 
is available, including glass and sapphire, which in turn 
allows utilization over a wide wavelength range includ-
ing the visible, near infrared, and mid infrared ranges. 
The device can be used in both transmittive and reflec-
tive optical architectures. Hermetic packaging is not re-
quired, instead, dust-proofing is sufficient.

6  STATUS AND OUTLOOK
First devices based on this thin-film technology were 
made by CRF in 1996. A first display prototype was 
mounted into a car instrument cluster (dashboard) in 
2000. Linear arrays of shutters have been fabricated at 
CRF for use in optical measurement systems; integration 
and test of first systems is ongoing at VTT. Lifetime of 
>3,000 hours of continous operation is already demon-
strated. Current R&D efforts are directed at decreasing 
the operating voltage as well as at achieving an extreme-
ly low mfg’ing cost. 

7  SUMMARY
A new type of MEMS shutter array has become available 
that can be used as an alternative to photodetector arrays. 
The new MEMS array reduces part cost to a point where 
infrared sensing seems possible even in consumer-type 
applications. Companies interested in the commercializa-
tion of the technology are encouraged to inquire.
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Industrial machine vision applications have increased 
strongly in recent years. For example, measurements 
monitoring and warning of errors in electronics assem-
bly are already standard technique. Also solutions for in-
specting the quality of different surfaces, e.g., color uni-
formity and surface smoothness are in an ever more im-
portant role in manufacturing high quality products.

The need for automated 3D measurements is evident when 
the volume or shape of different mass produced objects 
has to be estimated. We have a vision of an automated 
3D measuring station which could gauge the 3D shape of 
any medium size product, between 10 - 100 mm in all di-
mensions, practically irrespective of its shape. The mea-
suring principle is triangulation carried out with camera 
and line laser and the measured object could be moved ei-
ther with a precise cartesian robot using embedded high-
quality positioning or, alternatively, with any movers 
with accurate measurement of position. Camera image 
could also be used, e.g., for locating very small details 
and for inspection of surface quality.

Triangulation measurement is intended to carry out with 
a thin, 5 - 15 µm laser line. With line laser, hundreds of 
discrete 3D points on the object can be measured simulta-
neously. The measurement resolution is chosen according 
to tolerance needs. In very accurate measurements, the 
measured area on object is under 5 x 5 mm2 which sets 
high requirements for positioning accuracy. A schematic 
drawing of the triangulation set-up and of an actual mea-
suring system is depicted in figure 1.

Advanced Laser Triangulation

Figure 1. Schematic drawing and actual measuring system of a triangulation system.

As stated previously, triangulation with line laser can 
produce hundreds of 3D points from one profile measure-
ment simultaneously. If a very small object, e.g., 100 x 
100 µm, is measured with 5 - 10 scans, its volume can be 
estimated very accurately. Depending on the camera and 
the mechanics of the mover, anything from a few to hun-
dreds of individual profile measurements can be made in 
one second.

Precise measurements can be carried out, e.g., with a 
commercially available low cost laser. One example of 
the laser has a wavelength of 670 nm, 30 mm working 
distance and 3.7 mm line length; the width of the line 
varies between 9 - 12 µm. An area of 3.7 x 1.0 mm2 can 
be scanned accurately, with 20 µm intervals, in one sec-
ond. In this arrangement, the image frequency would be 
50 frames/s. An example of measurement possibilities is 
shown in figure 2, where the width and the depth of the 
groove are measured. The position of holes in the grooves 
can be tracked with camera image.

Figure 2. A schematic diagram of a measured object.
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The system can be used, e.g., for off-line measurements 
of a few control specimens of a specific batch. Monitoring 
of tolerance accuracy, surface quality or following up of 
the wear and tear of the machine tool could be carried out 
with the help of this precise measurement data.

EXPERIMENTAL SET-UP FOR TRIANGULATION
In an experimental set-up, we examined one aspect of the 
3D measurement station, namely the triangulation prin-
ciple with a single axis mover. Our equipment consists of 
a single axis linear mover controlled by the PC, grabber 
card, microscope, 3CCD RGB camera and single line laser. 
The set-up was planned as follows: The resolution of one 
pixel corresponds to 6.4 µm on object. This enlargement 
can be, according to optionality of the resolution in our 
idea of the 3D measurement station, anything between 
2.0 - 6.4 µm. Due to the large width of the laser line, appr. 
60 µm, we decided to use one fixed resolution. The size 
of the object can be up to 4.9 mm wide and the length up 
to 400 mm, with the image size of 768 x 576 pixels. The 
scanning interval of the object is 60 µm. The scanning 
speed for one image is appr. 0.4 s. Due to the experimen-
tal nature, we didn’t optimize for the speed of scanning. 

Figure 3. The reverse side, the lion of the Finnish coat of 
arms, in the 5 cent coin.

For image processing, we opted for Matlab programming 
because it gives more f lexibility for experimentation in 
algorithm development. Thus, every separate red channel 
image was saved in the hard drive and the 3D image was 
composed immediately after the scanning. The laser line 
was extracted from the image with the center of gravity 
algorithm. First the noise, due to ambient light, was cut 
away and the center of the laser line was searched with 
two consecutive calculations, from coarse to fine. This 
method seemed to produce good results even though the 
laser line is in itself noisy because of the speckle. The lo-
cation of the center line was then converted to height. The 

imaging geometry was set so that a height of 1 mm on 
object corresponded to 166 pixels in image. Thus, devia-
tion of 1 pixel from the zero level in image meant appr. 6 
µm in height. The combined height information of all im-
ages produces a 3D image. One example is shown in fig-
ure 3, where the reverse side of the Finnish 5 cent coin 
is depicted.

CONCLUSIONS
There is a clear need for fast and simple, factory floor 
automated 3D measurements for off-line monitoring of 
the production quality in many fields of the industry. In 
this work, we demonstrated the viability of one aspect of 
the automated 3D measurement station. A lot more work 
needs to be done to develop a truly versatile tool for com-
bined inspection and monitoring of surface quality and 
tolerances. This kind of tool can be made combining the 
many possibilities of camera-based machine vision.
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VTT  Electronics,  Espoo. 62 p. + app.  33 p.  VTT Publica-
tions :  499 ISBN 951-38-6227-5; 951-38-6228-3

Sol-gel technique has been utilized for the fabrication of 
multifunctional inorganic organic hybrid materials for 
specific applications. Synthesized methacrylic acid and 
benzoylacetone modified tin alkoxide precursors were 
used for the first time for the realization of directly UV-
photopatternable antimony-doped tin dioxide coatings. 
These single-layered coatings have transmission values 
over 80 % at visible wavelengths and maximum electri-
cal conductivity values around 15 S/cm. In comparison, 
multi-layered coatings without UV-photopatternability 
properties were fabricated. In this case, electrical con-
ductivities are in the range of 102 S/cm. A novel mate-
rial technique approach for laser protective eyewear was 
utilized for the synthesis and preparation of the mechan-
ically tolerant and near-infrared absorbing filter coat-
ings. Optical densities from 2 to 4 at laser threat wave-

Terho Kololuoma
Terho.Kololuoma@vtt.fi 

length, a ten fold increase in scratch resistance, and a 
hundred-fold increase in abrasion resistance, compared 
to uncoated polycarbonate substrates, were obtained by 
using absorbing dye-molecule doped sol-gel materials. 
Fabrication of a diffractive optical element, namely ax-
icon, using hybrid-glass materials was demonstrated for 
the first time. Hybrid-glass material was tailored to ful-
fill the requirements of the functional axicon element.

Preparation of Multifunctional Coating Materials and their 
Applications

University of Oulu, Department of Physical Sciences , 
Oulu. 87 p. Master Thesis
 
This thesis examines thin-film coatings, their design and 
manufacture. Special consideration is given to reflec-
tive thin-film coatings of the ultraviolet region, which 
are a certain application area of thin films. Many thin-
film materials are absorbent at the ultraviolet light wave-
length region, which causes special problems in the de-
sign and manufacture of coatings.

The first part of the work deals with calculating the prop-
erties of thin-film coatings. Starting with Maxwell’s 
equation, the theory of electromagnetic waves will be 
dealt with and the results required for the handling of 
thin-film coatings are presented. Using the theory, the 
reflectivity and permeability of a simple two-medium in-
terface are calculated. On the basis of the results, a ma-
trix method is derived with which the discrete reflectiv-
ity, permeability and absorption ratio of the thin-film 
coating can be calculated. In addition, the light phase 
change caused by the coating and the effect on light po-
larization as well as the effect of the substrate on the 
coating properties will be examined.

The final part of the thesis deals with the design and 
manufacture of reflective thin-film coatings. First, dif-
ferent metal mirrors, protection of mirrors and the ef-

fect of a protective coating on the mirror properties as 
well as improvement of mirror reflectivity with dielectric 
thin-film coatings are examined. Then, reflective coat-
ings formed only from dielectric materials and the use of 
absorbent coating materials are examined. In the section 
that deals with the manufacture of coatings, we become 
acquainted with the manufacturing process by present-
ing a typical vacuum vaporization apparatus, its various 
components and their operation. Additionally, a method 
for calculating the refractive index of coated materials is 
presented along with two coating materials.

The final section of the work deals with test coatings 
manufactured at the Finnish Defense Forces’ optical de-
pot. For the purpose of designing the coatings, the refrac-
tive indices of the coating materials are specified with 
the help of the test coatings. The coatings are designed 
using the specified refractive indices. Finally, the prop-
erties of the manufactured coatings are assessed. The test 

coatings show that manufacture 
of coatings is significantly more 
difficult than their design.

Antti-Jussi Mattila
Antti-Jussi.Mattila@vtt.fi
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Plastics and glasses are materials traditionally used to 
transmit light in optical data transmission applications. 
Sol-gel technique takes advantage of the best parts from 
both materials. It is a technique, where solid organic/
inorganic hybrid glass materials can be derived from a liq-
uid phase and can have a wide variety of properties.

Target for this thesis was to study sol-gel based passive op-
tical waveguide materials for planar optical applications. 
Their usefulness in optics has been studied widely, but 
quite often these materials are not suitable due to high C-H 
and O-H contents. These bonds and especially O-H bonds 
cause strong absorption loss at telecommunication wave-
length windows, which are around 1310 and 1550 nanome-
ters. Therefore, materials were synthesised to contain these 
bonds as low amount as possible.  
 
Several optical waveguide materials were synthesised 
within the framework of this thesis. Two of them were 
optically characterised (refractive indices, birefringences 

Synthesis and Characterisation of Optical Sol-gel Wavequide 
Materials

Department of Electrical and Information Engineering, 
University of Oulu, Oulu, Finland. Diploma Thesis, 70 p.

The purpose of this work is to integrate a lead sulfide ar-
ray detector with the thermoelectric cooler element into a 
hermetically sealed package. The integration makes it pos-
sible to increase the number of detector elements without 
increasing the number of pins. As a detecting material lead 
sulfide’s responsivity reaches to longer wavelengths than 
most of the photodiode’s responsivities.

A preamplifier structure is implemented on to the LTCC-
substrate into a hermetically sealed package right next to 
the array detector, which minimizes the coupling of the 
interferences into high ohmic leads. After the signal has 
been preamplified, it will be serialised by using multiplex-
ers. This decreases the pincount through the walls of the 
package. The LTCC-substrate makes it possible to integrate 
the preamplifier circuitry in a very efficient manner using 
discrete high quality passive components.

The measurements of the implemented preamplifier struc-
ture have revealed that capacitive coupling of the signal 

Design and Implementation of Preamplifier for Lead Sulfide
Array Detector

and optical losses) to study their applicability for planar 
optical applications. Raman technique was employed to 
study reaction kinetics in one system. In addition, a fluo-
rinated silane precursor was synthesised and characterised 
by nuclear magnetic resonance (NMR). Fluorination (C-H 
to C-F) decreases optical losses in sol-gel waveguide mate-
rials. Other ways to decrease optical losses are deuteration 
(C-H to C-D) and chlorination (C-H to C-Cl). 

Best results were achieved with chlorinated materials. 
Surface roughness of the planar waveguide structure (slab 
structure) was 3 nanometers. Optical losses of the wave-
guide were around 1 dB/cm at 1310 and 1550 nm wave-
lengths and around 0.4 dB/cm at 830 nm wavelengths. 

Film thickness for the same ma-
terial was approximately 4 mi-
crometers.

Mikko Keränen
Mikko.Keranen@vtt.fi

between different channels is too high for proper perfor-
mance. This can be solved with improved layout design. 
Due to multiplexing, the data logging and data handling 
are challenging and the amount of logged data is high. 

Linearity and relatively high detectivity are the key bene-
fits of lead sulfide detectors, when comparing these to oth-
er detector materials that reach to the same wavelength 
range. The measurements confirm this.

In the field of spectrometry there is a clear need for wide 
wavelength region array detectors, which are linear, com-
petetive in price and which have high detectivity D*.

One possible solution for preampli-
fier implementation is the method 
used in this work.

Ville Moilanen
Ville.Moilanen@vtt.fi
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The present study was carried out to evaluate the suit-
ability of Raman spectroscopy to determine the crystalli-
zation rate of lactose. Raman spectroscopy offers the ad-
vantages of short measurement times, relatively low scat-
ter between measuring points and the possibility of on-
line measurements. No processing of the samples is re-
quired by the method.

A number of physical solution series were prepared by 
mechanically mixing lactose monohydrate with amor-
phous lactose in suitable proportions. Linear calibration 
lines were obtained for the physical solutions. A num-
ber of lactose samples made using the fog-drying method 
were also investigated. The results obtained for fog-dried 
lactose samples were compared with IMC determinations.

Raman spectroscopy is capable of reliably identifying the 
percentage of amorphous lactose, and the determination 
of the crystallization rate can be done much faster than 
with conventional methods (XRD, IMC, DSC) while the 

The Use of Raman Spectroscopy to Assess the Degree of 
Crystallinity of Lactose

detection limit was equal or even superior to some of the 
reference methods (DSC, IMC). With the advancement of 
equipment design and methodology, Raman spectrosco-
py will probably become increasingly popular in pharma-
ceutical research and quality control.

Maarit Päällysaho
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