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The development of radiation-absorbent materials and devices for millimeter and submillimeter astronomy
instruments is a research area of significant interest that has substantial engineering challenges. Alongside a low-
profile structure and ultra-wideband performance in a wide range of angles of incidence, advanced absorbers in
cosmic microwave background (CMB) instruments are aimed at reducing optical systematics, notably instru-
ment polarization, far beyond previously achievable specifications. This paper presents a metamaterial-inspired
flat conformable absorber design operating in a wide frequency range of 80-400 GHz. The structure comprises a
combination of subwavelength metal-mesh capacitive and inductive grids and dielectric layers, using the magnetic
mirror concept for a large bandwidth. The overall stack thickness is a quarter of the longest operating wavelength
and is close to the theoretical limit stipulated by Rozanov’s criterion. The test device is designed to operate ata 22.5°
incidence. The iterative numerical-experimental design procedure of the new metamaterial absorber is discussed
in detail, as well as the practical challenges of its manufacture. A well-established mesh-filter fabrication process
has been successfully employed for prototype fabrication, which ensures cryogenic operation of the hot-pressed
quasi-optical devices. The final prototype, extensively tested in quasi-optical testbeds using a Fourier transform
spectrometer and a vector network analyzer, demonstrated performance closely matching the finite-element analy-
sis simulations; that is, greater than 99% absorbance for both polarizations, with only a 0.2% difference, across the
frequency band of 80-400 GHz. The angular stability for up to £10° has been confirmed by simulations. To the
best of our knowledge, this is the first successful implementation of a low-profile, ultra-wideband metamaterial
absorber for this frequency range and operating conditions.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

The rapid development of millimeter-wave astronomy instru-
mentation is partly driven by the scientific opportunity provided
by cosmic microwave background (CMB) observations. In par-
ticular, ongoing CMB polarization measurements demand

These include instrument polarization effects, notably those
associated with the rotating half-wave plate, beam fidelity, and
wavefront impairments caused by stray light channeled by
spurious reflections along the optical chain. In relation to stray
light, there is an ongoing effort to design new absorber material

unprecedented instrument sensitivity and bandwidth. Proposed for the optical cavities of the LiteBIRD telescopes [1], which

millimeter-wave astronomy telescopes feature large multichroic
detector arrays operated at sub-Kelvin temperatures. High
polarization sensitivity can be achieved with the aid of a rotating
half-wave plate. The corresponding cold optics are designed for
a maximum optical throughput, a wide field of view, and multi-
ple frequency bands. As the cold detector sensitivity approaches
theoretical limits and atmospheric systematics become less of an
issue for space-borne instruments, low-level instrument system-
atics have emerged as a crucial requirement for CMB telescopes.
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will be deployed in space at the end of the 2020s to carry out
an ambitious mission to detect primordial gravitational waves
through observations of the CMB B-mode pattern.
Millimeter-wave and infrared absorbers are routinely used in
CMB instrument design [2] to prevent reflection from the walls
and surfaces of the cryostat, pupils, and baffles, as well as other
structural elements along the optical path, thus terminating the
stray light at the higher temperatures before it reaches the focal
plane. Absorbers are designed to meet a range of interrelated,
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and often conflicting, optical, structural, and thermal require-
ments, including low reflectivity, wide bandwidth, angular and
polarization independence, small thickness, high mechanical
strength, high thermal conductivity at cryogenic temperatures,
practical conformability, low weight, and low cost.

Conventional millimeter-wave telescope absorbers include
open foam materials loaded with carbon or stainless-steel par-
ticles [3]. Tessellated terahertz radiation absorptive material
(RAM), developed by Thomas Keating Ltd. [4], is a carbon-
loaded polypropylene compound manufactured by injection
molding. It features a pyramidal anti-reflection structure on the
exterior face and provides low reflectance in the 50-1000 GHz
frequency range in a wide range of angles of incidence. However,
this material is stiff, thick, and heavy, which makes it inconven-
ient for covering large conformal surfaces inside cylindrical
optical cryostats. A modification of such RAM has been
reported in [2].

Two-component conductively loaded epoxies, such as
thermally conductive epoxy encapsulant Stycast 2850FT by
Henkel Corp. [5], are also commonly used as submillimeter-
wave absorbers in low-temperature applications [6]. A coat of
Stycast2850FT usually exhibits ~15% reflectivity, depending
on the surface roughness. Epoxy coating can be molded to
reduce reflectivity at lower frequencies, but the process becomes
costly. A graphite-loaded epoxy-based molded pyramidal
absorber, constituting a cryogenic thermal source and demon-
strating <0.1% reflectance in 75-330 GHz spectral range,
was reported in [7], alongside an accurate design model based
on geometrical optics analysis. Considerable effort has been
dedicated to adopting additive manufacturing techniques
for millimeter-wave RAM structures, including 3D printed
pyramidal absorber molds [8], and Hilbert curve impedance-
matched structures [9]. Pyramidal tapers of various shapes
represent the mainstream technology of broadband absorbers in
microwave through infrared optical ranges [10,11].

Conventional open-foam and epoxy based broadband
millimeter-wave RAM suffer from drawbacks such as high vol-
ume, weight, and low conformability, which affect the thermal
budget of the cryogenic optical tubes and complicates absorber
installation. An alternative electromagnetic absorber design
approach is based on the use of thin multilayered engineered
surfaces, conventionally referred to as planar metamaterials
or metasurfaces. The use of the patterned conductive and
resistive surfaces with controlled surface impedance, as well
as a judicious choice of the dielectric interfaces enables robust
and cost-effective solutions for millimeter-wave absorbers, as
detailed in the following section.

This paper has a total of seven sections. In Section 2, a review
of the planar electromagnetic absorbers is carried out, while
the working principle of the new design is detailed in Section 3.
Section 4 presents the device’s modeling and its initial design.
Preliminary fabrication and measurements of the absorber
breadboards, aimed to evaluate the actual parameters of the
materials and processes, are reported in Section 5. The refined
recipe is used to fabricate the final device, and the respective
results of its experimental characterization are presented in
Section 6. The final conclusions are drawn in Section 7.
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2. ABSORBING METASURFACES AT
MICROWAVE- AND MILLIMETER-WAVE
FREQUENCIES

A classic example of the absorbing surface design is the Salisbury
screen, [12], described in detail in Section 3, where a resistive
sheet is placed at a quarter-wavelength distance from a metallic
reflector. Thinner structures can be realized using a high-
impedance ground plane (HIGP) instead of a metallic reflector
[13,14]. Another version of the device, the Dallenbach absorber,
comprises a grounded quarter-wave slab of a lossy dielectric
material [15]. Dielectric thickness specified in terms of the
wavelength is a major cause of the narrowband performance
of the conventional Salisbury and Dallenbach absorbers. The
Jaumann absorber [13], which has multiple alternating layers
of resistive sheets and low-density spacers, and the multilayer
Dallenbach structures allow a significant bandwidth increase
at the expense of an increased volume. Some hybrid broadband
structures that combine the features of the 3D and planar mul-
tilayer absorbers have also been reported in microwave [16] and
optical [17] frequency bands. HIGP-based structures appear to
be inherently broadband.

Using patterned resistive grids instead of uniform sheets
offers additional geometrical degrees of freedom in the design
of thin broadband electromagnetic absorbers, [13,18]. Planar
frequency selective surfaces (FSSs) with engineered surface
impedance provide an effective way to reduce the thickness
of absorbers. The respective design concept is known as the
circuit-analog absorber (CAA) [19]. The resonant FSS layers
could be either resistive or conductive stacked with uniform
resistive sheets. Multi-octave bandwidth enhancement can be
achieved in one of three ways: with a single-layer FSS with a
double-periodic array of multiresonant dipoles or nested res-
onators [20], by stacking vertically single-resonant FSS sheets
[21], or by combining both approaches [22]. However, the
design of wideband resonant FSS absorbers has proven to be
very involved, particularly with respect to the choice of the
resonant elements and harmonic frequencies. Such absorbers
also are inherently limited to a narrow angular range because
of their polarization-dependent response at oblique incidence.
Implementing intricate broadband FSS absorber designs in the
terahertz range is technologically very challenging.

Using metasurfaces made of capacitive grids of subwave-
length square patches, emulating a low-pass filter response,
makes it possible to overcome the limitations of the resonant
ESS structures in terms of the bandwidth and angle of incidence.
The CAA design paradigm still applies. It has been theoreti-
cally shown that a capacitive CAA device, designed using four
freestanding capacitive grids of resistive patches, could exhibit
220 dB absorption within a ~10 : 1 frequency range at normal
incidence [19]. A large bandwidth with good angular coverage
was demonstrated with a structure that has two lossy capacitive
grids, a uniform resistive sheet, and five dielectric layers with low
and high refractive indexes. The simulated structure exhibited
220 dB absorption over a 7.5:1 bandwidth for up to a 45° angle
of incidence for both TE and TM polarizations. Both structures
reported in [19] feature a nearly optimum thickness for the
given bandwidth, according to the Rozanov’s criterion derived
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in [23]; their performance, however, was only verified by simu-
lations. A recent microwave metamaterial absorber structure in
[24], designed with circuit modeling, has three layers of square
resistive patches interspersed with dielectric layers. It demon-
strates an ultra-wideband and wide-angle absorption response
from 4.73 to 39.04 GHz (i.e., 8.25:1 band ratio) in simula-
tions, which was partly confirmed by measurements within a
reduced frequency band. The device thickness appeared to be
a factor of 0.15 of the longest operating wavelength. A great
variety of circuit-model designs of microwave absorbers aimed
at achieving optimum performance in terms of the bandwidth,
thickness, and reflectivity, have been reported in the literature,
predominantly by simulations only. To the best of our knowl-
edge, however, there has been only a rudimentary attempt to
implement such structures from the millimeter wave through
terahertz wave range, not to mention a lack of experimental
demonstrations. It must be noted that such an implementation
does not reduce to a simple scaling of the geometry, because of
the specific behavior of the materials in the millimeter-wave
range under specific operational conditions, as further discussed
below.

The use of exotic metamaterial phenomena arising from
concerted electric and magnetic polarizabilities of subwave-
length scatterers allow even greater freedom in the design of
absorbers in the millimeter through optical range. Although
widely viewed as inherently narrowband and lossy, advanced
dispersion-engineered metamaterial and metasurface structures
feature increasingly broader performance. A 3D honeycomb-
like metamaterial absorber reported in [25] demonstrated a
90% absorption bandwidth from 50 to 460 GHz (1:9.2 band-
width ratio), as well as polarization and angle independence
in a simulation. The concept of Huygens’ metasurfaces, fea-
turing inherent unidirectional scattering, has been employed
to design a perfect metamaterial absorber [26], although at a
single frequency. A conceptual multiband absorber for IR and
optical bands proposed in [27] exploits the interference phe-
nomena in stacked layers of epsilon-near-zero metamaterial and
high-permittivity dielectric. It has been shown that bandwidth
enhancement could be observed in plasmonic metamaterial
absorbers [28].

In our opinion, despite the high volume of research on
dispersion-engineered metamaterial absorbers, such devices
remain relatively narrowband and lossy [29] for relevant dis-
cussion, and less practical from the points of view of design
and manufacture, compared to the FSS and capacitive-grid
absorbers. In addition, most of the research is based solely on
simulations; very few frequency-downscaled prototypes have
ever been manufactured and tested.

This paper presents the theory, design, fabrication, and
experimental characterization of what we believe, to the best of
our knowledge, is a novel millimeter-wave absorber based on
a simple working principle: the use of a broadband magnetic
mirror, rather than a metallic mirror, which can be built with
dielectric layers and just one resistive sheet [30]. The higher the
number of absorber layers, the larger the bandwidth. For the
sake of demonstration, we set our requirement to those we use
for CMB instruments, meaning a reflectivity at —20 dB level
(i.e., 99% absorption) over a large frequency bandwidth (~80
to 440 GHz; i.e., a 5:1 ratio), independence between S and P
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polarizations (perpendicular and orthogonal to the radiation
plane of incidence), and high performance within a wide range
of incidence angles (e.g., 0°-50°). We also aimed to develop a
thin and flexible profile, compatible in terms of materials and
manufacturing processes with the metal-mesh filters [31], flat
lenses [32], and metamaterial half-wave plates [33], that we
have developed in the past. The new absorber comprises four
dielectric layers and one resistive mesh. The refractive indices of
two layers were artificially synthesized by embedding subwave-
length capacitive meshes within polypropylene. The device was
designed using the same formalism we employed to develop an
artificial magnetic conductor [30] based on the mesh filter tech-
nology. The new device, which had never been demonstrated
before, successfully achieved these performance requirements.

3. MESH-ABSORBER SURFACE WORKING
PRINCIPLE

Here, we describe the working principle of the new absorber,
which implies a transition from the conventional means to
absorb radiation using a perfect electric conductor as a back-
short, to the idea to use a perfect magnetic conductor in its
place.

A. Salisbury Screen

The simplest design for an effective absorbing surface is the
Salisbury screen [12,13]. It consists of an absorbing sheet
located at a quarter of the wavelength distance 1¢/4 from
a metallic mirror, as shown in Fig. 1(a). The wavelength X
defines the frequency vy where the absorption is maximum.
The radiation passing through the sheet will be in phase with
that bouncing back from the mirror. This happens because the
latter gains a phase factor 7 in the metal reflection and another
factor 7 for the half-wavelength extra path back and forth, for
a total of 2. The standing wave created has its electric field
maximum exactly where the absorbing sheet is. The surface
impedance of the sheet is equal to the free-space impedance
and provides unitary absorption and minimum reflection at the
central frequency vy = ¢ /A, where ¢ is the speed of light.

These structures can be easily modeled using transmission-
line or propagation-matrix codes. In this work, we have chosen
our central frequency to be vyg =240 GHz. The frequency
dependent absorption and reflection coefficients for a Salisbury
screen are shown in Fig. 2, curves labeled “a.” The averaged
absorption (and reflection) coefficients across a 5:1 bandwidth
around vy (i.e., from 80 GHz to 400 GHz), are, respectively,
A =87.8% and R = —9.1dB. This is obtained by setting the
absorber surface impedance equal to the free space impedance,
Zabs =377 /0.

We note that if the absorbing sheet has a frequency-
independent impedance, the equiphase condition also
will be satisfied at higher frequencies, those for which the
absorber-backshort distance is an odd multiple of their quar-
ter wavelength [i.e., when A¢/4= (2m 4+ 1)A,,/4, where
m=0, 1,...]. The result is a periodic absorption (and
reflection) behavior with maxima (and minima) at harmonic
frequencies v; = 3vy, v, = 5V, and so on.
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Fig.1.  Sketch of different types of absorbers based on an absorbing
film: (a) Salisbury screen (air gap); (b) Salisbury screen on sub-
strate; (c) Salisbury screen on substrate and air gap; (d) realization
of a magnetic mirror absorber; and (e) ideal magnetic mirror-based
absorber.
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Fig. 2.  Absorption and reflection coefficients versus frequency for

the different absorbers: (a)—(d) sketched in Fig. 1.

B. Salisbury Screens on Substrates

The goal of our work is twofold: i) to design a robust absorbing
device supported by dielectric substrates that could be manu-
factured using the mesh-filter technology; and 2) to obtain high
absorption over very large bandwidths.
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The first attempt would be to study an embedded version
of the Salisbury screen. It could be made by replacing the 1o /4
air gap with a quarter-wavelength dielectric layer (/4 7) and
by depositing the absorber on its external surface, as shown in
Fig. 1(b). Thiswould lead to a device much more robust than the
previous one. However, by using polypropylene, for example,
as a substrate (refractive index 7 = 1.5), the optimized design
(with Zps = 273 Q/0) would decrease the average absorption
within the 5:1 band down to 4 =280.9% (R = —7.2dB), as
shown by the curves labeled “b” in Fig. 2. This is because some
additional out-of-phase reflection is now added at the free-space
to dielectric boundary, where the absorber is. Indeed, a mis-
match from a low to high index implies a negative reflection
coefficient.

We can look at a different configuration where the substrate
and the absorbing film are now reversed compared to the incom-
ing radiation direction; i.e., we keep the absorbing film at the
same distance from the metal backshort but we reverse the
position of its substrate, as shown in Fig. 1(c). The optimized
absorption curve (obtained with Z,, =213 ©/0) changes
dramatically and its 5:1 band average boosts up to A = 96.8%
(R =—15.0dB), as shown by the curves labeled “c” in Fig. 2.
This is because some additional in-phase reflection is now added
at the dielectric to free-space boundary (high to low index),
where the absorber is. The effect we are describing is at the roots
of the main idea of this work; i.e., forcing most of the radiation
to be reflected in the phase where the absorbing surface is. This
can be achieved by using a magnetic mirror, as described in the
next section.

We note that the latter configuration, although showing
good performance, would be difficult to manufacture because
it would require a structure that could maintain the air-gap
distance constant over large surfaces. It would be even more
challenging to develop it if the absorbing surface is not meant to

be flat.

C. AMC-Based Absorber

Magnetic mirrors, or artificial magnetic conductors (AMCs),
are surfaces designed to mimic the behavior of the ideal perfect
magnetic conductors (PMCs). These ideal materials reflect
100% of the incident radiation, they provide a null phase shift
and can be modeled as surfaces exhibiting infinite impedance.
This contrasts with normal perfect electric conductors (PECs),
which provide a 7 phase shift and can be modeled with a null
surface impedance.

As we have seen in the previous section, the quarter-
wavelength air or dielectric gap is the main factor affecting
the bandwidth and a natural way to improve absorption is to
have in-phase reflection right at the absorber plane. By defini-
tion, the radiation reflected off a magnetic mirror is in phase
with the incident one and an absorber located right on its surface
should greatly increase its efficiency. This means that the maxi-
mum of the electric fields is no longer localized at a certain Ao /4
distance from the mirror-backshort but is directly on its surface.
This does not impose any geometrical constraint or frequency
dependence to the system. Such an ideal system, sketched in
Fig. 1(e), would absorb radiation at all frequencies; i.e., it would
have an infinite bandwidth.
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There are many ways to design magnetic mirrors (or AMCs).
Here, we base our work on a device developed using the mesh-
filter technology that led to multi-octave bandwidth operation
[30]. The working principle of this magnetic mirror, part of
the device sketched in Fig. 1(d), is based on the null phase shift
obtained in the reflection occurring at a high-to-low index
boundary. The higher the index difference, the higher the reflec-
tion coefficient. For this reason, a graded index section is used
at the device input to drive the radiation adiabatically into a
high index medium. A sudden jump into a lower index medium
provides a high reflection coefficient with a null phase shift over
large bandwidths. A backshort located at a quarter wavelength
in that medium defines the central frequency of operation.

The broadband mesh-absorber presented here is made with
a magnetic mirror similar to the one described above with
an embedded absorber film located at the high-to-low index
interface, as shown in Fig. 1(d).

4. MODELING AND INITIAL DESIGN

The absorber presented in this work is based on the mesh-filter
technology. In this section, we briefly describe this technology
and how we model the device and its initial design. Then, the
details of the absorbing film will be discussed in Section 5.

A. Mesh-Filter Technology

The mesh absorber was manufactured using the processes devel-
oped for mesh-filters [31]. This has been employed not only to
realize filters, used in many astronomical instruments operating
at millimeter and sub-millimeter waves, but also to develop
novel devices such as flat mesh lenses [32] and mesh half-wave
plates [33]. The devices are manufactured by embedding metal
grids within polypropylene layers, and by hot-pressing them
all into a single homogenous polypropylene matrix where the
metal grids remain suspended within it. In this specific appli-
cation, the grids are not designed to interfere, like the devices
mentioned above; instead, they are closed-packed to create the
artificial dielectrics [34] required for the absorber’s graded index
medium.

A sketch of the ideal mesh-absorber made with homogeneous
materials and its actual realization employing mesh-filter tech-
nology are shown, respectively, in Figs. 3(a) and 3(b). The
ideal device requires four quarter-wavelength layers: the first
three with increasing refractive indices (n; = 1.25, n, = 1.77,
and 73 = 2.93) and the last one with a low intermediate index
(n4 = 1.48). The absorbing film, with an optimized surface
impedance Z,, =103 Q2/0, is located between the third
and the fourth layers. The metal backshort is at the end of the
stack. The absorption curve is now very close to 1 across the
5:1 bandwidth around vy, as shown by the curves labeled “d”
in Fig. 2, and its average value is boosted up to A =99.5%
(R=—23dB).

The materials generally employed to build mesh-devices are:
i) porous polytetrafluoroethylene (PTFE) (npprre = 1.25),
used as anti-reflection (AR) coating; and ii) polypropylene
(mpp = 1.48), used as the substrate supporting the embed-
ded metal grids. These two materials can be used respectively
for the first and the fourth layer of the mesh-absorber, so that
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Fig.3. (a) Sketch of the magnetic mirror absorber made with homo-
geneous materials and (b) sketch of the mesh-absorber realization using
copper grids and the bismuth layer embedded into polypropylene.

n1 = npprre and ng = npp. However, the indices 7, and #3
can be artificially synthesized by embedding close-packed cop-
per grids into polypropylene, following a method described
elsewhere [34]. The two quarter-wavelength sections will
require pairs of embedded capacitive grids; i.e., periodic square
patches, with different filling factors. The capacitive grids
have a period of ¢ =100 um and this size allows the artificial
media to be “seen” by the radiation as homogeneous dielectrics,
with indices very close to #; and 73, across a large bandwidth
(0-500 GHz) [30].

The material used for the absorbing film is bismuth. The film
will be required to have a specific pattern and surface imped-
ance, which will be discussed in detail in Section 5. The metal
backshortis realized with a 400 nm copper deposition.

The final device, apart from the AR coating layer, is com-
pletely made with polypropylene with the four capacitive
grids, the absorber, and the backshort either embedded or
deposited on it, as shown in Fig. 3(b). The total thickness of the
device is ~750 pum, which is equivalent to ~0.6 » and ~0.2 A,
respectively, at the central and lowest operational frequencies.

B. Finite-Element Modeling

As mentioned in Section 3, the performance of the devices
sketched in Fig. 1 have been computed using a propagation
matrix code. In this case, the absorbing films were modeled as
shunt admittances, the various layers as homogenous media,
and the radiation assumed to be at normal incidence. The actual
mesh-absorber device is made with homogeneous layers, but
also with metamaterials that can be accurately simulated using
finite-element analysis (FEA). We used Ansys HFSS commercial
software [35] for our preliminary modeling, detailed design, and
parameter retrieval of the final manufactured device.

The HESS models consist of unit cells with periodic bound-
aries that mimic infinite arrays, as shown in Fig. 4. The
boundaries are of the “master & slave” type to allow the sim-
ulation of radiation at any angle of incidence and for both types
of polarizations (S or P). The porous PTFE and the polypropyl-
ene substrates are modeled as homogenous dielectric materials
(the latter with a frequency dependent loss tangent), and the
metal grids as thin copper patches with finite conductivity. The
absorbers are modeled in two different ways: a) as homogeneous
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Fig. 4. Mesh-absorber HFSS models: (a) Homogeneous absorbing
surface and (b) patterned (inductive) absorbing surface.

surfaces with associated impedance; and b) as patterned surfaces
with associated surface impedance. The reason for using these
two types of models will be clarified later.

In designing an absorbing device, in addition to low reflec-
tivity and large bandwidth, there could also be requirements
in terms of incidence angles. Depending on the application,
the device might be required to work off-axis, or to maintain a
high performance over a wide range of angles. In these cases, we
expect the absorption to vary because the radiation will travel
different path lengths through the absorber’s layers. However,
the absorber can be designed to have maximum performance at
aspecific angle 6, and this could correspond to the average angle
within the range above. In our case, to prove the device’s work-
ing principle we have chosen 6 = 22.5 deg, which corresponds
to the reflection angle of our testing setups (see Section 6). We
note that working off-axis implies the distinction between S and
P polarizations, which means the absorber must be efficient in
both configurations.

The initial design was simulated using a model of the type
shown in Fig. 4(a); i.e., with a homogeneous absorbing surface
between the third and the fourth layers. The surface impedance
was varied in the range 95 — 115 € /0, the incidence angle was
set to 8 = 22.5 deg, and both S and P polarization absorption
coefficients were evaluated. The results of these simulations are
shown in Figs. 5 and 6 for the S and P polarizations, respectively.
The best averaged off-axis absorptions across the 5:1 bandwidth
(80—-400 GHz) were achieved by choosing these surface imped-
ance values for the S and P polarizations: Zyps 225 s = 105 /00
and Zyps 225 p = 100 /0. The average of these values is close
to the one obtained in the on-axis case; i.e., Zps o = 103 /0.
By choosing the latter as an off-axis trade-off value, the averaged
absorption appears to be almost polarization independent, at
—21.6 dB level for both S and P polarizations. We note that the
off-axis operation slightly shifts the operating band to higher
frequencies, as shown in Figs. 5 and 6.

5. MANUFACTURE AND DESIGN FINE-TUNING

The manufacture of the mesh-absorber followed different steps:
a) manufacture and tests of the graded index section (Part 1); b)
research and development (R&D) on uniform resistive films;
¢) R&D on patterned resistive films; d) heat bonding test with
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a dummy absorber device; and e) manufacture of the backshort
and the final assembly.

A. Part 1: Graded Index

The graded index part of the absorber (Part 1 in Fig. 3), was the
first to be manufactured using standard mesh-filter processes. It
consisted of three quarter-wavelength layers: The first was made
with pPTFE (1), and the second and the third were made with
polypropylene embedded capacitive meshes designed with their
geometry and spacing to achieve the effective refractive indices
of 7, and 73. The measured thickness of the assembly was close
to the nominal value within the measurement error (~2 pm).
Transmission measurements were performed on-axis using
the FTS to check the performance of this part of the absorber,
as shown in Fig. 7. A finite-element model of Part 1 was built to
compare its predictions with the measured data. The shape of
the transmission curve of Part 1 is not relevant, but is useful to
extract more accurate values of the various parameters. The mea-
sured data, up to 600 GHz, goes beyond the frequency range of
the device. The transmission peak around 480 GHz is used to fit
the data with higher accuracy. A four-parameter optimization
of the finite-element model was run across a discrete number
of frequency points to fit the measured data. The parameters
were the pPTFE and polypropylene refractive indices and the



Research Article

—Measurements |
—Model fit

S
f

Transmission
S o ° ©°
) () W

o

0 ‘

50 100 150 200 250 300 350 400 450 500 550 600
v [GHz]
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fit model obtained by varying the pPTFE and PP refractive indices and

the grid geometries.

a /g parameters of the two pairs of capacitive grids, as shown in
Fig. 4. The overall thickness of Part 1 was set to the nominal one
and the grid period (¢ = 100 wm) was not varied. The copper
conductivity was assumed to have the standard value we use for
these grids: oc, =4 x 107 S/m. The fit procedure led to the fol-
lowing values: 7 prrg = 1.23, 7pp = 1.48, (2 /g)1 = 0.186,and
(a/g), =0.045. The refractive indices fall into the expected
ranges of variability related to the bonding processes. The
slightly higher fitted values of /g, compared to the design
values, imply overetching of the capacitive grids: The sides of the
square patches ended up smaller by ~1 pm in both pairs. The
values of all the above parameters, either measured or estimated,
will be used from now on to model this part of the device and to
optimize other parts, as discussed in the following sections.

B. Homogeneous Absorbing Films

One way to realize a resistive sheet is to evaporate a thin film
of metal on a polymer substrate. If the film thickness is well
below the skin depth 8 at all the frequencies of operation, the
radiation going through the film will interact with the resistive
layer and some of its power will be dissipated across it. For a
given resistivity p and thickness 7, the film surface impedance
equals Zg = p/t. If t « 3, then the surface impedance can be
considered constant with frequency.

In the case of an ideal freestanding resistive film, the transmis-
sion, absorption and reflection coefficients as a function of the
surface impedance can be easily computed using a transmission
line circuit. From these curves, reported in Fig. 8, we note that
by measuring the transmission coefficient of an absorbing film,
we can immediately infer its surface impedance.

One of the outcomes of the preliminary design is that the
absorbing film of our device must have a surface impedance on
the order of Zg ~ 103 Q/[0. Materials such as copper or gold
cannot be used, because their high electrical conductivity would
imply film thicknesses less than 1 nm. What is required is a metal
with much lower conductivity (at least two orders of magnitudes
below) that could also be evaporated on a polymer substrate and
processed using the mesh-filter techniques. The conductivity of
a thin film of evaporated bismuth depends on its thickness and
varies typically in the range op; ~ (0.35 + 1.92) x 10° S/m
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Fig.9. Transmission measurements of the bismuth film samples.

for thicknesses # = 14 <+ 220 nm [36]. Using these values as a
starting point, the targeted Zs ~ 103 € /0 could be achieved
with a bismuth film roughly 70 nm thick.

Before processing a specific absorbing film, some bismuth
evaporation tests needed to be done on the polymer substrates
normally used in mesh devices: Mylar and polypropylene. The
bismuth deposition was processed via a thermal evaporation in
a 107 mbar vacuum. Achieving reproducibility in the evapo-
ration processes was one of the most critical factors. The first
samples were tested in a transmission using an FTS test bed
covering the frequency range of 150-600 GHz. Examples of
these measurements are shown in Fig. 9. Having verified the
very flat response with the frequency of the films, the samples
manufactured subsequently were tested using a VNA test bed
across a narrower frequency range; i.e., 160-260 GHz.

The first sample, Bi-1, was a 45 nm Bi film ona 0.9 pm thick
Mylar substrate; the second, Bi-2, was a 450 nm Bi film on a
4 pm thick polypropylene. The Bi thickness was measured using
a quartz crystal monitor calibrated using a surface profilometer
(error of £5%). These samples were useful to validate both the
modeling tools and processing.

Bi-1 and Bi-2 samples showed constant transmissions on
the order of 7p;; = 0.252 and 7p;, = 0.003, respectively. The
curves in Fig. 8, although not including the small effects of
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the thin substrates, can be used to infer the associated surface
impedances with a good degree of accuracy (at a 1% level):
Zgi1 ~ 189 Q/00 and Zp;, ~ 10 Q2/0. Simplified versions
of the HESS model shown in Fig. 4(a) have been used to infer
the conductivity of bismuth. These models consisted of a
dielectric substrate and a thin metal layer with variable conduc-
tivity. Optimization fits were run to match the transmission
coefhicients of the model and measured data, yielding the
following conductivity values: opi; = 1.2 x 10°S/m and
opi2 = 2.2 X 10° S/m. These values are consistent (although
outside their measured range) with those reported in [36].

C. Patterned Absorbing Films

A homogeneous absorbing film with the target impedance
Zs~103 ©2/0 could be, in principle, processed. However, the
final device, as sketched in Fig. 3(b), requires the Bi-film to be
sandwiched between polypropylene layers, and the associated
heat-bonding process does not work in the presence of uniform
metal layers. For this reason, the Bi-film must be patterned as
an inductive grid; e.g., with square holes in it. This would allow
the polypropylene layers on either side of the film to penetrate
the sheet and bond during the hot-pressing process. We used
an inductive pattern with a period ¢ = 25 pum and the standard
a/g = 0.14, as shown in Fig. 4(b).

For a given thickness, the surface impedance of a patterned
layer of bismuth will be higher than for the uniform film, due
to its dilution across the unit area. This means that the target
surface impedance will be achieved with a thickness that is larger
than the one estimated earlier (70 nm). The required thickness
was estimated using another HFSS model (similar to the pre-
vious one but including a patterned bismuth layer) and it was
+ =180 nm.

Again, before proceeding to the final film evaporation, the
process above required some development. The inductive
pattern was obtained using a lift-off process, rather than the
standard etching process on a homogenous layer of bismuth.
This was more suitable due to the materials, dimensions, and
thicknesses involved. However, the lift-off process directly pro-
vided the final inductive pattern without the possibility to test
first the uniform layer.

Two patterned film samples were processed, Bi-3 and Bi4,
respectively, with a2 90 nm and a 270 nm bismuth layer on
9 um thick PP substrates. FTS and VNA transmission mea-
surements provided averaged transmissions of 7g;.3 = 0.340
and T4 =0.050, corresponding to the effective surface
impedances of Zpi3~263Q/0 and Zg4~54Q/0
Using the HFSS models and running optimizations to fit
the data, it was possible to infer the values of the thin film con-
ductivities and the results were: opi3 = 1.4 x 10> S/m and
OBig =2.3 x 10° S/m.

Given the success with the previous processing, the final
absorbing film with the targeted Zg~ 103 /0] now could
be manufactured. The patterned sample Bi-5 had a 175 nm
thick layer of bismuth on a 9 um thick PP substrate. Its aver-
aged transmission Tp; s = 0.122 implied an equivalent surface
impedance Zg;5 ~ 101 /0 what was not far from the goal,
and a film conductivity o5 = 1.9 x 10> S/m, which was close
to what could be extrapolated from [36]; i.e., opi(175 nm) =
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Table 1. Bismuth Absorbing Film Characteristics
Film t Z, OHFSS
# [nm] Pattern T @/ [S/m]
Bi-1 45 Full 0.252 189 1.2E+5
Bi-2 450 Full 0.003 10 2.2E45
Bi-3 90 125/0.14 0.340 263 1.4E+5
Bi-4 270 125/0.14 0.050 54 2.3E45
Bi-5 175 125/0.14 0.122 101 1.9E+5

1.7 x 10°> S/m. A summary of the properties of all the bismuth
films is reported in Table 1.

D. Bonding Process Test with Dummy PP Layers and
Absorbing Film

All the constituent parts of the mesh-absorber were ready to be
assembled. The final process, required to be checked, was the
bonding of the patterned bismuth film between PP layers, which
had never been done before. For this purpose, the patterned Bi-3
sample was sandwiched and successfully hot-pressed between
two layers of PP with thicknesses equal to those of the final
device; i.e., 284 umand 213 pum.

VNA transmission measurements of this “inefficient”
dummy absorber were conducted to check for any poten-
tial variations of the surface impedance during the bonding
process, as shown in Fig. 10. Two HFSS models were built
to simulate the dummy sandwich with either the uniform or
patterned resistive films. Both were used to fit the experimen-
tal data by varying the substrate’s refractive index, equivalent
surface impedance (first model), and conductivity of the bis-
muth thick pattern (second model). The optimization yielded
almost indistinguishable transmission curves and the following
values of the film parameters: Zgj3_pummy ~ 233 /00 and
OBi-3_Dummy ™~ 1.6 X 10° S/m. These results imply a reduction
of ~11% of the original impedance as a consequence of the
bonding process.

E. Part 2 and the Final Assembly

The results provided by the dummy bonding implied a potential
reduction of the surface impedance of the sample Bi-5 when
bonded within the final device. An HFSS model of the complete
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g
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&
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Fig. 10.  Transmission measurements of the dummy absorber

together with its best model fit obtained by varying the substrate
refractive index and bismuth conductivity.
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Fig. 11.  Photographs of the mesh absorber taken from the AR-
coating side (white) and from its copper backshort side. The device is
mechanically flexible and has a diameter of 100 mm and a thickness of

~750 um.
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Fig. 12.  Finite-element simulation showing the absorption of the
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absorber, including the patterned Bi-5 film with the nominal
(Zpis ~1032/00) and reduced (Zpis red ~912/00) val-
ues of the surface impedance was run for each polarization.
The overall absorption averaged over the 80-400 GHz band
appeared to remain below —20 dB for both S and P polariza-
tions, thus allowing us to proceed with the assembly of the final
mesh-absorber.

The manufacturing process for Part 2 was straightforward,
because this part consisted of bonded layers of PP with uniform
copper evaporation on one side, as shown in Fig. 3(b). The
whole device was eventually manufactured by stacking and hot-
pressing Part 1, Bi-5, and Part 2. Photographs of the front and
back sides of the final mesh-absorber are shown in Fig. 11. An
example of the finite-element simulations of the mesh-absorber,
runat 250 GHz, are shown in Fig. 12.

6. EXPERIMENTAL CHARACTERIZATION

Here, we briefly describe the experimental setups used for
the various tests and the detailed characterization of the final
mesh-absorber.
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A. VNA and FTS Experimental Setups

The breadboard samples and the final device were tested using
two different testbeds: a Fourier transform spectrometer of the
Martin—Puplett type, operating in the 50-600 GHz frequency
range by means of a cryogenically cooled bolometer detector,
and a Rohde & Schwartz ZVAG67 vector-network analyzer oper-
ating from 75 to 330 GHz by means of standalone frequency
extenders. As mentioned earlier, the FTS was initially used to
measure the transmission coefficients of the first Bi-samples
and verify their broadband flat response. The VNA was then
used to extract the surface impedances of the other Bi-samples
over narrower frequency ranges and to quantify the Bi conduc-
tivity changes in the dummy absorber. The FTS was used for
the transmission measurements of Part 1 and for the full-band
reflection measurements of the final absorber. The relevant
experimental setups have been described in detail elsewhere: the
VNA transmission measurements in [37], the FT'S transmission
measurements in [33], and the FTS reflection measurements
in [38].

We notice that the sample flatness proved to be a crucial factor
for the data quality in the reflection measurements. In the tests,
the absorber device was clamped in a holder and placed inside
a mount behind an aperture. In the test, the holder was rotated
about the optical axis and the small deviations of the received
signal provided evidence of suitable flatness.

B. Absorber Tests and Results

The mesh absorber was tested with the FTS at a 22.5° inci-
dence angle with both S and P polarizations. The measured
data are reported in Figs. 13 and 14. A very good performance
of the device across a wide frequency band is immediately evi-
denced for both polarizations. Quantitatively, the measured
absorption coefficients averaged in the 80-400 GHz (a 5:1
bandwidth) frequency range, for both polarizations, were
AZZ.S_S =99.2% (R22_5_5 =-21.2 dB) and A22_5_p = 99.4%
(Rys5_p=—22.0dB), respectively. These results meet the
requirement that was set at the beginning; i.e., absorption to be
>99% (reflection < — 20 dB). Also, the differential absorption
between S and P polarizations were very small, at the 0.2% level.

Although the design and development procedure successfully
led to the desired performance, we have tried to fit the final data
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Fig. 13.  Mesh-absorber simulated and measured reflection coef-

ficient versus frequency for the S polarization at 22.5° incidence
angle.
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Fig. 14. Mesh-absorber simulated and measured reflection coef-

ficient versus frequency for the P polarization at a 22.5° incidence
angle.

with an HFSS model, as shown in Fig. 4(b). Within the many
parameters required to run the model, some were identified and
fixed previously: the copper conductivity, the device thickness
(directly measured) and the capacitive grid geometries (2/¢)1 2
(extracted by testing Part 1). The remaining parameters, the
PP and pPTEE refractive indices as well as the bismuth con-
ductivity, could still change during the final bonding, and we
let them vary in the final fit. Changes in #prpg provided negli-
gible variations in the performance, whereas, as observed in the
past [33], a systematic increase of 7pp shifted the overall curve
toward the low frequencies. In addition, as learned by testing
the dummy absorber, we also expected an increase of op; 5. The
models that better reproduced the measured data are shown in
Figs. 13 and 14. The required values of the refractive indices
were npprre = 1.23 and npp = 1.51. We reported the model
results for three increasing values of the bismuth conductivity,
starting from the initial one estimated before the bonding;
i.e.,opis =1.9—2.0 x 10° S/m.

There is a good agreement between the simulations and data
for both polarizations down to a —20 dB level. Below that,
down to the noise floor of the FTS, at roughly —30 dB, there
are variations, especially in the S polarization case. These vari-
ations are actually not important, because they are well below
the requirement we set. In any case, we have tried to fit the data
by going back and varying the parameters that were initially
fixed, but we could not fit all the features. Our explanation is
that the grids, when stacked together to manufacture the device,
were not necessarily aligned. The capacitive grids were probably
displaced (with the square patches not aligned as in Fig. 4) and
rotated with respect to each other. An HFSS model with such
arbitrary rotations cannot be built using periodic boundaries
and the associated small changes in the performance could not
be replicated. This observation suggests that future devices
should be built with aligned grids.

Another important characteristic of these devices that was
not investigated experimentally but simulated using the same
models, is the dependence of the absorption on the angle of
incidence. The results of the simulations are shown in Figs. 15
and 16 for the S and P polarizations. The parametric plots
demonstrate the excellent performance of the mesh-absorber for
large incidence angles. The absorption coefficient, averaged over
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Fig. 15.  Mesh-absorber simulated spectral response for different
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Fig. 16.  Mesh-absorber simulated spectral response for different
incidence angles for the P polarization.

the 80-400 GHz range and for both polarizations, is still above
97% at 50° (Aso_sscp = 97% and Rsg sap < —16dB) and
above 87% at 70° (A7075&p > 87% and R7075&p < -89 dB)
The same models also showed complete independence from the
azimuthal angle.

7. CONCLUSIONS

We have presented the development of what we believe, to the
best of our knowledge, is a novel type of broadband absorber
based on mesh filter production processes. The manufacture of
the first part of the device relied on the previous development
of the mesh-based magnetic mirror. The second part required
R&D for the evaporation of thin films of bismuth on polymers,
lift-off processes for bismuth patterning, and testing of the
bismuth film bonding within polypropylene. These activities
were run side by side with finite-element modeling (HFSS) and
experimental characterization (FTS and VNA test beds) that
fed back evaluated surface impedances and conductivities of the
bismuth films between the various processes. The final device
was assembled and tested in reflection ata 22.5° incidence angle.
The absorption coefficient, averaged across the 80-400 GHz
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range (a 5:1 bandwidth), was A5 5 s = 99.2% for the S polari-
zation, and Az s p = 99.4% for the P polarization, with just a
0.2% differential absorption between the two polarizations.

The simulations showed that the device can operate effi-
ciently across a wide range of incidence angles, with absorption
still above 97% at a 50° incidence and above 87% at a 70°
incidence.

On the thermo-mechanical side the device is: thin (750 pm;
i.e. 0.6X at the central frequency of 240 GHz, or 0.2X at the
lowest frequency of 80 GHz), very light (8 g fora 100 mm diam-
eter), flexible (applicable on curved surfaces), machinable (can
be cut to any shape), and suitable for cryogenic temperatures
(taking into account the change of the bismuth conductivity
with temperature).

We note that the broadband mesh-absorber performance
stems from the magnetic mirror design reported in [30]. By
keeping the same number of layers and by tuning the design
parameters, the absorption can in principle be pushed at any
level at the expense of a reduced bandwidth. In addition, by
increasing the number of layers of the graded index section
(Part 1), it is possible to achieve much larger bandwidths. For
example, a five-layer device with just one more layer than the
reported absorber, can achieve similar performance across a
relative bandwidth of 8:1. The device also exhibits absorption at
higher harmonics, although its efficiency will be limited by the
period of the metal grids.
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