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ABSTRACT

In the next generation wireless communication systems operating at near terahertz frequencies, dielectric substrates with the
lowest possible permittivity and loss factor are becoming essential. In this work, highly porous (98.9% + 0.1%) and lightweight
silica foams (0.025 + 0.005 g/cm®), that have extremely low relative permittivity (& = 1.018 + 0.003 at 300 GHz) and corresponding
loss factor (tan 6 < 3 x 10~* at 300 GHz) are synthetized by a template-assisted sol-gel method. After dip-coating the slabs of foams with
a thin film of cellulose nanofibers, sufficiently smooth surfaces are obtained, on which it is convenient to deposit electrically
conductive planar thin films of metals important for applications in electronics and telecommunication devices. Here, micropatterns
of Ag thin films are sputtered on the substrates through a shadow mask to demonstrate double split-ring resonator metamaterial
structures as radio frequency filters operating in the sub-THz band.
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1 Introduction

In a fully data-centric world populated with telecommunication
devices of autonomous vehicles, sensors, robots and cloud
resources connected, networks need to transfer greater amount
of data than that the currently used 4G and 5G systems are
capable of handling. To meet the requirements, such as
extraordinary level of data reliability, low latency, low power
consumption and massive capacity, devices of the next
generation 5G and 6G wireless communication technologies
are expected to use millimeter wave bands (30-300 GHz) [1-6].
These high frequencies imply extreme device densities with
small size and immunity for interference, thus urging the
development new materials with unique properties and structures
with unorthodox design [7, 8].

In radio frequency (RF) devices, dielectric materials are
used as substrates of filters, resonators and antennas. Signal
distortion, noise and power consumption are determined by
wave propagation delay and attenuation, that among others,
depend on the relative permittivity (e:) and loss factor (tan §),
and thus minimizing those is one of the keys for enabling
or improving device performance [9-13]. For wireless com-
munication technologies, several dielectric materials, such as
polymers, ceramics and their composites have been applied.
Polymers can offer relatively low & but usually have high tan 6.

On the contrary, ceramics have intrinsically higher & and in
that case, very moderate tan & [9, 13, 14]. Applying porous
dielectrics, both & and tan § can be reduced (although with
the expense of mechanical strength and thermal conductivity,
which may limit their use in some applications) [15]. Using
effective medium approximations, the apparent permittivity
of heterogeneous (multiphase) materials can be estimated
considering the microstructure as well as the volume fraction
and the dielectric permittivity of the phases [16].

Several mature technologies exist for producing porous
dielectric materials, that have been widely exploited in chemistry
[17-19], biomedical [20, 21], sensor [22, 23], environmental
[24, 25] and optical [26] applications for decades. For micro-
and millimeter wave RF applications, porous materials have
not been explored in detail, although the interest in dielectrics
with low permittivity and loss is gradually being addressed in
recent studies. Porous films of polyimide (& = 1.7 at 18 GHz)
were made by controlled evaporation of N-methylpyrrolidone
solvent from polymer solutions [27]. Methylsiloxane synthesized
by a sol-gel route from methyltrimethoxysilane in methanol also
resulted in a porous product (e = 1.4-1.6 at 60 GHz) [28].
Porous poly(methyl methacrylate) was shown to form (& = 3.6
at 1 kHz) in a solid-state foaming process using high pressure
CO:; dissolution and low pressure release [29]. Incomplete but
well-controlled sintering of microscopic or nanoparticles of
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ceramics could also result in porous structures. For instance,
microparticles of SisNj sintered with a gel binder in the presence
of dispersed polystyrene spheres form a solid three-dimensional
(3D) network with voids (& = 2.3-4.3, tan § = 1.2x107-1.5x107
at 15 GHz) [30]. In a similar fashion but without using sacrificial
polystyrene template, porous boron nitride/silicon oxynitride
was demonstrated (& = 3.83 and tan § = 0.008 at 21-38 GHz
frequency band) by sintering their sub-micrometer size particles
without densification in the presence of LiO glass forming
aid [31].

Among dielectrics, silica is one of the most convenient
material for high frequency applications due to its thermal and
chemical stability, mechanical strength, low cost, moderate
permittivity and very low loss factor, which suggest its use in
porous structures to obtain dielectrics with ultimate properties
[10]. As demonstrated in earlier studies, porous structures of
silica can be obtained by a large variety of sol-gel methods based
on alkyl silane precursor chemistries using supercritical [32]
and freeze drying [33] as well as by template-assisted synthesis on
colloidal polystyrene polymers [34, 35] and surfactants [36].
Furthermore, very lately, we have shown that sol-gel silica
nanoshells synthesized on polystyrene nanobead sacrificial
templates may be assembled into highly porous 3D networks
with the help of cellulose nanofibers resulting in composites
with very low dielectric permittivity and loss (& = 1.19 £ 0.01
and tan § = 0.011 + 0.001 at 300 GHz) [37].

In this work, we present a novel highly porous silica foam
structure with extremely low dielectric permittivity and loss factor
being close to that of air. The silica foams were synthesized on
sacrificial 3D carbon foam templates using sol-gel chemistry.
The surface of the silica foams is reinforced with cellulose
nanofiber thin films to create a smooth coating suitable for post
metallization. The feasibility of the as-obtained materials for
high frequency RF applications are demonstrated by sputtering
Ag micropatterns of double split ring resonator (DSRR) arrays
operating as planar frequency band filters at 300 GHz.

2 Experimental

2.1 Materials

Melamine foam (BASF Basotect® W), ethanol (EtOH, 99.5 wt.%,
Altia), ammonium hydroxide solution (NH.OH, 25 wt.%,
Sigma-Aldrich) and tetraethyl orthosilicate (TEOS, = 99%,
Sigma-Aldrich) were used as received. Cellulose nanofibers
were synthesized as described earlier [37].

2.2 Porous silica foam synthesis

First, the carbon foam was prepared by a pyrolysis of
melamine foam in a 4” quartz tube furnace under N flow
(150 mL/min). The furnace was heated to 300 °C at a rate of
15 °C/min, then to 800 °C at a rate of 2 °C/min, and kept there
for 60 min [38-40]. Next, a thin silica shell was synthesized on
the carbon skeleton by base catalyzed sol-gel polycondensation of
TEOS. The carbon foams were cut to a size of about 15 mm x
15 mm x 3 mm and placed in a mixture of 26 mL EtOH and
3 mL of NH4OH. After 5 min, 2 mL TEOS was added, and the
carbon foam was kept in the reaction mixture for 2 h at 23 °C.
The silica coated foam products were washed with EtOH
and dried for 2 h in an oven at 50 °C. To make sure silica is
completely coating the carbon skeleton, the sol-gel process
was repeated two times, after which the samples were
annealed in a tube furnace at 800 °C in air for 2 h to burn
off the carbon skeleton and simultaneously to calcine the
silica gel.
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2.3 Cellulose nanofiber coated silica foam

To provide a smooth envelope of the silica foam, the foams
were immersed into cellulose nanofiber (0.1 wt.%) suspension
and removed at once, the foams were then placed between two
release foils and aluminum plates to preserve the straightness
of the sides during the drying, then put in box furnace, heated
to 105 °C and left there for 2 h.

2.4 Planar filter structures

Arrays of planar double split-ring resonators were designed by
CST Studio Suite electromagnetic simulation software and the
patterns were sputtered (Ag, 500 nm, deposition conditions:
95 W, 2.9 A/s deposition rate, Ar atmosphere, p = 2.4 mTorr)
on the cellulose coated silica foam through a laser-cut shadow
mask. The layout of the structure is shown in Fig. S1 in the
Electronic Supplementary Material (ESM). A sample cross-
section analyzed by FESEM show that most of the sputtered
Ag is located on the surface of the nanocellulose coating but
EDX analysis reveals that Ag has also penetrated into the
porous nanocellulose film (Fig. S2 in the ESM).

2.5 Characterization

The micro and crystal structures of the synthesized materials
was assessed by field emission scanning electron microscopy
(FESEM, Zeiss Ultra Plus), Raman spectroscopy (Horiba
Jobin-Yvon LabRAM HR800) and X-ray diffraction (Bruker
D8 Discover XRD), respectively. The 3D structure of the samples
was obtained via X-ray micro-computed tomography analysis
(X-ray Nanotomograph, Bruker SkyScan 2211, Bruker, Belgium).
The whole structure of the sample was scanned using 11 Mp
CCD detector by applying source voltage of 80 kV and current
of 450 pA with an exposure time of 275 ms (in microfocus
mode). The sample was scanned in 180° by employing a rotation
step of 0.15° and voxel size of 4.5 pm x 4.5 um x 4.5 uym. To
obtain higher resolution images a smaller part of the sample
was also analyzed using the same detector and parameters
except for the rotation step size and the voxel size, which
were 0.1° and 1.5 um x 1.5 pm x 1.5 pm, respectively. NRecon
reconstruction software (Skyscan, Bruker, Belgium) was used
to reconstruct the projected images, CTVox and CTAn softwares
(Skyscan, Bruker, Belgium) were applied for visualizing the
3D-rendered objects and to carry out the 3D object analysis.

The dielectric properties of composite foams and filter
evaluation were determined from terahertz transmission
spectroscopy measurements (Terapulse 4000, 0.1-2 THz)
applying a rectangular metal aperture of 5.0 nm x 5.0 mm size
in the path of the incident laser beam. The measured transmitted
amplitude values were compared to air as reference, and the real
and imaginary parts of dielectric permittivity and loss factor
were calculated from the Fourier-transformed amplitude. In
the comparison as a reference of filter measurements, simulated
results were added.

The density and porosity of the foams were calculated
from the dimensions and weight measurements. The effective
permittivity (emc) values were calculated by the Maxwell
Garnett mixing formula

& + ! +32f (& — &)
EmG = &n 1—f (1)
&, + (& — &)

where & and & denote the relative permittivity of host medium
and inclusions, respectively; and fis the volume filling factor [47].
The volume of the components in the samples were calculated
from wt.% and densities of those, from which volume filling
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factors were evaluated. First the effective permittivity of solid
phase was calculated from the equation (where & = 4.3 and
& = 3.0 correspond to dielectric permittivity of bulk silica and
cellulose). The value evaluated in this way served as & and
permittivity of air as en in the solid-gaseous system.

3 Results and discussion

Highly porous silica foam was obtained by sol-gel synthesis
on sacrificial carbon foam template, prepared by pyrolization
of melamine foam. During the carbonization, melamine foam
shrank about 10% in volume and changed its color from pale gray
to black (Fig. 1). The resulting carbon foam remained elastic
and kept the original skeletal structure. After the carbonization
process, a thin continuous silica shell was deposited on the
skeleton by a base catalyzed sol-gel polymerization of the silica
precursor. Light weight silica foams (p = 0.026 + 0.001 g/cm’
and porosity of 98.9% + 0.1% according to gravimetric analysis)
having interconnected hollow skeletal nanotubes in their
structure were obtained by annealing the gel coated carbon
foam at 800 °C in air for 2 h, which resulted in a simultaneous
burning off of the carbonaceous core and calcination of the
silica gel. In the course of the calcination process, the volume
of the silica foam became about 35% smaller in reference to the
gel coated carbon foam.

The pore structures of the silica foam and the nanocellulose

Pyrolization
at 800 °Cin N2

Carbon foam

Template-assisted
silica-synthesis

Silica coated
carbon foam

Template removal
at 800 °Cin air
for2 h

Silica foam

Dip into cellulose
nanofiber dispersion
and drying

Silica-cellulose

nanocomposite 7”
(e) -
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film envelopes are clearly visible in constructed 3D models
obtained by high resolution computed tomography (u-CT) in
Fig. 2. Calculations based on the p-CT data give porosity being
higher than 90%. It is important to mention that this value is
underestimated, since pores below 4.5 pm’ (e.g. the cavities in
the silica skeleton at the places of the sacrificial carbon skeleton
template, what was burned off) are undetectable with this
technique and measurement parameters.

The presence of silica product and the complete removal of
the carbonaceous template is confirmed by Raman spectroscopy
(Fig. 3(a)). Peaks associated with silica are visible at 228 cm™
(Si-O-Si bending and torsional/twisting modes), 415 cm™
(O-Si-O bending) as well as at 785 and 1,076 cm™ (stretching
vibration of Si-O) [41, 42], whereas no signatures of carbon
are found in the spectrum (missing the D and G bands of
carbon at 1,350 and 1,590 cm™, respectively). X-ray diffraction
analysis of the product shows a strong reflection at around
21.6° and three weaker ones at 28.2°, 31.0° and 35.8° 26
angles indicating that the silica shell is crystalline (SiO,
cristobalite phase) and have a volume averaged crystal diameter
of ~ 11.5 + 1.0 nm as calculated from the broadening of the
peaks (Fig. 3(b)) [43, 44].

Since the pores in the silica foam are having too large size
(diameter of ~ 30 um) to deposit micropatterns of any planar
metal thin films on the surface, the silica foams were coated
with a thin envelope film of cellulose nanofibers. This was

Figure 1 Sequence of cellulose nanofiber coated silica foam synthesis showing each intermediate material in camera, computer generated and SEM
images of lower and higher magnification. (a) Melamine foam, which is pyrolyzed to obtain (b) sacrificial carbon foam template. (c) Silica coated carbon
foam made by template-assisted sol-gel synthesis. (d) Silica foam with hollow wires in its skeleton obtained by burning off the sacrificial carbon template.
(e) Cellulose nanofiber coated silica foam used as substrate material having ultra-low dielectric permittivity and loss tangent in this work. Note: the lower
magnification SEM image shows a manually scratched part of the cellulose coating to revealing the silica foam beneath.
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Cellulose nanofiber film coating

(b) 230 pm

Figure 2 Computed tomography images of (a) cellulose nanofiber coated silica foam. On the surface of the sample (in the top view image) the periodic array
structure of double split-ring-resonators (DSRRs) sputtered on the surface is visible. (b) High resolution scans of the nanofiber film and the silica foam.
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of cristobalite.

achieved by immersing the silica foam samples into a cellulose
nanofiber suspension from which the nanofibers sediment
and clog the voids on the surface forming a thin continuous
film, which after drying, is suitable for post metallization. The
density of the obtained silica-cellulose composite is p = 0.025 +
0.005 g/cm’, calculated from dimension and mass measurements
with a corresponding composition of 78.8 wt.% =+ 3.7 wt.% silica
and 21.2 wt.% * 3.7 wt.% cellulose.

The silica foams are fragile and relatively soft. Mechanical
measurements show very small Young modulus (~ 20 kPa)
below 10% strain, which is somewhat higher (~ 400 kPa) upon
larger deformations (Fig. S3(a) in the ESM). Since substrate type
materials require reasonable mechanical strength in practical
devices, here we apply a 3D printed plastic frame in which the
slabs can be enclosed. Such framed slabs can withstand large
load forces, thus providing protection for the functional com-
ponent making the structure practical for further integration
into any application (Fig. S3(b) in the ESM).

The thermal conductivity of the foams is extremely low
(estimated to be below 2 x 10 W-m™.K™!), which means that
any absorbed electromagnetic power can be dissipated only
through convection and radiation. However, considering that
the typical absorbed power levels e.g. in filter applications
(that we are demonstrating in this work) are not higher than
0.1 mW for devices with size similar to ours, the calculated
temperature rise in the component is insignificant, only ~ 0.4 °C
(for the calculation, see the ESM). This means that the low
thermal conductivity of such foams is not limiting their
applications in RF filters.

The dielectric permittivity of the foams measured up to 2 THz
is extremely low (& = 1.018 + 0.003 at 300 GHz, and similar in
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(a) Raman spectrum and assigned vibration modes of silica. (b) XRD pattern of the synthesized silica foam with the corresponding reflections

the entire frequency window), nearly close to that of air. The
value of deduced loss factor is also extremely low, practically
within the error of the measurement (tan § < 3 x 10 at 300 GHz).
These results are plausible considering the very high porosity
of the samples. According to the Maxwell-Garnett effective
medium approximation model, the relative dielectric permittivity
calculated from the permittivity values and filling factors of
the components of the composite is & = 1.016, which is in great
agreement with the experimental data (Fig. 4). (Measurements
carried out at mm-wave frequencies from 4 to 20 GHz are
very similar to those we obtained above 100 GHz showing
the relative permittivity is scattering around ~ 1.02 with a
corresponding loss tangent of ~0.002 as displayed in Fig. S4
in the ESM).

Frequency filters are used in mobile telecommunication
systems to reduce interference of adjacent bands and to avoid
out-of-band spurious signals of transceivers, thus ensuring
optimum radio performance. Meta-surface band pass filters
are physically located in the close proximity of the transceiver,
where the signal is propagating in the free space. Accordingly,
substrates with ultimately low & and tan § are required and the
pattern definition of the conductive metamaterial structures
shall be of high quality to ensure low insertion loss, low ripple,
and high stop-band attenuation in the filter. As the highly
porous nanocellulose coated silica foams we developed suggest
ideal dielectric properties for substrates of metamaterial
surface structure based planar filter, we designed periodic
arrays of double split-ring-resonators (DSRRs) composed of
two concentric metallic rings with opposite splits (Fig. S1 in
the ESM). The DSRR element is coupled to a magnetic field
component of the propagating wave oscillating in the axial
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Figure 4 (a) Loss factor and (b) relative dielectric permittivity of silica-cellulose nanocomposite films measured from 100 GHz to 2 THz (curves are
smoothened by adjacent-averaging using 10 points of window). (c) Experimental value of dielectric permittivity of porous silica-cellulose nanocomposite
(at THz region) and calculated relative permittivity values for different porosities using the Maxwell-Garnett approximation.

direction and establishing a current flow that induces a
magnetic dipole parallel or antiparallel to the magnetic field
[45, 46].

Periodic arrays of DSRRs may be produced with good
repeatability and throughput on the porous surfaces by
sputtering Ag through a shadow mask according to optical
microscopy analysis (Fig. 5(a) and Fig. S5 in the ESM). Because
of the good accuracy of the line width definition (+10% within
the actual patterns, and +5% between filter samples) the
transmittance spectra of several DSRR filter structures measured
at 100-500 GHz (Figs. 5(b) and 5(c) and Fig. S5 in the ESM)
are nearly identical and the measured pass band at 240-300
GHz with a transmittance of 90% show very good match with
the corresponding simulation data (240-310 GHz and 95%). It
is worth mentioning that the variations of permittivity values
of the substrates used are expected to cause only very minor
changes (1%) in the transmittance response according to our
simulations. Furthermore, the transmittance spectra of the
filters measured at a sample position rotated with 90 degree
compared to the first set of measurements show a narrowed
pass band and 270-300 GHz and broadened stop band at lower
frequencies (210-260 GHz). The difference of the transmission
spectra between the original and 90° rotated positions is
plausible considering the symmetry of the DSRR structures,
and such characteristics could actually be beneficial in radio
systems utilizing polarized waves.

4 Conclusions

In conclusion, lightweight, porous silica foam slabs were
synthesized by sol-gel synthesis on sacrificial templates of

carbon foams. The highly porous silica foams were coated
with a thin film of cellulose nanofibers to make the surface
smooth thus suitable for post metallization and feasible to use as
substrate materials. Owing to their very high porosity (98.9% +
0.1%) the dielectric permittivity and loss factor of the cellulose
nanofiber coated silica foams measured up to 2.0 THz were
found extremely low (&: = 1.018 + 0.003 and tan 6 < 3 x 10~ at
300 GHz, and similar in the entire spectrum) practically very
close to those of air. The structures could be used as substrates
for sputtering micropatterns of dual split-ring resonator arrays
operating as band pass filters at the sub-THz frequency band
of future 6G telecommunication systems.
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