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Abstract: This paper specifically focuses on the absorber, the critical component responsible
for the detector's response performance. The meta-surface absorber combines two resonant
structures and achieves over 80% absorptance around 210 GHz, resulting in a broad operating
frequency range. FR-4 is selected as the dielectric layer to be compatible with standard
printed circuit board (PCB) technology, which reduces the overall fabrication time and cost.
The absorbing unit and array layout are symmetrically designed, providing stable absorptance
performance even under incident waves of different polarization angles. The polarization-
insensitive absorptance characteristic further enhances the compatibility between the absorber
and the detector in the application scenario. Furthermore, the thermal insulation performance
of the absorber is ensured by introducing thermal insulation gaps. After completing
fabrication through PCB technology, testing revealed that the absorber maintained excellent
absorptance performance within its primary operating frequency range. This performance
consistency closely matched the simulation results.

1. Introduction

Terahertz was originally proposed by spectroscopists and is used to describe electromagnetic
waves with frequencies below the far-infrared range[l]. With the development of
electromagnetism, terahertz receives a more specific definition, referring to the frequency
from 0.1 to 10 THz (wavelengths ranging from 0.3 mm to 30 pum)[2]. Plagued by high
atmospheric absorptance and non-negligible manufacturing errors, research about terahertz
technologies is faltering and there remain significant challenges [3,4]. However, with the
development of photonics and nanotechnology, terahertz radiation has gradually
demonstrated vast potential applications in various fields[5,6]. Terahertz waves have the
advantages of low photon energy[7,8], minimal damage to objects[9,10], unique penetration
capabilities[11-14], strong anti-interference ability[5], and the existence of "fingerprint
spectra" for certain materials in this frequency range[15-17]. These characteristics make
terahertz radiation highly desired in the field of imaging and detection.

Terahertz detection and imaging techniques can be classified into two main categories
based on the signal they receive: pulse imaging and continuous-wave imaging. The latter
offers advantages such as fast imaging speed, good stability, and high integration[9,18-20].
Thermal detectors based on the opto-thermal effect are a classic approach to achieving
continuous-wave imaging and do not need additional cooling equipment. These detectors
consist of pixels made of thermally sensitive materials. Each pixel absorbs terahertz radiation
dependently when exposed to terahertz waves. The resulting heat causes a change in the



resistance of the thermally sensitive material, which is then converted into an electrical signal
that can be read out[21]. By extracting changes in the electrical signal by readout circuits, the
detection objective is achieved[22,23].

From the above description, it is obvious that the absorptivity of the detector is crucial for
its sensitivity. Unfortunately, most natural materials exhibit low absorptance of terahertz
waves[24]. Electromagnetic metamaterials and meta-surfaces provide solutions to overcome
the limitations of natural absorptive materials[25,26]. Metamaterials are artificially
engineered composite structures, and meta-surfaces are two-dimensional forms of
metamaterials[27,28]. Meta-surfaces have shown great application possibilities in the control
of spatial beams, polarization detection, sensing, optical imaging, and quantum science[29-
31]. By designing the structure, size, and arrangement of meta-surfaces, it is possible to
manipulate the electromagnetic parameters of the material and achieve high absorptance in
the terahertz range[32-35].In this area of research, there have been a series of reports based on
metals and even phase-change materials, greatly expanding the working frequency bands of
absorptive structures through the utilization of these materials[36-38].

This paper proposes a meta-surface absorber suitable for terahertz focal plane array
detectors, with a thickness of 234um. The structure adopts the classical "sandwich" model,
which consists of a three-layer structure of "metal-dielectric-metal." Typically, such absorbers
are manufactured using semiconductor processes, including processes such as magnetron
sputtering, photolithography, chemical vapor deposition, etc., which makes them expensive
and time-consuming to produce. Therefore, this paper considers using printed circuit board
(PCB) technology to fabricate the absorber, significantly reducing financial and time costs.
To meet the requirements of PCB technology, FR-4 is employed as the dielectric layer for this
absorber. To broaden the absorptance bandwidth, the metal pattern of this meta-surface is
composed of two different structures. The shape and arrangement of the units are designed to
be centrally symmetric, ensuring stable absorptance performance for incident waves with
different linear polarization directions. To enhance the thermal response of the absorber, an
overall inter-row spacing is engineered to cut off heat transfer between adjacent rows. After
fabrication and measurements, it is found that the most crucial absorptance performance is
closely matched to the simulations.

2. Design and characteristics of structures

Absorptance, absorptance bandwidth, and polarization effect are important indicators for
evaluating the absorptance performance of an absorber[39]. The polarization effect is used to
assess whether the absorber is sensitive to changes in the direction of incident waves, i.e.,
whether the absorptance curve is affected when the polarization angle of the incident wave
changes. Absorptance bandwidth refers to the frequency range over which the absorber
exhibits absorptance above a certain threshold value. The ideal scenario for absorbers is to be
polarization-insensitive and possess a wide absorptance bandwidth, thereby significantly
expanding the application scenarios of absorbers.

In this paper, the design goal of the absorber is to achieve a broader absorptance
bandwidth and higher absorptance while maintaining certain dimensions and material
composition. Additionally, it should exhibit stable absorptance characteristics when subjected
to incident waves with different polarization directions and incident angles. Absorptance is a
quantitative measure of the absorber's absorptance capability and can be calculated using the
formula below:

A(w)=1-R(w)-T (o) )

In this context, R(w) and 7(w) represent reflectance and transmittance, respectively.
Achieving a higher absorptance requires reducing the reflection and transmission of the
absorber to terahertz waves. In the theory of electromagnetic wave transmission, S-
parameters are crucial parameters characterizing electromagnetic wave transmission



properties. If we consider the absorber as a two-port network, S-parameters are typically
represented in matrix form. For a two-port network, the S-parameter matrix can be written as:

S=|:Sll SIZ:| (2)
S21 S22

Here, Si1 represents the reflection coefficient from port 1 to port 1, Si» represents the
transmission coefficient from port 1 to port 2, S>; represents the transmission coefficient from
port 2 to port 1, and S, represents the reflection coefficient from port 2 to port 2.

S-parameters can be used to represent reflectance R(w) and transmittance 7(w):

R(@)=|S,[

T(®)=|S,[

Therefore, by controlling Si1 and Sai, it is possible to regulate the absorptance rate. Si;
represents the reflection coefficient, indicating the degree of impedance matching between the
structure and free space; if they are exactly matched, the reflection coefficient is 0. S»; is the
transmission coefficient, reflecting the extent of terahertz wave transmission, and it is related
to the skin depth of the metal baseplate of the absorber. When terahertz waves are incident on
the surface of a conductor, they induce a current that exponentially decays with depth,
resulting in the propagation of incident electromagnetic waves within the conductor. The skin
depth, denoted as J, represents the effective depth of propagation of incident electromagnetic
waves within the structure and is generally defined as the depth at which the electric field
strength drops to 1/e of its initial value. When the thickness of the conductor is greater than
the skin depth, there will be no transmission of electromagnetic waves, and the transmission
coefficient Sy; is 0. If both Si; and S approximate zero, then the absorptance of the absorber
can be considered as 1, and this absorber can be referred to as a “perfect absorber”[40].

The skin depth can be represented as follows:

P — )

N7 1O

Where: ¢ is the skin depth. f is the frequency of the incident wave. yo is the vacuum
permeability (magnetic constant). o is the electrical conductivity.

By calculation, in the working frequency range of the absorber, the skin depth of copper is
in the range of 142 to 152 nm. In the absorber designed in this paper, a 17um thick copper
plate is used as the reflective backing, which is significantly thicker than the skin depth of
terahertz waves inside copper. Therefore, little to no electromagnetic wave transmission is
expected to occur and S>; is 0. During the design process, efforts are made to minimize Si;
and Sy to achieve close to 100% absorptance.

The basic unit of the proposed meta-surface absorber, as shown in Fig. 1, is a three-layer
structure manufactured using printed circuit board technology and the parameters of the
absorber are listed in Table 1. From bottom to top, the layers consist of the metal backing,
dielectric layer, and metal unit layer. The materials for the metal backing and the metal unit
layer are copper (with a conductivity of 5.8 x 107 S/m) and a thickness of t. The metal unit
layer consists of a combination of grid and square resonator structures, and this combination
allows for the absorptance frequency band to be tailored, achieving multi-frequency
absorptance. The material for the dielectric layer is FR-4, with a relative permittivity (&) of
4.44 and a loss tangent (tand) of 0.02. Typically, dielectric layers use materials like SiO; or
Si3N4, which require integration with semiconductor processes. In this study, FR-4 is used,
enabling the use of printed circuit board (PCB) processes instead of semiconductor processes,
which reduces production lead times and fabrication costs.
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Fig. 1. The (a) perspective view, (b) top view, and (c) side view of the elementary unit cell,
symbols a and L represent the square size and unit cell periodicity, respectively; symbols b and
w represent the grid size and spacing, respectively; symbols t and h represent the thickness of
metal layer and dielectric layer, respectively.

Table 1. The parameters of the absorber

Parameters a b w L t h gap
Value (pm) 200 540 160 1400 17 200 100

3. Simulation results and analysis
3.1 Elementary unit cell

Full-wave simulation has been carried out by CST and HFSS to analyze this meta-surface
absorber. The primary performance quantification metric for the absorber is absorptance
(A(w)). The absorber designed in this paper exhibits three resonance frequencies, primarily
due to the coupling and superposition of two different structures within the metal unit layer.
Figure 2 shows the absorptance curve of the absorber. The overall structure achieves nearly
100% perfect absorptance at 220 GHz, with absorptance rates of around 90% at 190 GHz and
206 GHz. Fig. 2 not only presents the absorptance curve for the entire structure but also
includes separately simulated absorptance curves for the square and grid structures and a
curve representing their superposition for comparison. It can be observed that the
superimposed curve closely matches the absorptance curve obtained from the whole-structure
simulation, with some frequency-shifting phenomena. The frequency shifts are primarily
toward higher frequencies, which is because, with a constant structure thickness, smaller
dimensions result in higher resonance frequencies. When two different structures are
combined, their absolute dimensions remain unchanged, but their relative dimensions
decrease, causing the resonance frequencies to shift higher. Additionally, the coupling
between the two structures also contributes to the frequency shifts.

(206, 90.7792. 220, 99.25691)
190, 90.49504 —— Square structure
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Fig. 2. Simulated absorptance spectra of the unit cell, and three absorptance curves
corresponding to three different resonance structures, yellow, green, and blue lines
corresponding to square, grid, and superposition of the first two curves, respectively.



Figure 3 displays the surface current distributions on the dielectric surface at 191 GHz,
206 GHz, and 220 GHz. Combining this with Figure 2, it can be observed that at lower
frequencies, the surface current primarily concentrates around the small square regions, while
at higher frequencies, it predominantly resides around the grid regions. This observation
suggests that the small squares influence the low-frequency resonances, while the grids
influence the high-frequency resonances. As the frequency increases, the current distribution
within the dielectric gradually shifts from the square regions toward the grid regions. This
phenomenon can be utilized as a design basis for adjusting resonance frequencies and
absorptance, allowing for precise control and optimization of the absorber's performance.
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Fig. 3. The surface current distributions on the dielectric surface at (a) 191 GHz, (b) 206 GHz,
and (c) 220 GHz.

Analyzing the surface current distribution on both the upper and lower surfaces of the
metal unit layer at 220 GHz, as shown in Fig. 4, provides valuable insights into the absorber's
behavior. It can be observed that there are both co-directional and counter-directional currents
between the two surfaces. The co-directional currents between the two surfaces indicate the
presence of electric dipole resonance, while the counter-directional currents suggest the
existence of magnetic dipole resonance. These resonances are the underlying mechanisms
behind the absorber's absorptance properties. Specifically, at the resonance frequency of 220
GHz, the electric dipole resonance plays a predominant role. This analysis helps in
understanding how the absorber interacts with electromagnetic waves at specific frequencies
and provides crucial information for designing and optimizing the structure for desired
absorptance characteristics.
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Fig. 4. The surface current distribution on both the (a) upper and (b) lower surfaces of the
metal unit layer at 220 GHz.

Furthermore, the absorptance principles of the absorber can be explained from the
perspective of impedance matching theory. Similar to the impedance matching theory in the
microwave field, when the normalized impedance of the antenna matches the impedance of
free space, meaning the real and imaginary parts of both impedances are equal,
electromagnetic waves can pass through smoothly without reflection. In this case, it can be
considered that the antenna completely absorbs the incident waves. This concept is analogous
to the absorptance rate of absorbers. The absorber can be regarded as an antenna, receiving
terahertz waves from free space. Therefore, when the impedance of the absorber matches that
of free space, there is no reflection along the "transportation route" from free space to the



absorber for terahertz waves. This achieves perfect absorptance of the absorber. Therefore,
we can explain the absorptance principle of the absorber through the impedance matching
theory. We first extract the normalized complex impedance of the absorber, as shown in the
following equation:[41-43]:

)= Jmﬁ(w))z ~T(0) )

(1-R(@)) -T(o)’

In this, R(w) and T(w) represent the complex reflection coefficient and complex
transmission coefficient, respectively. Through the calculation described above, the real and
imaginary parts of the normalized complex impedance of the absorber are plotted in Fig. 5(a).
Additionally, the impedance curves in the vicinity of the main resonance frequencies are
enlarged. Within the range of 190-225 GHz, the real and imaginary parts of the normalized
complex impedance of the absorber are in continuous variation, but they are close to 1 and 0,
respectively. At the three working frequencies mentioned earlier in the text, the real and
imaginary parts are essentially 1 and 0, respectively. This demonstrates that at the resonance
frequencies, the absorber is in an impedance-matched state with free space, hence there is
minimal generation of reflected waves. Furthermore, the presence of a metal baseplate with a
thickness exceeding the skin depth prevents the generation of transmitted waves. These two
factors work in conjunction, resulting in the absorptance of a significant portion of the
incident energy by the absorber, thereby achieving a higher absorptance rate of the incident
waves.
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Fig. 5. (a) The normalized impedance of the absorber relative to free space, the inserted picture
shows a magnified view of normalized impedance within the absorptance band. (b) The
simulated absorptance spectra of different incidence angles, the incidence angle is denoted as

0.

The influence of different incident angles and polarization angles on the absorptance
performance is demonstrated below. The incident angle is defined as the angle between the
direction of the incident wave and the normal to the meta-surface absorber, which is 6. When
the incident angle coincides with the normal, it is defined as 0°. Fig. 5(b) displays the
absorptance curves of the absorber under various incident angles. It can be observed that as
the incident angle increases to 10°, there are changes in the primary resonance frequency and
absorptance, and spikes also appear. When the incident angle further increases to 20°, the
changes in the primary resonance frequency and absorptance become smaller compared to the
initial state, and there are almost no spikes. However, when the incident angle increases to
30°, the primary resonance frequency and absorptance remain relatively stable compared to
the 20° results, but a strong out-of-band resonance peak occurs at 320 GHz. It can be
concluded that this structure is highly sensitive to changes in the incident angle. As the
incident angle increases, the resonance frequency changes significantly, but the absorptance
remains at an acceptable level.



The impact of the polarization angle (denoted as @) is also analyzed. Due to the strict
rotational symmetry of the structure, it is sufficient to perform the simulations of polarization
angles from 0° to 45°, and the results are presented in Fig. 6. As the polarization angle
gradually increases to 30°, the absorptance at the resonance frequency of 191 GHz remains
relatively stable. At the resonance frequency of 206 GHz, the absorptance progressively
decreases but remains above 80%. However, a slight deviation in the polarization angle leads
to a pronounced dip in the absorptance curve at 220 GHz. With further increasing polarization
angles, the distortion of the dip decreases, and it eventually returns to a peak state at around
30°. When the polarization angle reaches 45°, the absorptance curve at 220 GHz remains
almost unchanged, but the resonance frequencies in the low-frequency region nearly
disappear. This analysis indicates that the high-frequency range of the absorber is sensitive to
changes in the polarization angle, while the mid-low frequency range exhibits good
polarization insensitivity characteristics.
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Fig. 6. The simulated absorptance spectra of different polarization angles, the polarization
angle is denoted as ¢.

3.2 Thermally isolated unit cell

The absorber is a part of the actual detector response module, and it is often combined with
micro-cantilevers and other components to form the response module of the detector. The key
response parameter for detectors that incorporate micro-cantilevers and absorbers is the heat
generated by the absorber. This heat generation is closely related to the absorber's
absorptivity, so it's essential to ensure that the absorber has good thermal isolation
performance. In addition to the heat generated by the absorber's absorptance coupling, there is
also heat transfer between adjacent units. In practical detection scenarios, it's crucial to have
good thermal isolation between the individual units. This is because, depending on factors
such as the position of the incident wave, the angle of incidence, and polarization, each unit
theoretically generates different amounts of heat. The heat readings in different units are used
to determine the parameters of the incident wave. Therefore, in this paper, it is planned to
introduce gaps between units to create thermal isolation. Due to considerations of structural
integrity and feasibility, thermal isolation gaps are introduced only between rows of units.
The unit structure with gaps introduced, as well as the simulation results, are shown below:
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Fig. 7. (a) The top view of a single meta-atom with thermal isolation gaps. (b) Simulated
absorptance spectra of two different structures, red solid lines, and blue dash lines correspond
to thermal isolation structure and general structure, respectively.

The thermal isolation gaps are connected by columns made of dielectric material, with a
thickness equal to that of the dielectric layer, and there is no copper layer covering them
either above or below. With the introduction of thermal solation gaps, the absorber still
maintains excellent absorptance performance at the original frequency points. However, the
introduction of gap structures adds additional resonance frequency points (the appearance of
additional high-frequency absorptance peaks), shortens the operating bandwidth, and leads to
a significant change in the absorptance spectrum. In COMSOL, electromagnetic-thermal
Multiphysics simulations are conducted to observe the differences in electromagnetic-thermal
effects between the absorber without gaps and the one with gaps under the same incident
wave and thermal environment conditions. In the simulation settings, periodic boundaries are
used to simulate an ideal array. The ambient temperature is set at 293.15K, and the convective
heat dissipation in the thermal environment is set with a heat transfer coefficient of 5
W/(m?-K). With the same incident wave power density, combined simulations of the
electromagnetic module and the solid heat transfer module are conducted at 220 GHz. To
observe the thermal insulation effect of the thermal isolation gap, we apply incident
electromagnetic waves only to the pixel in the top-left corner, while the other pixels do not
receive incident waves. This allows us to assess how much thermal impact a heated pixel has
on the surrounding pixels. The final results show the temperature distribution on the surface
of the absorber, as illustrated in the following figure:

@

Fig. 8. The temperature distribution on the surface of the (a) general structure and (b) thermal
isolation structure.

It can be seen that there are significant differences between these two settings. Compared
to the scenario without gaps, the temperature distribution on the pixels in the thermal isolation
structure is more uniform, indicating obvious heat transfer between different units. At the
same time, within the thermal isolation structure, except for a weak heat transfer phenomenon
in the edge areas of the non-heating pixels, the vast majority of the area remains unaffected.
The application scenario for this absorptive structure is in thermal detectors, where thermal
isolation helps to avoid mutual interference between different pixels, enhancing detection



accuracy. A uniform temperature distribution aids in the rapid acquisition of accurate
temperature information by the readout module, thus improving detection response speed.
Recently, researchers have applied terahertz absorptive structures in photothermal therapy to
eliminate cancer cells. Compared to traditional radiofrequency heating, terahertz waves cause
less harm to the human body and exhibit higher eradication rates of cancer cells. Therefore,
terahertz absorptive structures considered for their thermal effects hold tremendous
development potential in this field[44].

This absorber is designed to exhibit three absorptance peaks, all with high absorptance,
and these different resonance frequencies are determined by distinct resonant structures.
Additionally, considering the thermal isolation function, gap structures are introduced during
physical fabrication to enhance thermal isolation. Simulation results indicate that the absorber
with added gap thermal isolation still maintains good absorptive performance at the original
resonance frequencies. The structure is sensitive to changes in the incident angle but exhibits
good polarization insensitivity. Given its strong practical application potential, we plan to
fabricate this structure using PCB technology and conduct relevant tests.

4. Measurements

The absorber is fabricated using PCB technology. The typical PCB fabrication process
includes wvarious steps such as layout design, PCB design, board manufacturing,
photolithography, etching, component soldering, and assembly. However, for the absorber,
the fabrication process is significantly simplified, requiring only PCB design, prototype board
production, photolithography, and etching. PCB design, which is equivalent to the absorber's
design, has been previously completed during the simulation work. For the prototype board,
we use a double-sided FR4-based board with copper layers on both sides. The bottom copper
layer remains untreated, serving as the substrate, while the top copper layer is coated with
photosensitive resist. A photolithography machine is employed to remove the resist layer,
except for the areas corresponding to the resonant structure, creating exposed and unexposed
sections. The exposed areas are subsequently etched to remove the copper layer, resulting in
the resonant layer of the absorber. A similar photolithography and etching process is applied
to the dielectric layer and the bottom substrate to generate gap structures between different
units. With these steps completed, the absorber fabrication is finalized, as depicted in Fig.

9(a).

@

Fig. 9. (a) Image of the meta-surface absorber. (b)The photo of an experimental device, and
the magnified view of the absorber.

The most crucial structural parameter for the absorber is absorptance, as discussed earlier.
Given that the thickness of the metal backing in this absorber is significantly greater than the
skin depth of copper in the working frequency range, there is no transmission occurring.
Therefore, the absorptance of the absorber can be obtained by testing the reflection coefficient
using a vector network analyzer, as shown in Fig. 9(b).

In Fig. 10, the absorptance test results for the frequency range of 150 GHz to 270 GHz are
displayed. The general trend of the test results is similar to the simulation results, with good



alignment at the three resonance frequencies obtafined from the simulation. However, there
are some differences in the detailed variations. These variations can be attributed to two main
reasons:

First, there is the interference of the electromagnetic environment: The presence of
significant electromagnetic interference in the testing environment, especially when not
conducted in an anechoic chamber, can affect the accuracy of the measurements.
Electromagnetic interference can introduce noise and distort the measured results, potentially
causing deviations from simulation data. Second is the dimensional accuracy challenge: The
absorber's small dimensions pose challenges in terms of dimensional accuracy during
production. While the material selection is well-suited for PCB fabrication, achieving precise
dimensions can be challenging. If the spacing between the two metal resonant structures
during production is smaller than designed, it can lead to resonance peaks approaching each
other, resulting in strong coupling effects. This is a significant factor contributing to the
discrepancies between the test and simulation results. These factors highlight the importance
of controlled testing environments and precision manufacturing when evaluating and
verifying the performance of absorbers.
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Fig. 10. Measurement of absorber absorptance spectra (blue solid lines), the simulated spectra
are plotted in red dash lines for comparison.

5. Conclusion

This paper proposes a grid-based composite terahertz meta-surface absorber using FR-4
dielectric, which achieves multi-frequency absorptance and polarization insensitivity while
simplifying the fabrication process. Simulation results indicate that this absorber achieves
nearly 100% absorptance at 220 GHz, with absorptances exceeding 80% at 190 GHz and 206
GHz. Although the structure is sensitive to the polarization angle in the high-frequency range
and the angle of incidence, it still maintains excellent absorptance performance in the mid-
low frequency range when the polarization angle varies within the range of 0 to 30 degrees.
This indicates that it is insensitive to polarization. Furthermore, the structure incorporates
inter-unit spacing to provide thermal isolation between adjacent units while maintaining
absorptive performance. Upon completing fabrication and testing, it is evident that the
absorber retains a high level of absorptive performance at its main operating frequencies. This
absorber exhibits strong versatility and portability, significantly reducing production lead
times and development costs for similar applications. It provides valuable insights for the
development of terahertz detectors in the future.
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