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Abstract:

Coplanar transmission lines (CPW) are realized on polydimethylsiloxane (PDMS) substrate in
order to characterize its complex permittivity, from 1 to 220 GHz. By varying the complex
permittivity, the propagation constant of the PDMS-CPW calculated with full wave software is
matched to those extracted by de-embedding techniques using S-parameters measurements.

The real permittivity evolves from 2.9 to 2.55 while the loss tangent increases slowly to reach
0.048 at 210 GHz.

Published in: I[EEE Microwave and Wireless Components Letters ( Volume: 24 , Issue: 4, April 2014 ) Page(s): 278 - 280

I. Introduction

During the past decade, the continuous efforts in studying chemistry, mechanics, organic LED
and transfer printing process provided innovative ways for low frequency flexible electronic
applications based on polymers [1]. These foldable polymers substrates are very promising for
mm-wave band applications that are in full expansion. Among these polymers, PDMS has

recently gained much attention for the development of yi-wave and mm-wave tunable antennas
[2], [3], tunable phase shifters [4], and RF switch [5]. Indeed PDMS exhibits attractive features:
it 1s low cost, light weight, easy to process and extremely flexible with a very low Young's

modulus (EYoung=2 MPa). To give realistic predictions of characteristic impedance and overall
losses of such planar structures, the knowledge of the polymer dielectric properties is essential
[6]. To that end, we present in this letter the dielectric characterization of PDMS from 1 GHz
up to 220 GHz, which to the authors knowledge has not been done before. This is achieved
thanks to coplanar transmission lines (PDMS-CPW) realization for the complex propagation
constant extraction from S-parameters measurements that are used for the matching with two
full-wave software.

I1. Fabrication of CPW Lines and Sizing

Patterning conductive lines on PDMS can be difficult due to the polymer high thermal
expansion coefficient. To ensure a good precision, the lines are patterned on a sacrificial layer
using classical microfabrication methods and then reported on PDMS. The fabrication process
is derived from [7] and is described in Fig. 1.

First a 100 nm molybdenum (Mo) sacrificial layer is sputtered on a silicon wafer. After
photolithography, a 500 nm gold layer is sputtered, and then followed by the deposition of the
adhesion layer: 50 nm of sputtered titanium topped by 50 nm of PECVD silicon oxide. Then, a
thick PDMS film (180 g m) is deposited by spin coating. This procedure ends with the
etching of the Mo layer and the PDMS sample to be characterized is released. The polymer
material used here is a Dow Corning's Sylgard 184 silicon elastomer.

A SEM image of one of the fabricated PDMS-CPW is given in Fig. 2. One can see the footprint
left by the probes used for the experimental characterization.



To maintain the single-mode behavior up to 300 GHz, the PDMS-CPW (Fig. 3) must be
properly designed. For this purpose, the transverse dimensions of the CPW (Table I), are chosen

considering a compromise between substrate thickness H, ground to ground spacing (W+25)
and total width (2Wg+W+2S5) which predetermine the occurrence of higher order modes [8].
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Fig. 1. Fabrication process for CPW lines printed on PDMS substrate. (a) Molybdenum sputtering. (b) Au
sputtering. (c) Adhesion layer deposition. (d) Lift off. (¢) PDMS spin coating. (f) Molybdenum etching and release.
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Fig. 2. SEM photograph of a PDMS-CPW.

Table I: Geometrical Parameters of the PDMS-CPW Lines

We(um) | S (um) W (um) Z, (Q) L (mm)
Lines A 150 15 45 76 3/5/10
Lines B 200 10 70 66 3/5/710

We have fabricated ten lines of each type (A and B) with 3, 5, or 10 mm length. For the 2 types
of lines, the characteristic impedance Zo was calculated using the complex permittivity of
PDMS proposed in [7]. A thickness of t=0.43 um for the gold strip conductors of mean value
of conductivity 6=3.37 10+7 S/m has been measured during the technological process as well
as the PDMS substrate height H=182 um.



lll. Measurement Protocols and Setup

Our protocol relies first, on the determination of the complex propagation constant y=o+jf3
extracted from on-wafer S-parameters measurements of PDMS-CPW having the same
impedance [9], [10]. In the finite element (FEM) protocol, the resulting data for y are inputs of
an inversion algorithm. It makes use of commercial MATLAB® (R2010a) root-searching
algorithm and FEM from COMSOL® software (v4.1). The role of FEM is to predict the
propagation constant of the PDMS-CPW which is matched to the measured ones by iterative
refinement of the real permittivity (&) and loss tangent (tand) values, for each frequency point.
The FEM protocol allows to separate out, very accurately, the dielectric losses from the metallic
ones because it takes into account the metallization of finite conductivity and of finite thickness,
by meshing inside the conductor. As the FEM is very time consuming for the calculation and
requires a large size of memory, we have also developed a second protocol where the spectral
domain approach (SDA) replaces the FEM. SDA makes use of an integral equations
development applied in the spectral domain, and is coupled with a method of moment. We have
initially developed the software to provide the propagation constant of any transmission line
[11]. But for the present needs, it has been modified to obtain directly the real permittivity and
the loss tangent which are the zero of a complex function. This is done without any iterative
procedure.

Concerning the S-parameters measurements, they are carried out on two broadband systems,
consisting of a 8510c HP vector network analyzer (VNA) for the 0.045 to 110 GHz frequency
band and of a Rohde&Schwarz ZVA 24 coupled to an extension module V05 VNA-T/R/X2
supplied by OML company for the 140-220 GHz range. They are respectively connected to a
cascade summit 11 K and Suss microtech PM8 probe station. The pitch of the G-S-G probe for
the two systems is 100 um.

IV. Measurements Results and Discussion

After calibration using LRRM method at room temperature, we can observe, for two lines (type
A and B) as a typical example, the behavior of the complex propagation constant extracted from
the de-embedding of S-parameters (Fig. 4). We note that at 30 and 200 GHz, the magnitude of
the phase constant, for the two CPW lines, is approximately twenty and forty times greater than
the magnitude of the attenuation constant. The linearity of the phase constant with respect to
the frequency deviates by less than 2% compared to the theoretical case of a plane wave with a
slope of 28.37 rad/m per GHz. This gives, for example, relative effective dielectric permittivity
values of 1.909, 1.836, and 1.843 at 30, 100, and 200 GHz, respectively. This quantitative
appraisal shows that the CPW mode is quasi-TEM with reasonable losses.

Figs. 5 and 6 exhibit the real permittivity and loss tangent behaviors of PDMS. We have selected
among the data concerning the set of CPW lines, those which give the maximum and minimum
values obtained with FEM protocol. The mean values curve corresponds to the averaging over
the whole results. The grey squares represent the values obtained by the SDA applied to the
average value of the attenuation and phase constant. It can be seen that the agreement between
the results obtained with the two methods is very good.
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Fig. 4. Attenuation and phase constant measured in a frequency band of 1 to 220 GHz for PDMS-CPW.
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Fig. 5. Real permittivity, er, in a band of 1 to 220 GHz for PDMS.
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Fig. 6. Loss tangent, tané, in a band of 1 to 220 GHz for PDMS.

Figs. 7 and 8 show the standard deviation and the relative dispersion (three times the standard
deviation divided by the mean value). The standard deviation magnitude is very low, indicating



good repeatability for measurements of the complex permittivity, but with a degradation
between 1 to 30 GHz for the loss tangent. This effect is linked to the contribution of dielectric
losses to the whole attenuation. The attenuation due to dielectric losses tends to zero as the
frequency goes to zero.
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Fig. 7. Standard deviation and relative dispersion for er measurement.

Frequency (GHz)

0,016 40,0%
0,014 Standard deviation 35,0%
T ——
c 0,012 5 R‘eatrvedlspersuon 30,0% <
8 H 8
= 0,010 | 25,0% &
3 &
; 0,008 20,0% -E
< i
© 0,006 ' 15,0% &
S ' )
» 0,004 : 10,0% <
)
0,002 t\,., S g 5,0%
0,000 0,0%
0 30 60 90 120 150 180 210 240

Fig. 8. Standard deviation and relative dispersion for tand measurement.

Table II: Comparison of Dielectric Properties for PDMS (*: This Work)

Frequency S GHz 40 GHz 77 GHz
P 2.77° /2.8 6] 2.68°/2.75 6] 2.62°/2.67(7]
tand 0.054°/0.016 [6] | 0.044°/0.045[6] | 0.044"/0.04 [7]

The relative discrepancies do not exceed 3% except for the lowest frequencies (1 GHz, 7%).
These data match well despite the fact that they use radically different measurement methods.
The same holds for the loss tangent with reasonable disparities (<15%) except below 30 GHz
where the dielectric losses become more and more noisy as the frequency decreases. Table 11
compares our results with published ones at 3 frequencies. A good agreement is observed except
for the lowest frequency.



V. Conclusion

We present in this letter the dielectric characterization of PDMS, up to 220 GHz. The complex
permittivity is calculated with FEM and SDA methods from S-parameters measurements on
CPW lines. The analysis of the experimental results, based on the FEM reference protocol,
exhibits typical values of 2.91 (0.068), 2.75 (0.048), 2.59 (0.0445) and 2.57 (0.048) at 1, 10,
100, and 200 GHz for er and tand (in brackets) respectively. The major interest of the SDA lies
in the speed of computing solutions (50 times faster than FEM) that allows real time knowledge
of PDMS dielectric parameters with good confidence. All these results together show the
efficiency and the reliability of the characterization methods developed.
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