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Abstract — We report here a technique that we used to
determine the complex permittivity of film structured
polymer materials in the microwave frequency range. The
goal is to obtain the data that are requested to design the
microwave electrodes of Mach-Zehnder type optical
modulators. As an example, the technique is applied to two
materials that can be used in the fabrication of a high-speed
optical polymer based modulator.
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design
Metropolitan access communications systems are
currently looking on high data rate capabilities.
Moreover, optical networks are and will be undoubtedly
used. Depending on requested data rates and data
modulation schemes that will be used, high speed optical
modulation devices are required for the core access
network. Direct modulation of laser diodes is limited to the
10GHz frequency band and external modulation is
commonly used for higher modulation frequencies.
Lithium niobate (LiNbO;) Mach-Zehnder type modulators
currently offer the requested performance for such
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applications. Nevertheless, since the access points will be
numerous, a lower cost technology is sought for. Years
ago, polymer materials have been pointed out as, may be,
the best challengers to LiNbO; since they can offer
equivalent even higher performance with a foreseen lower
cost technology (see for example [1], [2]).

The design of a Mach-Zehnder modulator requires two
main parts. First, the optical waveguide shall be designed
following classical rules that are used to design monomode
optical waveguides taking into account the refractive index
of each layer that composes this optical waveguide,
typically the bottom cladding, the core and the top
cladding layers. And second, the command electrode shall
be designed. Mach-Zehnder modulators are based on a
travelling-wave design and in order to get the highest
modulation bandwidth, the microwave propagation line
shall insure the highest possible match of electrical wave
velocity to the optical wave one. This has been a long time
taken as the main driving issue for the microwave
electrode. Owing to the inherent properties of polymer
materials, this is almost easily obtained [1]. Then, it
appears that the main bandwidth limiting factor is the value
of the propagation losses of this microwave line, taking
into account that this later shall also insure impedance
matching to the signal generator that is commonly 50
ohms.

Typically, the driving electrode of polymer based
modulators is a microstrip line, the substrate of is
composed by the optical waveguide (see for example [3]).
The perfect knowledge of the polymer material microwave
properties, i.e. their permittivity, is so requested in order to
design the microstrip line as well as to optimize its
performance. Hereby, we report the technique we have
developed in order to characterize this permittivity on the
frequency range under interest for the devices, i.e. up to 30
GHz.

II. OVERALL TECHNIQUE DESCRIPTION

A. Measurement protocol description

We focus here on dielectric properties measurements, on
a wide range of microwave frequencies, rather than the
lower one (<1GHz) most commonly studied. To perform
as reliable as possible measurements, our protocol follows
these steps:



1) the study, the design and the technological fabrication
of metallic microwave electrodes, i.e. coplanar lines, on a
thin polymer film,

2) the measurement of physical parameters, i.e.
microwave s-parameters, that can be qualified as starting
ones, via the characterization under probes of the metallic
electrodes previously fabricated,

3) the extraction of intermediate data, i.e. the complex
propagation constant, using a home made de-embedding
procedure,

4) finally, a theoretical microwave modelling of the
sample using an home made software in order to determine
the complex permittivity of the thin film of polymer from
the above determined intermediate data.

As it concerns characterization and measurements in the
microwave frequency range, the coplanar waveguide
structure has been chosen to insure for compatibility with
microwave probing stations. At this step, the polymer film
of unknown characteristics must be deposited on a
reference substrate whose electrical characteristics have to
be known either from manufacturer specifications or from
own previously made measurements (see below). It is
obvious that all the dimensions of the metallic electrodes
and dielectric substrate are optimized to avoid spurious
microwave behaviours and to insure monomode
propagation. Even if the current study is limited at 30
GHz, this method can be applied up to 80 GHz.

Our de-embedding procedure requires different lengths
of the same microwave waveguide structure to be
measured. The results consist in the scattering matrix of
these 2-port components. These measurements are
performed with a Cascade Microtech® probe station
coupled to an Agilent vector network analyzer.

The final result, i.e. the frequency dependent complex
permittivity of the material, is obtained via a home made
software. This software must be considered as an expert
one; it is especially dedicated to dielectric or magnetic
characterization of materials that are structured in thick or
thin layers. Based on a vector finite element method, this
software gives the complex permittivity or permeability of
any layer of finite thickness [4] [5].

B. The practical point of view

The permittivity of the polymer thin film materials are
determined from the complex propagation constant
knowledge of the coplanar waveguide laid on a double
layered structure. This later is made of the polymer to be
characterized coated on a semi-insulating GaAs wafer. The
polymer thickness is typically a few microns while GaAs
substrate is 400 micron thick. A reference sample is
constituted by the sole deposition of gold coplanar lines on
a GaAs wafer (without any dielectric layer) in order to get
the GaAs and metal parameters. The frequency
dependence of the propagation constant is extracted from
the [S] parameter measurements up to 30 GHz by home
made de-embedding software.

From the measurements made on the reference sample,
the permittivity and loss tangent of the GaAs material has
been determined to be 11.82 and 1x10™, respectively. The
coplanar electrodes are made of a 0.5 micron thick gold
film which conductivity value has been determined close to
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33.3 S/um from the same measurement set. At this stage,
all the electrical parameters are set in our dedicated

software; when polymer coated samples will be
investigated, only the dielectric permittivity of the
polymers will be unknown.

Our home made microwave modeling is then used to
match the propagation constant extracted from the [S]
parameters measurements to the calculated one; the only
tuning parameter being the polymer complex permittivity.

C. Characterized materials

In this paper, we will present the results we have
obtained on two particular materials that can be used for
the fabrication of a polymer modulator but obviously the
technique is applicable to any material. The sole limit is
linked to the compatibility of the technological process for
the coplanar electrode deposition with the tested material.
It can be tricky for some polymers. We use the same
material as bottom and top cladding: NOA65 material from
Norland. This material offers a relatively easiness of
technological processing as well as a low resistivity value
compared to the one of the active core material [6]; this is
beneficial for the chromophore poling process. The core
material, APC-CPOI1, is made of new chromophore
molecules, CPOI1, [7] in an amorphous polycarbonate
(APC) matrix.

II. RESULTS

The following figures resume the different results we
obtained by applying our protocol to the materials that
have been previously described. It concerns 5 pum thick
NOAG65 and 2.5 pm thick APC-CPO1 films deposited on a
GaAs substrate whose frequency dielectric characteristics
are perfectly known (§11.B). Below we show in graphs the
results that have been obtained for the NOA65 material.
The same kind of results have been obtained for the active
material.

The starting experimental data, the [S] parameters, are
shown in Fig. 1, here for the NOA65 sample on the 30
GHz frequency range.

Sij (dB)
S 3

0 5 10 15 20 25 30
Frequency (GHz)
Fig. 1. Measured S parameters of a coplanar line deposited
on a Spum thick NOAG65 film (the substrate is semi-
insulating GaAs wafer).



From these data, we extract the intermediate data, the
complex propagation constant of the double layered planar
guiding structure with the help of the home made de-
embedding procedure. This allows determining the
effective permittivity of the coplanar propagation line as
well as its attenuation (Fig. 2).
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Fig. 2. Effective permittivity and attenuation of the
coplanar propagation line fabricated on NOA65 material.

The last step is to extract the complex permittivity,
e* = ¢ - je", from these values using a specifically
developed algorithm. The results are shown in Fig. 3 for
both NOA65 and APC-CPO1 materials. This allows to get
the real part of the permittivity, €', that will be used to
design the microstrip line as well as the loss tangent,
tg(0) = €"/¢', in order to evaluate the dielectric part of the
microstrip line loss value.
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Fig.3. Value of the real part (¢') of the NOA65 (W) and

APC-CPOL1 (A) materials up to 30 GHz. The loss tangent
(tg(d)) is also reported for these two materials.

IV. DISCUSSION

The mean value of the relative permittivity is 2.85 and
3.2 for APC-CPOI1 and NOAG6S, respectively. The loss
tangent value is 8x107 and 2.2x107 respectively for the
same materials. The exact design of the microstrip line, i.e.
its width, will strictly depend on the precise geometry of
the optical waveguide. Nevertheless, if a mean permittivity
value of 3.1 is taken for the NOA65/APC-CPOI
combination, the ratio width/thickness of the microstrip
waveguide is close to 2.45. That is to say that, for example,

a 8um high optical waveguide structure, the width of the
microstrip line will be close to 20um. In other words,
whatever the design of the optical waveguide will be, the
characteristic impedance of the microstrip line will be 50
1 ohm on the whole potential variation of the effective
permittivity value of the materials. Taking into account the
loss tangent values that have been extracted, the dielectric
part of the microstrip line propagation losses can be
assessed in a first approach to be 0.1 to 0.2 dB/cm. In the
same approach, the metallic part of these can be evaluated
between 1.5 to 2 dB/cm depending on metal thickness.

V. CONCLUSION

We have reported the technique we use to determine the
frequency dependent complex permittivity value of
polymer materials to be used in optical modulators. As
examples, we took the case of NOA65 material and APC-
CPO1 materials that act as cladding (passive) and core
(active) materials, respectively. The mean value of relative
permittivity of those is 3.2 and 2.85, respectively, on the a
frequency range up to 30 GHz. The corresponding
width/thickness of the microstrip line electrode is then
close to 2.5 depending on the optical waveguide
conformation (cladding/core structuring). The loss tangent
of these materials is around 1x10? and should give
dielectric propagation losses of the microstrip line close to
0.2 dB/cm.
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