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Abstract: The dielectric properties of an elastomeric polymer are
modified with the inclusion of dopants, with the aim of reducing dielectric
loss in the terahertz range. Polydimethylsiloxane (PDMS) is selected as the
host polymer, and micro/nano-particle powders of either alumina or poly-
tetrafluoroethylene (PTFE) are employed as dopants. Composite samples
are prepared, and characterised with terahertz time-domain spectroscopy
(THz-TDS). The samples exhibit significantly reduced dielectric loss, with
a maximum reduction of 15.3% in loss tangent reported for a sample that is
40% PTFE by mass. Results are found to have reasonable agreement with
the Lichtenecker logarithmic mixture formula, and any deviation can be
accounted for by agglomeration of dopant micro/nano-particles. The new
dielectric composites are promising for devising efficient micro-structure
components at terahertz frequencies.
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1. Introduction

Elastomeric polymers such as polydimethylsiloxane (PDMS) [1] are often utilised as dielec-
tric materials for terahertz components, owing to their flexibility and compatibility with mi-
crofabrication techniques [2–5]. They can form substrates or spacers to support metallic ele-
ments, and the flexibility of these polymers makes it possible to incorporate them into curved,
non-planar surfaces, thereby expanding the versatility of electronic [6] and metamaterial de-
vices [7–15]. The bio-compatibility of PDMS in particular makes it a suitable candidate for
biomedical terahertz applications [16]. Such polymers, however, have moderate loss in the ter-
ahertz range [11,17,18]. Although lower loss dielectric materials such as ceramics and intrinsic
semiconductors are available, they are rigid, and not readily compatible with microfabrication.
It is possible to modify the material properties of a polymer by introducing powder materi-
als, and this technique has been used in the terahertz range to improve the performance of

λ

(a) PTFE 1.0 mm (b) PTFE 100 µm

(c) Alumina 1.0 mm (d) Alumina 100 µm

Fig. 1. SEM images of 40%wt PTFE-doped sample at (a) 100× and (b) 1000×, and the
alumina-doped sample at (c) 100× and (d) 1000×. Scale of wavelength at 1 THz is shown
in red in (a).
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Dällenbach absorbers [19], to increase the refractive index of a dielectric material at the ex-
pense of increased loss [20–22], and to show that terahertz time domain spectroscopy can be
used to determine the composition of a sample [23]. However, so far no attempts have been
made to produce low-loss effective media for terahertz waves.

In this work we present a technique for reducing the dielectric loss of the elastomeric com-
pound PDMS by combining it with low-loss dopants in order to form an artificial medium, with
effective properties determined by the intrinsic properties and fractions of the constituent media.
Alumina (Al2O3) and polytetrafluoroethylene (PTFE) are selected as dopants as they exhibit
low loss in the terahertz range [24, 25]. In pure form, however, these dopants are not suitable
for microfabrication techniques. As such, we aim to combine the desirable dielectric properties
of low-loss dielectric materials with the desirable mechanical properties of PDMS. Addition-
ally, the inclusion of dopant particles is not expected to compromise the bio-compatibility of
PDMS, as alumina and PTFE are both bio-compatible [26, 27].

In brief, the study begins with sample preparation by introducing the powder dopants to the
liquid-phase host medium prior to curing. Terahertz time-domain spectroscopy (THz-TDS) is
then used to characterise the samples. The results are compared to effective medium theory,
using the Lichtenecker logarithmic mixture formula [28].

2. Fabrication and experiment

In order to prepare the samples, a known amount of liquid PDMS, comprising a 1:10 mixture
of pre-polymer and a curing agent, is mixed with a known amount of powder dopant in order
to yield a desired mass percentage. Liquid composite mixtures are then degassed in a vacuum
chamber for a period of two hours in order to extract trapped air bubbles, and then poured

Table 1. Thicknesses of all PDMS samples, as measured with both SEM and micrometer
readout, including standard deviations.

Dopant Concentration by weight SEM readout (mm) Micrometer readout (mm)
None – 4.45 ± 0.10 4.38 ± 0.01
PTFE 10% 1.04 ± 0.03 1.05 ± 0.03

20% 2.00 ± 0.02 1.92 ± 0.01
40% 1.94 ± 0.04 2.08 ± 0.01

Alumina 10% 2.08 ± 0.02 1.98 ± 0.01
20% 1.90 ± 0.05 1.85 ± 0.05
40% 1.02 ± 0.02 1.01 ± 0.01

Table 2. Extracted material properties at 0.7 THz.

Dopant
Concentration
by weight εr tanδ (×10−2) n α (cm−1)

None – 2.25 ± 0.04 5.88 ± 0.13 1.501 ± 0.014 12.9 ± 0.2
PTFE 10% 2.29 ± 0.01 5.66 ± 0.06 1.515 ± 0.005 12.5 ± 0.2

20% 2.29 ± 0.01 5.33 ± 0.04 1.512 ± 0.003 11.8 ± 0.1
40% 2.24 ± 0.01 4.98 ± 0.09 1.498 ± 0.003 10.9 ± 0.2

Alumina 10% 2.42 ± 0.02 5.89 ± 0.06 1.557 ± 0.005 13.4 ± 0.2
20% 2.56 ± 0.01 5.63 ± 0.09 1.600 ± 0.004 13.2 ± 0.2
40% 2.82 ± 0.02 5.37 ± 0.17 1.681 ± 0.005 13.2 ± 0.4
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onto a planar silicon wafer. The liquid phase elastomer is then cured at room temperature and
atmospheric pressure over a period of 48 hours to realise pliable elastomeric materials. Alumina
and PTFE particles (Sigma-Aldrich), of ∼50 nm and <12 µm, respectively, were utilised as
dopants. Samples of 10%, 20%, and 40% of each dopant by mass are prepared, as well as
a pure PDMS sample for comparison. Samples are all sectioned into 3×3 cm2 squares, with
thicknesses ranging from 1.0 mm to 4.5 mm.

Scanning electron microscope (SEM) images of the samples that are 40% dopant by weight
are given in Fig. 1. Given that the wavelength at 1 THz is 300 µm, the wavelength is greater
than the largest particle size by a factor of 25. Hence the the samples can be assumed to be
homogeneous, and effective medium theory approximations of homogeneity are applicable.
Note that the PTFE samples contain voids in the host medium, due to particles being dislodged
from the surface at the edge of the sample as a result of sectioning the sample. This effect is
limited to the surface, and is therefore negligible.

In terms of microfabrication compatibility, although the doping increases the viscosity of the
liquid polymer, the materials remain compatible with microfabrication processes such as spin-
coating. Mechanically, the doped samples remain elastic, like PDMS, however their Young’s
modulus is significantly modified. Doping also makes the PDMS optically opaque, which can
comprimise manual alignment in multi-layer structures.

(a) PTFE

(b)

(c) Alumina

(d)
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Fig. 2. Material properties of doped PDMS samples, showing; (a) relative permittivity of
PTFE-doped samples, (b) loss tangent of PTFE-doped samples, (c) relative permittivity
of alumina-doped samples, and (d) loss tangent of alumina-doped samples. The dopant
percentage by mass varies from 0%, 10%, 20%, to 40%. Error ranges due to variation in
sample thickness and dopant aggregation are indicated with coloured regions.
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Samples are characterised using a custom-made photoconductive antenna (PCA)-based THz-
TDS system, with off-axis parabolic mirrors to focus the beam onto the sample [29]. The beam
waist of the focused beam has a diameter of 2–3 mm. The measurement is carried out in a dry
atmosphere, where water vapor absorption is negligible. Given that the samples are flexible and
elastic, they are not expected to be of uniform thickness. In order to account for small variation
in thickness of the samples, five measurements at random locations are carried out for each
sample. This will also account for any fluctuation in dopant concentration within the sample
volume.

The thickness of all samples is required in order to extract their material properties. The
thickness of each sample is measured using a micrometer, following SEM-based thickness
measurement of offcuts at multiple sites. Given the pliable, flexible nature of the samples, due
care is taken in order to not exert excessive force on the sample with the micrometer, resulting
in readouts from both SEM and micrometer measurements that are in agreement, with values
summarized in Table 1.

(a) PTFE

(b)

(c) Alumina

(d)
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40%wt
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0%wt
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Fig. 3. Material properties of doped PDMS samples, showing; (a) index of refraction of
PTFE-doped samples, (b) absorption coefficient of PTFE-doped samples, (c) index of re-
fraction of alumina-doped samples, and (d) absorption coefficient of alumina-doped sam-
ples. Error ranges due to variation in sample thickness and dopant aggregation are indicated
with coloured regions.
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3. Results and discussion

The material properties of all samples tested are extracted, using a standard parameter esti-
mation process [30]. Relative permittivity and loss tangent are presented in Fig. 2, and refrac-
tive index and absorption coefficient are presented in Fig. 3. For clarity, material properties at
0.7 THz, where the dynamic range is at maximum, are also presented in Table 2. As expected,
the doped samples exhibit a reduction in loss, and samples with higher dopant concentrations
exhibit less loss. In addition to reduced loss tangent, samples doped with alumina also exhibit
an increase in the relative permittivity. The greatest reduction of loss tangent is achieved with
the sample that is doped with 40% PTFE by weight. This sample exhibits an average reduction
of 15.3% in loss tangent over a range from 0.3 to 1 THz, as compared to pure PDMS. With
regards to dispersion characteristics, the refractive indices of all samples presented in Fig. 3 ex-
hibit negligible variation over the relevant frequency range. We therefore conclude that doping
has not increased dispersion. Note the slight non-monotonic trend in the relative permittivity
of PTFE-doped PDMS can be ascribed to jitter, as the pulse in the employed THz-TDS system
has a tendency to drift slightly in time.

There are multiple approaches to effective medium theory modelling, such as the Maxwell-
Garnett formula [31, 32] and the Landau-Lifshitz-Looyenga model [33, 34]. However, these
techniques are derived for spherical inclusions, and the dopant particles in this case do not con-
form to any regular geometry, as shown in Fig. 1. For this reason the Lichtenecker logarithmic
mixture formula [28] is selected to model the properties of the effective medium, as it is valid
for homogenised dielectric mixtures in which the shapes and orientations of the components are
randomly distributed. This formula is given in Equation 1, where εn and fv,n are the complex
permittivity and volumetric fraction of the nth constituent medium, respectively, and εeff is the
complex permittivity of the overall mixture.

0.0 10.0 20.0 30.0 40.0 50.0
2.0

2.5

3.0

3.5

ε

PTFE (theory)
Alumina (theory)
PTFE (exp)
Alumina (exp)

0.0 10.0 20.0 30.0 40.0 50.0
0.040

0.045

0.050

0.055

0.060

Mass fraction of dopant (%)

ta
n

δ

Fig. 4. Comparison of measured results with effective medium theory at 0.7 THz. Error
bars on measured results show the measurement uncertainty due to variation in sample
thickness.
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εeff =
N

∏
n=1

ε
fv,n

n . (1)

In order to apply the Lichtenecker logarithmic mixture forumula to the samples under investi-
gation, mass fractions are converted to volumetric fractions using Equation 2, where fv is the
volumetric fraction of the dopant, fm is the mass fraction of the dopant, ρH is the density of the
host medium, and ρD is the density of the dopant material.

fv =
fmρH

fmρH +(1− fm)ρD
. (2)

Here, the density of PDMS, alumina, and PTFE are ∼1.0 g/cm3, ∼4.0 g/cm3, and ∼2.2 g/cm3

respectively [35–37]. The Lichtenecker logarithimic mixture formula is inverted, and applied to
the measured data in order to extract the complex permittivities of the bulk dopants, which are
found to be 2.71 + j0.03 and 21.5 + j0.9, for PTFE and alumina respectively. The Lichtenecker
logarithmic mixture formula is then utilized, using the extracted bulk material properties, to
determine the effective permittivity and loss tangent in the continuous range of mass fractions
from 0% to 50%, with results given in Fig. 4. This effective medium theory modelling is car-
ried out at 0.7 THz. The results show reasonable agreement with the measured values, with
discrepancy being potentially due to agglomeration of dopant particles that compromises the
homogenisation of the dielectric.

4. Conclusion

We demonstrate a technique for reducing dielectric loss of elastomeric polymers in the tera-
hertz range by doping with micro/nano-particles. This process gives us the ability to control the
dielectric loss tangent, demonstrated by changing it from 0.058 to 0.049 (15.3%) in a sample
doped with 40% PTFE by mass. The doped PDMS maintains its compatibility with microfab-
rication processes. The materials produced could be used as low-loss dielectrics for terahertz
components. It is expected that this method will increase the efficiency of polymer-based tera-
hertz metamaterials and biomedical devices. Furthermore, this technique could be extended to
other dopants and other polymer/dielectric matrices.
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