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Abstract. Microwave absorbing materials are critical for several components including bolometers and beam
dumps. Profound knowledge of the material properties and the material-wave interactions is a necessity for
both design and use of these components. With the strong focus of the ITER absorbing components on ceramic
materials, a systematic study was performed to methodically investigate the optical properties of the aluminium
oxide-titanium oxide material system.

1 Introduction

The investigation of optical properties in the sub-terahertz
range is connected to a wide range of challenges, first of
all that many electronic components do not work anymore
and many optical components do not work yet for these
frequencies. Thereby to extract material properties for this
frequency range several indirect measurement procedures
have been developed, like quasi-optical resonators [1] and
the gap method [2].
In these, the material properties are obtained, by scanning
a measurable value, usually the reflected or transmitted
power percentage, over one or several parameters, usually
the frequency or a geometrical property, and these scans
are fitted to a model describing the geometry of the sys-
tem.

2 Of methods and models

Thereby the investigation is two-fold in nature: An ex-
perimental part, which gives measured values as starting
points for the fitting, and a theoretical part, with which
these fits can be associated with material parameters, both
of which will be shortly introduced in this chapter.

2.1 Measurement method

The measured value in this work is the reflectivity, the
scanned parameters are the thickness of the coatings mea-
sured, the incidence angle of the incoming microwaves
and the polarization. The respective values for the re-
flected power percentages were obtained in single-path
measurements using a vector network analyzer and two
horn antennas. The measured reflected powers of the sam-
ples were compared with the ones of an aluminum mirror
at the position of the samples.
When the absorption of the sample is low, the accuracy of
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this setup is limited: As mentioned before, just the single-
path absorption is obtained, so the difference between
measurement and reference becomes negligible, leading
to catastrophic cancelation and making single-pass mea-
surements of reflectivities above 80% unreliable.

2.2 Modeling and fitting

The principle geometry of the system is very simple: The
air/vacuum the microwave comes from and is reflected
back into, a plane interface with the coating material, a
slab of material and a plane interface to a metal wall. The
only large complication is, that for the materials investi-
gated the dielectric assumption of conductivity being neg-
ligible is not applicable, leading to a more complicated
description of the transmission through the coating and
slightly different descriptions of loss and refraction defin-
ing parameters [3].
Two options were implemented to model this system:
A plane wave model, where all the different interfering
waves inside the system are followed and calculated, al-
lowing to get recursively better estimations of the reflectiv-
ity in the power equilibrium case, which usually is already
reached after just a few internal reflections. The second
model is a modification of the classical transfer matrix for-
malism adopted for reflections, giving instantly the steady-
state case at the cost of useful intermediate results.
Both are consistent with each other and the measurements
and the short computation time of the matrix model makes
the fitting very straightforward: For a large range of op-
tical properties the reflected power percentages are calcu-
lated for the parameter scans used in the measurements
and in the end the optical properties with the smallest
mean square average difference to the measurements are
assumed to be the optical properties of the material.
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3 Proportion dependency of optical
properties

Six material proportions -the ones displayed in figure 1
and pure Al2O3- were investigated by the production of
six to twelve samples each by atmospheric plasma spray-
ing with varying thicknesses and measuring those at four
different angles and both polarizations. These at least 50
points for every proportion were then fitted by a combina-
tion of refractive index and absorption coefficient. As to

Figure 1. The relationship between the optical properties at
170GHz and the percentage of TiO2 in the Al2O3 − TiO2 coat-
ings. The lines display the absorbing regimes described in the
following chapter.

be expected, the optical properties change monotonously
between the ones of pure Al2O3 (as in [2]) and TiO2.
Contrasting to prior expectation, the resulting data gives
rise to a S-shaped transition of both material properties,
which does not validate the first assumption of a linear
change with the material composition. Both the formation
of mixed phases like tialit [4] or a change in the micro-
scopic geometry of the phase interfaces inside the coating
[5] are possible explainations for this more complicated
behaviour.

4 Absorbing regimes

To answer the fundamental optimization question of the
paper, it is beneficial to have a closer look at the thickness
dependency for the different compositions. Three regimes
can be distinguished, which are described in the following.

4.1 High absorption coefficients

The obvious first choice for obtaining a material with ben-
eficial absorbing behaviour would be to use a material with
a high absorption coefficient. When having a look at the
thickness dependence of any example for this regime, e.g.
the 20/80 in Fig. 2, the absorption levels are actually quite
low. This high total reflection is due the high initial reflec-
tion at the first air-coating interface, as suggested in the
sketch. When the energy of the incoming wave penetrates
into the sample, it is almost completely absorbed, but sim-
ply not a large fraction does so. This is due to the large

refractive index, which comes with the high absorption
coefficient. A very indicative sign for this dominance of
the first air-coating interface is the very low thickness de-
pendence after a certain point. When the coating is much
thicker than the length required to completely absorb the
wave, how much coating is still left is not relevant.

4.2 Low absorption coefficients

To solve the problem of the high initial reflection, it is rea-
sonable to look on the opposite side of the spectrum for
good absorbers. With the much lower refractive index,
pure Al2O3 (Fig 3) for sure does not have this problem.

The problem with using these kind of materials as ab-
sorbers is a much more fundamental one: It simply does
not absorb. So little in fact, that fitting does not give mean-
ingful results. There is strong self-interference of the in-
coming microwaves, so when fullfilling the lambda quar-
ter condition it is theoretically possible to create a res-
onator and increase the fields inside the layer drastically,
which would also increase the theoretical possible absorp-
tion drastically. But fullfilling this condition is very chal-
lenging, the low absorption coefficient makes this theoret-
ical absorption peak just appear in a very small thickness
range.

4.3 Medium absorption coefficients

To widen up this range, one needs to have an at least
slightly larger absorption coefficient, like for example the
60/40 in Fig fig:Med. Suddenly very good absorbers can
be obtained even in practise for certain thicknesses, using
this resonant absorbing effect.

This gives rise to a goldilocks zone situation for pro-
ducing absorbers: If the TiO2 content and thereby the ab-
sorption is too high, there is no self-interference and the
initial reflection at the air-coating interface is really prob-
lematic. If the TiO2 content and the absorption is too low,
the resonant absorption peak is too sharp, making it im-
possible to actually produce these absorbers. But using a
content of around 15-45% TiO2 allows the production of
very good absorbers, with increasing stray radiation ab-
sorption capabilities when being more in the center of this
zone.

5 Conclusion and outlook

The optical properties at 170GHz of the Al2O3−TiO2 ma-
terial system were investigated depending on the propor-
tion of the constituents. The investigation consisted of two
parts: Firstly an experimental one, in which the reflectivity
of coatings on metal substrates with the required propor-
tions was measured depending on coating thickness, in-
cidence angle and polarization. Secondly the theoretical
background, for which two models were developed to de-
scribe the wave-material interactions considering the ge-
ometry and the not purely dielectric nature of the materi-
als. Due to the speed of the calculation, a brute force ap-
proach is sufficient to fit the model to the measurements,
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Figure 2. High absorption coefficient case. The graph displays the thickness dependency, with dots being measurements and lines the
fitted model. The sketch displays the wave propagation.

Figure 3. Low absorption coefficient case. The graph displays the thickness dependency, with dots being measurements. The sketch
displays the wave propagation.

Figure 4. Medium absorption coefficient case. The graphs display the thickness dependency for both polarizations. The sketch displays
the wave propagation.
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which yields the optical parameters.
A non-linear S-shaped increase of both absorption coef-
ficient and refractive index with TiO2-content was deter-
mined, with a drastic increase of both property values
at around 50%. Possible explanations for non-linearity
are the formation of tialit or a change in the microscopic
geometry. In the proportion spectrum three absorbing
regimes could be identified, which all have different wave-
material interactions. Of particular interest for the devel-
opment of absorbing coatings is the regime with medium
absorption coefficients, because the resonant nature of
the prevalent wave-material interaction allows for a very
strong suppression of reflections.
The completion of this study allows for further optimiza-
tion of microwave absorbing coatings. One option is the
fine-tuning of the TiO2 proportion to optimize for im-
proved stray-radiation performance. Another possibility is
the development of multi-layer coatings by combing ma-
terial proportions with known parameters with the same
aim. Additionally the influence of two parameters are also
still left to investigate: How is the resonant absorption af-
fected by an increase of temperature and what effect does
roughness of substrate or coating has on the performance,
both of which will be discussed in further studies.
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