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Abstract

We present a systematic characterization of dielectric permittivity of 6 commonly
used, low-loss polymers namely polystyrene, parylene, polyimide, SLA resin, SU-8,
and SUEX for the 100-GHz to 2-THz bands using transmission mode time domain
spectroscopy. The dielectric constant and loss tangent for each polymer was sys-
tematically recorded using the commercially available TeraView TPS-3000 system
and an analytical multilayered media transmission model is used to extract sample
permittivity and loss through curve fitting the measured data. Among the studied
polymers, polystyrene exhibits the lowest material loss with a loss tangent less than
0.0069 up to 100 GHz to 2 THz. Also, effects of lithographic processing on permit-
tivity and loss for commonly used epoxy-based photoresists SU-8 and SUEX are
documented and compared. We show that the dielectric properties of dry film SUEX
is comparable with those of SU-8. As such, SUEX is an easy-to-process alternative
to commonly used SU-8 for mmW and THz frequency applications.

Keywords Loss tangent - Permittivity - Time domain spectroscopy - SU-8 - SUEX -
Parylene - Polyimide - Polystyrene - SLA resin - Terahertz - Millimeter-wave
1 Introduction

To address the spectrum crunch due to the exploding demand for high-rate data con-
nectivity, the millimeter-wave (mmW) band is heavily coveted as a natural expansion

>4 Seckin Sahin
sahin.29 @osu.edu

Niru K. Nahar
nahar.2@osu.edu

Kubilay Sertel

sertel.1 @osu.edu

I Electrical and Computer Engineering, The Ohio State University, Columbus, OH 43212, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10762-019-00584-2&domain=pdf
http://orcid.org/0000-0002-3146-9341
mailto: sahin.29@osu.edu
mailto: nahar.2@osu.edu
mailto: sertel.1@osu.edu

558 International Journal of Infrared and Millimeter Waves (2019) 40:557-573

domain to enable faster access and greater capacity in future wireless networks. Much
wider transceiver bandwidths and extremely compact antennas and arrays are the two
key technologies that drive the current research in mmW systems, and such high-
performance transceiver hardware are becoming commercially available to address
the dire need for always-on, high-data-rate connectivity with high spectrum and
energy efficiency [1]. In order to realize the industry goal of effectively utilizing
the mmW spectrum, novel and cost-effective Sth-generation (5G) transceivers and
phased array technologies are in high demand as high-performance wireless nodes in
large-scale wireless networks. In particular, thanks to the much smaller wavelengths
in the mmW spectrum, the antenna size can be reduced down to a few millimeters,
enabling effective system-on-chip solutions with large-scale integration. However, to
date a number of key challenges remain to be tackled for on-chip implementation of
efficient radiators. Namely, poor bandwidth performance (10-20%) and extremely
low radiation efficiencies (5-10%) due to substrate coupling are a key hindrance
for on-chip antennas and arrays. Low-loss materials and novel conformal antenna
designs that can address substrate coupling issues and improve radiation efficiency
are badly needed for fabrication and packaging.

As compared to commonly used semiconductor substrates, thermoplastic poly-
mers, such as polyimide and polystyrene, are relatively easy to process through
lamination and exhibit lower material losses. Furthermore, polymer-based photore-
sists, such as SU-8 and benzocyclobutene (BCB) , have been widely used for RF
applications as antenna canopies, radomes, and as common transmission line sup-
port materials. Although their dielectric properties are well-studied for RF bands,
many polymers have not been studied for mmW and THz band applications. In addi-
tion, accurate characterization of inorganic, biological, and fluidic material losses in
mmW and THz frequencies is an emerging area of interest [2].

Among available laminates, polystyrene, parylene, polyimide, and SU-8 have been
widely utilized for RF and mmW applications. In addition to the above, SUEX is
a relatively new, dry film variant of SU-8 which can be externally embossed as a
laminate onto semiconductor wafers, allowing for subsequent lithographic processing
as thick substrate/superstrate layers for wafer-scale antenna and array realizations
[3]. As such, it is an attractive alternative to SU-8 for mmW antenna applications. In
addition, materials that are used on commercial additive manufacturing processes are
often polymers, such as stereolithographic (SLA) resin, and these have great potential
utility in fabrication and packaging of mmW antennas and integrated systems [4].

We note that several of the low-loss polymers presented in this work have been
studied previously, as cited throughout the paper. However, considering the sensitiv-
ity of measured material characteristics to instrument and environmental variations,
a comparative study of the polymers using the same instrument and in a similar
environmental setting provides a direct assessment of one material against another.
Particularly for low-loss materials used in micro- and nano-fabrication of devices
for mmW and THz applications, it is often necessary to conduct such a comparative
study prior to developing associated fabrication recipes.

In this paper, we report a systematic characterization of the material properties
of the aforementioned polymers using a commercially available THz time-domain
spectroscopy system. Particularly, dielectric permittivity and loss tangent of thin
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layers of 6 polymers, namely polystyrene, SU-8, SUEX, parylene, polyimide, and
SLA resin, were characterized in the 100-GHz-2-THz range using transmission
mode spectroscopy. Furthermore, lithographic processing effects (such as UV expo-
sure and curing process) on material losses are also documented for SU-8 and SUEX
films. For an accurate model of the material properties, an analytical multilayered
media transmission coefficient model is fitted to the measured data through itera-
tive nonlinear least-square method. Using the measured data, we developed a simple
polynomial formula that allows for the extrapolation of measured permittivity and
loss tangent over a much broader frequency range. The common experimental setup
used in the characterization of all polymer samples results in a comprehensive con-
trolled study of the performance of these polymers systematically, as detailed below
in Section 2. Section 3 presents the measurement results along with the functional
model of permittivity and loss tangent for polystyrene, SU-8, SUEX, parylene, poly-
imide, and SLA resin where the lithographic processing effects for SU-8 and SUEX
are also discussed.

2 Experimental Setup for Permittivity Characterization

The transmission coefficient measurements for the samples studied in this work
were performed using a commercial THz time domain spectroscopy (TDS) system
(TPS Spectra 3000 from TeraView, Inc). The TDS system allows for real-time mea-
surement of magnitude and phase of the transmission coefficient using the ratio of
complex field spectra of the sample and the reference scan without the sample in the
device (i.e., a reference measurement in air). In order to prevent artifacts caused by
the absorption lines of water vapor and other species in the atmosphere, the mea-
surements were performed in nitrogen-dry environment in the purging chamber of
the TDS system. Dielectric properties of polymers can then be extracted from the
complex transmission coefficient measurements, as detailed [S]. We note here that
only the transmission coefficient can be measured using the TDS system; thus, an
analytical extraction of material properties, such as the Nicholson-Ross-Weir (NRW)
method [6], cannot be applied using this system. In addition, the measurements were
performed over the 60-GHz to 3-THz band; however, only the 100-GHz—2-THz data
was used in the analysis due to the low signal-to-noise ratio outside this band. The
frequency resolution for the test setup was 3.59 GHz and each frequency data was
integrated over 300 measurements to remove random errors from femtosecond mode-
locked laser’s amplitude fluctuations. The THz-TDS is a coherent system, that is,
both the amplitude and phase of a THz signal can be recorded. As such, this coherent
detection provides both real and imaginary part of refractive index without resorting
to estimations based on Kramers-Kronig relations [7]. Furthermore, the loss tangent
and dielectric constant of the materials can be readily obtained from the complex
measured refractive index €, = ni

To best assess the dielectric permittivity and loss levels, it is most suited to use
THz-TDS in transmission mode to get the time domain response of electric field with
and without the polymer sample. The analytical model of the transmission through a
thin material layer is based on the well-known multilayered media electromagnetic
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analysis [8]. We also must note that the root-mean-square (RMS) roughness level of
our polymer samples are in the order of few nanometers based on our atomic force
microscopy (AFM) measurements. Therefore, we can neglect the associated scat-
tering losses. Considering a transmission through a single dielectric slab, complex
transmission coefficient can be written as:
T 4kokpexp(—jkpd)
(ko + kp)? — (ko — kp)?exp(=2jkpd)

where ko and k), are the wavenumbers in free space and the thin film, respectively.
Here, the film thickness is denoted by d. The above formula assumes a normally
incident plane wave and an isotropic homogeneous medium with its complex permit-
tivity related to the complex wavenumber by k, = ,/(uo€o€p). Here, the relative
complex permittivity is defined as €, = 6;, —J eg. In order to be able to extract
a frequency-dependent complex permittivity, we model its real and imaginary parts

using second-order polynomials:

)]

€, =01 +02f? @)

€, =03 +0uf +05f7 3)
as in [5]. In this analytical model, six unknowns (01, 6>, 63, 64, 65, d) are determined
using an iterative non-linear least-square method to describe the material permittivity
and loss over a broad frequency range. We must note that the polynomial model
used here does not have a physical meaning. Previously measured data given in [9]
and [10] for 200 GHz—4 THz shows that the measurement can be modeled using
simple polynomial. By using the polynomial model within the least-square fit, we are
eliminating the middle-step of extracting material properties for each frequency in
the band of interest and getting a simple representation of material properties, rather
than a set of discrete values for each frequency.

Figure 1 illustrates the good agreement between the measured and computed
transmission coefficient amplitudes for one of the listed polymers, SLA resin, for
completeness. Residual sum of squares for the curve fitting is less than 0.02 for all
the measurements.

Material characterization of thin/low index materials requires highly accurate esti-
mation of film thickness, as the multiple reflections of THz signal are not well
separated in time domain. In [11-13], the sample thickness and material properties
are captured simultaneously using THz-TDS. On the contrary, the polymer samples
studies here are thick enough to separate the multiple reflections, thus by keeping the
sample thickness as a variable in the curve fitting procedure, accurate characteriza-
tion of permittivity and loss can be achieved. In all of the polymer samples studies
here, the sample thickness determined by least-squares fit was within the £3-um of
the measured sample thickness.

3 Measured Dielectric Properties of Thin Film Polymers

Using the approach noted above, we studied 6 different polymers to characterize their
dielectric properties. Obviously, none of the samples exhibit magnetic permeability,
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Fig.1 Measured and computed transmission coefficient amplitudes for SLA resin

so they were assumed to be non-magnetic. Furthermore, for few polymers, we have
observed the effects of polymerization on THz transmission properties, leading to a
detailed study of dependence of material permittivity on polymerization levels. The
results are provided below for each polymer sample.

3.1 SU-8, an Ultra-thick Epoxy-Based Negative Photoresist

IBM first patented SU-8 in 1980s [14], and to date, there have been significant efforts
to develop and optimize the SU-8 process as an essential part of microfabrication
technology. As described in literature, SU-8 has a thickness range from 1 to 300 um
and few millimeters-thick films can be formed by multiple spin coating [15, 16]. It
can be patterned either by UV or X-ray lithography and high-aspect-ratio structures
up to 40 can be realized [17]. Furthermore, SU-8 is chemically and mechanically
stable [18], and thanks to its low-cost and commonplace availability, cured SU-8
polymer is widely used as a structural material for a wide range of applications.

SU-8 is particularly attractive for mmW and THz applications, where low-loss
materials for structural support and packaging are sparse. In particular, it has been
studied for wafer-level integration of wideband mmW antennas with RF-front ends
for system-on-chip (SoC) applications [3]. There has been a number of studies
investigating electrical properties of SU-8 in THz band. Notably, waveguide-based
characterization of SU-8 permittivity was reported in [19-21]. However, there has
been significant variation in reported values of SU-8 permittivity due to the inac-
curate separation of dielectric losses from radiation and conductor losses by 2-port
measurement of such devices. In addition, different processing parameters in SU-
8 lithography impacts the polymerization levels and consequently their electrical
properties.

In our experiments, a carefully monitored cleanroom process is used to produce
cross-linked and partially cross-linked SU-8 films. Two 250-um-thick, 40 mmx40
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mm samples were prepared for subsequent characterization and glass wafers were
used as substrates. For thick film fabrication, SU-8 2100 from MicroChem Corpo-
ration was used. To fabricate the 250-um-thick SU-8 films, a spin speed of 1500
rpm for 35 s was needed, as specified in material datasheet. Next, the films are soft-
baked for 5 min at 65°, followed by 45 min bake at 95°. One of the samples was
flood-exposed with 900 mJ/cm? dose using UV lithography. Post exposure bake
was done for 20 min at 95° and followed by a hard bake for 15 min at 150°. For
partially cured SU-8 films, the same recipe was followed with reduced UV expo-
sure dose 300 mJ/ cm? and without a hard bake step. Then, SU-8 films are released
from glass substrates by soaking samples in acetone solution, which provides a rapid
temperature change and easy detachment of film from glass substrate.

Immediately following sample preparation, the transmission coefficient was mea-
sured using the TDS system and was fitted to the analytical model given in (1) to
estimate the polynomial-fit parameters.

As seen in Fig. 2, the extracted real permittivity e;, varies between 2.73 and 2.54
for fully cured SU-8. However, we observed that the partially cured SU-8 sample
exhibits a larger variation in its real permittivity, namely between 3.13 and 2.62. In
[22], refractive index for cured SU-8 at 1 THz is roughly about 1.7540.1, which
agrees to our measured results for real permittivity. In [21] and [5], the measured real
permittivity for cured SU-8 is above 3.2 for 30 GHz and 200 GHz, respectively. These
previous papers reported slightly larger permittivity values than our results; however,
such differences can be attributed to variations in sample processing parameters in
SU-8 lithography.

The loss tangent of SU-8 is also given in Fig. 2 where the fully cross-linked SU-8
exhibits a loss tangent tand of 0.019 and 0.058 at 100 GHz and 2 THz, respectively.
Measured tané for partially cross-linked SU-8 was 0.059 and 0.081 at 100 GHz and
2 THz, respectively. The measurement results show that the partially cross-linked
sample exhibits larger losses than the fully cross-linked SU-8. Therefore, full poly-
merization is recommended to reduce dielectric losses for mmW and THz bands.The
measured loss tangent values in previous studies [20] and [21] are 0.02 £ 0.001 for
W-band (75-110 GHz) and 0.027 at 30 GHz, respectively. These results are in an
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Fig.2 Measured real permittivity and loss tangent as a function of frequency for two SU-8 samples
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agreement with our findings. In [5], the loss tangent is measured as 0.027 at 200 GHz
and 0.055 at 1 THz, which agrees very well with our results.

3.2 SUEX, Epoxy-Based Dry Film Resist

SUEX films are commercially available from DJ MicroLaminates in varying thick-
nesses and shapes. Development and optimization of its fabrication process has been
investigated in several studies [23, 24] and potential applications include plating
molds for metal microstructures, structural polymer in MEMS, wafer-level packaging
applications, flexible circuits etc. We have previously studied the material proper-
ties of SUEX [25] and it proved to be a viable alternative to SU-8 as a structural
component for mmW and THz applications.

Since lithography using commercially available liquid resists is often quite com-
plicated and time-consuming, dry thick films are developed to overcome those
manufacturing difficulties. SUEX is a thick epoxy resist sheet that can be manu-
factured with different shapes and thicknesses from 100 um to few millimeters.
Lamination of these films to different substrates takes only minutes, which offers
significant utility compared to other materials commonly used in microelectrome-
chanical systems (MEMS) fabrication. SUEX shows better transparency than other
epoxy films, making it more preferable for thick resist applications [26]. Excellent
uniformity, resolution, and high quality of sidewalls are key attributes of SUEX dry
films [26]. Much like SU-8, SUEX can also be patterned using either UV or X-ray
lithography or hot imprinting/embossing the surface. Furthermore, SUEX can also be
processed as free-standing microstructures or be laminated to the different substrates
[26].

A 1-in. diameter, 150-um-thick UV-cured (cross-linked) and green (pre-cross-
linked) samples were provided by DJ MicroLaminates.

Figure 3 shows the measured data for the real part of SUEX permittivity from
100 GHz to 2 THz. The effect of polymerization can again be clearly noticed in the
measured data. Green SUEX films exhibit higher real and imaginary permittivity and
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Fig.3 Measured permittivity and loss tangent of two SUEX samples as a function of frequency
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thus higher material losses. Extracted real permittivity for green SUEX film ranged
from 3.08 at 100 GHz to 2.91 at 2 THz. For cross-linked SUEX film, real permittivity
reduces from 2.86 to 2.62, at 100 GHz and 2 THz, respectively.

The loss tangents for the green and cross-linked SUEX samples are shown in
Fig. 3. As seen, the measured loss tangent for the cross-linked SUEX film is 0.015
and 0.052 at 100 GHz and 2 THz, respectively. For green SUEX film, loss tangent was
measured to be 0.051 at 100 GHz and 0.087 at and 1 THz. These results indicate that
green SUEX films exhibits 82% more material loss than fully cross-linked SUEX.

When we compare partially cross-linked SU-8 and uncured SUEX, real permit-
tivity results are consistent with each other. For uncured samples, SU-8 has 2.7%
higher real permittivity than SUEX. Measured loss tangent values for green samples
are in an agreement as well. Uncured SU-8 film is 4% lossier than green SUEX film.
For cured samples, SUEX has 4% higher real permittivity than SU-8 and it exhibits
16% less material loss than the corresponding SU-8 film. As material properties
of SU-8 highly depend on the processing parameters such as curing temperatures,
resting time, UV exposure, it is expected to see slight differences in material prop-
erties of SU-8 and SUEX films. Nevertheless, the material characterization approach
presented here provides consistent results showing that SUEX films exhibit lower
material losses than SU-8.

3.3 Polyimide

Polymers play a crucial role as dielectric layers in current state-of-the-art micro-
electronics technology [27]. They can be used as packaging material for integrated
circuit (IC) chips, and also as intermetallic dielectric layers. Furthermore, they can
be utilized as photoresist in lithography steps in microfabrication. Polyimide is a
commonly used material due to combination of superior properties such as its ability
to withstand extreme temperature, vibration, and other challenging environments, it
finds diverse applications in aerospace, defense, automotive, and industrial applica-
tions [28]. Specifically, polyimide has been used as a substrate in THz metamaterial
applications [29], as a part of high-performance nanocomposites [30, 31], and in lig-
uid crystal alignments [28].Polyimide can also be used as an interlayer dielectric
material in high-intensity interconnections, thanks to having thermal stability and
high planarization capabilities [27]. As such, several studies promote polyimide as
an integral part of interconnect systems [32, 33].

Here, we utilized two different polyimide films; a 125-pum-thick Kapton®
HN general purpose polyimide film sample was provided by DuPont™and
another 200-pum-thick polyimide film (Cirlex) was provided from Fralock. The
DuPont™polyimide is rated for —269° to 400°, and furthermore, it can be laminated,
metallized or adhesive coated [34].

Figure 4 exhibits the real permittivity as a function of frequency. Extracted real
permittivity for Kapton film varies from 3.43 at 100 GHz to 3.27 at 2 THz. For Cirlex
film, extracted values are 3.46 at 100 GHz and 3.34 at 2 THz.

Overall, measurement results for two polyimide films were quite consistent with
each other. Furthermore, we note that the above measurements for polyimide are
also in good agreement with the results reported in [35, 36]. In [35], polyimide
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Fig.4 Real permittivity and loss tangent as a function of frequency for Kapton and Cirlex polyimides

dielectric constant is measured as 3.45 at 1 THz, which fits perfectly well with our
measurement results.

3.4 Polystyrene

Polystyrene is one of the most well-known of polymers, and exhibits low loss in the
THz regime. It has been used in lens designs [37], and also to minimize the reflec-
tion losses in lens-air interface [9, 38]. Previous studies have focused on different
forms of polystyrene. In [39], three polystyrene foams with different mass densities
were characterized by the THz-TDS system, as they can be used as dichroic filters,
which block near IR and transmit THz radiations [39]. Another group [9] investigated
THz properties of cross-linked polystyrene (PSX), a well-known far-infrared poly-
mer, which has different thermal and mechanical properties than normal polystyrene.
To study the permittivity and loss of polystyrene in mmW and THz bands, we used a
220-pm-thick, 40mm x40mm-wide sample for characterization.

Also plotted in Fig. 5 is the real part of polystyrene permittivity which is around
2.6 and stable throughout 100-GHz-2-THz frequency range. As shown in Fig. 5, the
measured loss tangent is almost constant around 0.006.

Our measured data is in a good agreement with previous studies [9, 10, 40]. Real
permittivity is measured as 2.55 for 200-GHz—4-THz bands in [9], which matches
well with our measurements. Moreover, in [10], the measured real permittivity is 2.56
along 100-GHz-1-THz range. We must note that the result from [7] contradicts with
the rest of the reported literature.

Overall, real and imaginary permittivity of polystyrene is low and nearly constant
throughout 100 GHz-2 THz band. Also it exhibits very low material losses, again
making it ideal for THz applications.

3.5 Parylene-N

Parylene is a common name for a polymer that has 20 variants [41]. Parylene-N is
one of most commonly used member of the Parylene family along with Parylene-C
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Fig.5 Permittivity and loss tangent results for polystyrene film

and Parylene-D. Thanks to its superior mechanical and electrical properties, Parylene
has found wide range of applications in many areas of nanotechnology, electron-
ics and medical devices [41]. Apart from its applications in MEMS and wafer-level
packaging, Parylene is a very popular anti-reflection (AR) coating material in THz
frequencies [42, 43]. This polymer can be deposited on various substrates by chem-
ical vapor deposition (CVD). Parylene coating by CVD process achieves superior
quality of conformal coating compared to liquid coating techniques, as gaseous
monomers can uniformly coat sharp corners, edges and cavities [41]. Coatings made
from parylene are conformal and pinhole free on any substrate [44]. Also, Parylene
films can be relieved from the substrate after deposition. In addition, Parylene is an
excellent thermoplastic with thermal stability, good adhesion properties, chemical
inertness and low water absorption [42]. Moreover, Parylene exhibits low loss and
has a low dielectric constant. Coupled with its ability to form high-quality defect-free
thin films makes Parylene very attractive for THz applications. Also being compat-
ible with human biology, it may even find applications in biomedical applications
using THz waves.

In our experiment, we used a 6-pum Parylene-N coating on a glass slide, obtained
from Para Tech Coating [44]. The thin Parylene film was peeled from the glass
slide for the material characterization. Due to the extremely thin Parylene-N sample,
very small changes in the transmission signal were observed, leading to increased
uncertainty in characterization.

Despite the concerns related to film thickness, there is still a good match between
measurement and analytical results, especially for the high-frequency end. In Fig. 6,
we illustrate the permittivity results for Parylene-N. Parylene-N permittivity was
measured to be approximately 2.6 and almost constant across the measurement band.
As shown in Fig. 6, the loss tangent is approximately 0.058. Previous works [42, 43]
and the datasheet [44] show consistent results with our characterization. As another
example, in [42], the real permittivity is given around 2.6 for THz band. Further-
more, another study [41] for Parylene-C gives higher permittivity and higher loss
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Fig.6 Permittivity and loss tangent results of Parylene-N as a function of frequency

tangent compared to our measurements for Parylene-N, which is consistent with the
datasheet.

3.6 SLAResin

Stereolithography (SLA) is an automated additive fabrication method where a lig-
uid photopolymer resin is patterned by a focused UV laser or a LED light source
through photopolymerization [4]. This technique was first patented in 1986 [45], and
implementation of process improvements leads to a SLA with a far better resolution,
to nano-metric scales [46]. By using SLA, 3D objects can be printed directly from
computer-aided drawings, without any alignment, bonding or any other intermediate
steps. It is a rapid prototyping technology and plays an important role in commer-
cialization of polymeric microdevices. Specifically, it can be considered as a new
manufacturing method for mmW and THz passive components such as waveguides,
horn antennas, mirrors [47]. Here, we note that microstructures printed by SLA can
be coated with metal as a second step for completion of passive components [47].
Previous studies [48-51] show the potential use of SLA printing for mmW and THz
device fabrication.

There are number of SLA printers commercially available along with compati-
ble photopolymer resins. A wide variety of photopolymer materials is available for
different applications which may require high-temperature resistance, flexibility, and
durability. Although mechanical and thermal properties for each resin are widely
reported in the company datasheets [52], electrical properties have typically not been
studied before. SLA-based printers could potentially be used to prototype devices
that can be used for high-frequency applications; thus, accurate characterization of
their electrical properties is necessary. In our study, we used Formlabs Form 2 SLA
3D printer and photopolymer resin Tough FLTOTL04. We printed a 680-um-thick
sample for material characterization.

@ Springer



568 International Journal of Infrared and Millimeter Waves (2019) 40:557-573

4 0.2

3.5 A
> - 0.15
£, -
S ]
2 <N o
E=S oo
gzs_ U M— 0.1 5
o ‘...0 =
a PR i ]
® 2 R S
(] o *
o et - 0.05

.
1.5 .,0’
1 T T T 0
0 0.5 1 15 2
Frequency (THz)

Fig.7 Measured permittivity and loss tangent results for SLA film as a function of frequency

The permittivity of SLA resin ranges from 2.8 at 100 GHZ down to 2.35 at 2 THz.
The measured loss tangent given in Fig. 7 is around 0.021 at 100 GHz and increases
up to 0.103 at 2 GHz.

Next, we summarize the characterization results of the 6 polymers studied above.

4 Results and Discussion

The polymers characterized above are suitable base materials for high-frequency
applications. Although they are all commercially available with reported material
properties, they had not previously been well characterized in the mmW and THz
bands. Here, we presented a systematic study of the dielectric properties of SU-8
and SUEX, polyimide, polystyrene, SLA resin, and Parylene in 100-GHz-2-THz
range. Also, we have extrapolated our model to get the material properties for lower
frequencies.

Table 1 summarizes the real permittivity values of 6 polymers at 100 GHz,
200 GHz, 1 THz, and 2 THz. Measured loss tangent values at those frequencies are

Table 1 Measured real permittivity results

Material €, €, €,

(0.2 THz) (1 THz) (2 THz)
SU-8 273 £4.1% 2.68 £4.2% 2.54 +4.9%
SUEX 2.86 £ 1.2% 2.80 £ 1% 262+ 1%
Kapton polyimide 343 £2.1% 339+22% 327 +£29%
Cirlex polyimide 345+ 1.8% 343+ 1.8% 334+ 1.8%
Polystyrene 2.59 £+ 0.85% 2.59 £ 0.9% 262+ 1.2%
SLA Resin 2.79 £ 0.5% 2.68 £ 1.1% 235+22%
Parylene-N 2.63 2.61 2.56
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Table2 Measured loss tangent results
Material tand tand tand

(0.2 THz) (1 THz) (2THz)
SU-8 0.0250 £+ 13.8% 0.0540 + 4.5% 0.0580 + 2.36%
SUEX 0.0200 £+ 9.9% 0.0440 + 3.1% 0.0520 4+ 2.4%
Kapton polyimide 0.0035 £ 70% 0.0194 +27% 0.0153 +10.2%
Cirlex polyimide 0.0071 £+ 34% 0.0213 + 15% 0.0192 + 10%
Polystyrene 0.0067 & 60% 0.0062 + 22% 0.0064 + 16%
SLA Resin 0.0310 £+ 2.25% 0.0700 £ 0.407% 0.1030 £+ 1.87%
Parylene-N 0.0056 0.0280 0.0580

given in Table 2. We have only included cured, fully-cross-linked SU-8 and SUEX
properties for a reasonable comparison. Uncertainty in the permittivity and loss tan-
gent is examined by applying the least-squares fit to the set of 10 samples over the
same frequency range. The variations in the calculated permittivity and loss tangents
are also given in Tables 1 and 2.

Among these 6 polymers, polystyrene exhibits the lowest material loss for high-
frequency applications. Furthermore, it is low-cost and widely available in many
forms such as transparent or opaque films or foams with different mass densities.

On the other hand, the epoxy-based polymers SU-8 and SUEX have similar chem-
ical formulations; therefore they also exhibit similar material properties. However
slight differences are expected as there are various factors affecting the material
properties of SU-8 such as processing time and temperature, level of polymeriza-
tion, impurities, and solvent content [5, 53]. Overall, cured SUEX has slightly higher
dielectric constant and less material losses compared to SU-8, which is a popular
and well-studied material in MEMS and in microfabrication as a permanent photore-
sist. Thus, it may be advantageous to use SU-8 in a conventional cleanroom facility.
Alternatively, SUEX is a dry film and can be applied to any substrate with a simple
office laminator. Although SUEX is quite new to the industry, it eliminates the long
and sensitive processing steps needed for liquid epoxy-based resists.

Polyimide has the highest dielectric constant, yet fairly low-loss performance
among the studied materials. Polyimide is a preferred material for many applications
as being commercially available with different thermal and physical properties. Fur-
thermore, it is thermally and mechanically stable with desirable electrical properties,
which makes it an ideal interlayer dielectric material. It can be laminated to the var-
ious substrates and metals or stand alone as a flexible substrate for high-frequency
applications. After all, it is a well-studied material as SU-8 and has several variants
for different applications.

As 3D printing became ubiquitous for rapid prototyping, stereolithographic resins
continue to find applications in new devices and systems. However, as characterized
above and as expected, SLA Resins exhibit relatively higher losses among the other
materials studied here. Nonetheless, it exhibits key advantages as it replaces typical
lithographic processing steps with a 3D printer. This could significantly accelerate
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the design and prototyping process and further UV curing of SLA samples could
result in lower material losses.

Along with polystyrene, Parylene-N exhibits the lowest loss for THz applications.
High-quality conformal Parylene-N depositions can be performed via CVD tech-
niques, however, it is more expensive than the other polymers studied here. Also,
Parylene-N also has a limited thickness range due to the CVD fabrication.

5 Conclusion

We reported a systematic study of permittivity and loss performance of 6 polymers
using THz time domain spectroscopy system. Particularly, dielectric permittivity and
loss tangent of SU-8, SUEX, polyimide, polystyrene, SLA resin, and Parylene in
100-GHz- 2-THz range was presented. For a consistent study, an analytical multi-
layered transmission model was fitted to the measured data using iterative non-linear
least square method. Among the characterized polymers, polystyrene is preferable as
having the lowest dielectric constant and loss tangent. In addition, SU-8 and SUEX
have close permittivity results as having similar formulations [54] and both materials
are ideal structural components with high resolution microfabrication. Polyimide has
higher dielectric constant compared to other polymers, but may find applications as
a low-loss flexible substrate and as a structural material in high-frequency devices.
SLA resin has the highest material losses, while being the most practical material for
rapid prototyping. Finally, Parylene-N has the best loss performance after polystyrene
and it can be utilized as the lens coating material or high-quality thin film substrates
for THz applications. In short, those polymers are the strong candidates of future
mmW and THz devices due to their preferable loss performance and microfabrica-
tion capabilities advantages, and here, we documented a systematic and comparative
study of their electrical properties to help foster their utility.
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