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Abstract: As a promising platform for multi-functional terahertz devices, metasurface absorbers
have received widespread attention in recent years. However, due to the existence of manufacturing
difficulties, high cost, fragility, single or narrow absorption and other disadvantages, their
application ranges are severely limited. Therefore, to effectively solve these problems, we have
designed a flexible and high-precision terahertz metasurface absorber based on the micro-template
assisted self-assembly method. Free from high cost, complicated process and time-consumption,
the sandwich structure terahertz metasurface absorber consisting of a ceramic microspheres layer,
a dielectric spacer layer, and a metal copper film is fabricated economically. On the one hand,
through assembling the microspheres on the dielectric spacer in a periodic pattern arrangement,
multiple resonances can be observed with a maximum absorption rate of up to 92.5% at 0.745
THz and are insensitive to the polarization of incident light. On the other hand, by attaching
the microspheres to the dielectric layer in a compact configuration, 90% absorption bandwidth
beyond 1.2 THz can be observed with a central frequency of 1.8 THz. The theoretical model
of multiple reflection and interference is employed to explain these absorption characteristics.
Considering the flexible design and high-throughput manufacturing processes, this work provides
a promising platform for the development of high-efficiency and multi-functional terahertz
devices.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Terahertz (THz) wave, a wave of frequency ranges from 0.1 THz to 10 THz, has attracted much
academic attention in recent decades, owing to its unique application in biological medicine,
detection, security imaging, high-speed wireless communication, etc. [1–6]. However, the lack
of high-performance functional devices has made the rapid developments of THz technology
very hampered. Fortunately, due to the singular electromagnetic response to THz radiation,
metasurface provides a promising platform for the THz multi-functional devices [7–12]. One
of the most meaningful branches of these devices is the metasurface absorber, which can
achieve near-unity absorption of THz radiation by matching the effective impedance of the
free space to minimize reflectivity [13]. The first design of the metasurface perfect absorber
composed of a sandwich structure was proposed by Landy et al, in 2008, which obtained an
absorption above 88% at the resonance frequency of 11.5 GHz [14]. Subsequently, with the
gradual maturation of theoretical analysis and manufacturing processes, various designs of THz
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metasurface absorbers were proposed and confirmed. Nowadays, as an important part of the THz
equipment, metasurface perfect absorbers have been widely used in sensing, modulation, thermal
emission, communication, and so on [15–19].
Metasurface perfect absorbers are typically designed as a three-layer structure, a periodic
pattern layer, a dielectric spacer layer and a metal ground plane [20]. By optimizing the geometry
of the structure and selecting the appropriate materials, metasurface absorbers can exhibit
unique absorption characteristics, such as multiple or broad resonance, wide-angle, polarization
insensitivity and narrow discrete distance of resonance frequencies [21–23]. Among those, the
multi-resonance absorber is one of the most important portions. Multi-resonance absorber can
be designed with three methods [24]: 1) to design multiple absorber units with different resonant
frequencies in the same plane, known as the coplanar construction method; 2) to stack different
sizes of absorber elements in a vertical space, termed the vertical stacking method; 3) to combine
the two methods mentioned before. Interestingly, all of these approaches can also be used to
realize broadband absorption by adjusting the dimension of these elements appropriately, which
is another significant characteristic of the THz metasurface absorbers [25,26]. For example,
B.-X. Wang proposed a four-band and polarization-insensitive terahertz absorber consisting
of four square metal rings with different sizes on the same plane [27]. W. Pan demonstrated
a broadband terahertz metamaterial absorber based on the longitudinal coupling of the nest
structure with different geometric parameters in a vertical space [28]. However, because too
many absorber elements of different sizes are required in the unit cell structure, all of these
methods to achieve multi-resonance or broadband absorbers have the same limitations. Firstly,
the existing manufacturing methods have difficulty in achieving a good balance between high
precision, time-consuming and cost. Secondly, it is hard to resolve the coordination between the
absorption band and the absorption area. Thirdly, the thickness of these metasurfaces cannot be
well controlled, which increases the difficulty of device integration. As a result, most metasurface
perfect absorbers have only achieved dual-resonance absorption, narrow band performance or
implemented theoretically, which limits the application range of absorber in THz high efficient
devices. Therefore, the experimental realization of multi-resonance and ultra-broadband absorber
with low cost and high-precision is of great significance.
In order to achieve this target, in this work, flexible and high precision terahertz metasurface
absorbers based on the micro-template assisted self-assembly (MTAS) method are proposed
[29]. Free from cost, complex process and time-consuming, the sandwich structure terahertz
metasurface absorber consisting of Zirconia (ZrO2 ) microspheres and a metal ground plane
separated by a polyimide spacer is fabricated economically. On the one hand, by arranging
the microspheres into a periodic pattern arrangement, the maximum multi-band absorption
can up to 92.5% at a frequency of 0.745 THz. On the other hand, through assembling the
microspheres on the polyimide spacer in a compact configuration, 90% absorption bandwidth
beyond 1.2 THz with a central frequency of 1.8 THz is observed, which exhibits superior
absorption property. The theoretical model of multiple reflection and interference is employed to
explain these characteristics. At the same time, both of the metasurface absorbers are insensitive
to the polarization of the THz wave at oblique incidence. Considering the flexible design and
high throughput manufacturing processes, this work provides a promising platform for the
development of high-efficiency and multi-functional terahertz devices.
2.

Design and fabrication

In order to realize the flexibility, high-precision and simple manufacturing of the THz metasurface
absorber, the micro-template-assisted self-assembly (MTAS) method is employed in the sample
manufacturing process. In Fig. 1(a) is the fundamental process of the MTAS method. First, a
metal template with periodic hole arrays as shown in Figs. 1(b)–1(c) is fabricated and attached
to a target dielectric spacer. Then, the prepared uniform microsphere particles are transferred
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to the template and a soft brush is used to push the microspheres from left to right repeatedly.
Since the diameter of the array of holes is slightly larger than the diameter of these particles,
the microspheres are pushed into the holes and arranged periodically. Please note that a thin
layer of glue is used between the template and the dielectric spacer to fix these microspheres.
Thereafter, the template is removed and well-arranged microspheres are obtained on the dielectric
spacer, as shown in Fig. 1(d). Finally, a copper film is deposited on the other side of the dielectric
spacer through magnetron sputtering. The flexibility and high-precision metasurface absorber is
obtained in Fig. 1(e). As expected, the microscopic image of the sample is depicted in Fig. 1(f),
and microspheres of the same size are periodically arranged on the dielectric spacer.

Fig. 1. (a) Illustrations of the micro-template-assisted self-assembly method. (b) Physical
image and (c) microscopic image of the metal template. (d) Physical image of the
microspheres periodically arranged on the dielectric spacer. (e) Physical and (f) microscopic
images of the fabricated sample.

For the preparation of the template, first, a stainless steel membrane with uniform thickness
is placed on the workbench. The appropriate AutoCAD file is then written to and input to the
controller, which synchronizes the table with the laser to etch the membrane. The stainless steel
membrane is written point-by-point using a solid-state laser (Enpon-Nano-H532, a nanosecond
laser) that is operated at 532 nm with a 7 W output energy and a 10 ns pulse duration. Before
etching the next hole, the laser must be turned off to avoid damaging the area between two adjacent
holes. Finally, the template with a periodic hole pattern is obtained. During fabricating the
sample, first, we transferred the uniform microspheres onto the polyimide layer, then deposited a
copper film on the polyimide spacer by radio frequency magnetron sputtering. The base pressure
is 106 Pa to ensure a low impurity level. For the growth conditions, 55 W radio frequency power
and 0.6 Pa Ar pressure are used to ensure good uniformity of the copper film. The sample is
deposited for ten minutes to obtain a copper film with a thickness exceeding the skin depth of
THz radiation.
In order to obtain a high-performance terahertz absorber, the structural design of the metasurface
is determined through simulation and experiment. First, the permittivity and loss tangent of
zirconia microspheres and polyimide are obtained from Refs. [30-31]. Then, to achieve the
multi-resonant absorption of the metasurface, the parameter sweep of the CST Microwave Studio
is employed to determine the structural design. Next, the sample of the absorber is fabricated
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based on the simulated results, and the permittivity and loss tangent of the zirconia and polyimide
are determined experimentally. Finally, the structural parameters of the metasurface absorber
are optimized by using the experimental permittivity and loss tangent. In the experiment, a
150-µm-thick stainless-steel membrane with periodic hole array (period = 200 µm) is selected as
the template. The smooth, uniform and ZrO2 ceramic spheres with a diameter of 130 µm are
employed as microspheres. Assuming that the permittivity of ZrO2 is 40 and the loss tangent is
0.15, respectively [30]. In the experiment, the dielectric spacer is a 50 µm thick polyimide with
a low permittivity ( = 3.6) and a low loss tangent (loss tangent = 0.01) [31]. Considering the
balance between performance and efficiency, the thickness of the copper film is set to 400 nm.
Through this method, flexibility and high-precision samples are fabricated without complicated
process and time-consuming.
3.

Experiment and discussion

The typical schematic setup of a terahertz time-domain spectroscopy (THz-TDS) system and
experimental equipment are shown in Figs. 2(a)–2(b). The major components of the THz-TDS
system are a Ti: sapphire femtosecond laser, an LT-GaAs THz emitter source, a ZnTe THz
detector, focusing and collimating parts for laser, mirrors, sample, a motorized delay line, a
lock-in amplifier, and a signal analysis system. The usable bandwidth of the THz-TDS is from
0.1 THz to 3 THz, and the resolution is below 5 GHz to provide enough spectrum information.
The detector with a scanning accuracy of less than 2 µm is used for information collection and
analysis. In the experiment, considering the absorption and dispersion of the THz beams by
water vapor, nitrogen gas is used to control the content of water vapor below 5%. The fabricated
sample is characterized by reflection when THz radiation is focused onto the sample at oblique
incidence. In order to normalize the reflection of the sample, the reference is measured by
replacing the sample with a metal patch. As a result, the normalized reflection is defined as
|Rsample(ω) /Rreference(ω) |, where Rsample(ω) and Rreference(ω) are the reflection of the sample and the
reference, respectively. In general, the absorption is given by A(ω) = 1 − R(ω) − T(ω), where
R(ω) and T(ω) are the reflection and transmission of the terahertz metasurface, respectively.
Figure 3(a) shows the measured absorption spectrum of the fabricated sample using a THz-TDS
system. Three remarkable resonance peaks can be observed ranging from 0.3 THz to 0.8 THz,
and the maximum absorption rate can reach 92.5% at 0.745 THz, which exhibits the great
multi-resonance absorption characteristic of the sample. To have a deeper understanding of the
multi-resonance absorption properties, CST Microwave Studio is used to verify the experiment
results. Unit cell boundary conditions are employed with a frequency domain plane wave pulse
at oblique incidence to match experiment settings. As plotted in Fig. 3(a), triple-band resonances
are obtained with three absorption values of 66.9% at 0.384 THz, 87.1% at 0.520 THz and 99.2%
at 0.745 THz, which have the same resonance frequency as the experimental measurements. As
a result, good agreement can be observed between the simulation and the experimental result,
confirming the high quality of the fabricated sample. However, compared with simulation result,
the absorption of the measurement is slightly lower on the whole. These disagreements can
be explained by the following reasons: (i) the geometric parameters of the fabricated sample
may be slightly different from the design and the ZrO2 particles are not standard spheres; (ii)
the permittivity and loss tangent of these materials may have deviations in experiment and
simulation; (iii) the influence of the glue used in the manufacturing process is not considered in the
numerical calculation. For the measured and simulated results on the oblique incidence condition,
multiple reflection and interference theory is used for qualitative analysis and interpretation of
the absorption properties [32–34]. As shown in Fig. 3(b), we assume that the dielectric spacer
and the pattern layer are considered as a whole, which is called as area1, and the copper film used
in the experiment is considered as the ground plane. In the theoretical model, r12 eiθ12 represents
the air to air reflection coefficient at the interface; r21 eiθ21 is the reflection coefficient from area1
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to area1 at the interface; t12 eiϕ12 indicates the transmission coefficient from air to area1 at the
interface, and t21 eiϕ21 is the transmission coefficient from area1 to air at the interface. According
to the interference theory and the existence of the ground plane, the overall reflection of the
model can be expressed as:
r = r12 ejθ12 +

t12 t21 ej(ϕ12 +ϕ21 −2β−π)
1 − r21 ej(θ21 −2β−π)

(1)

where β = kd is the propagation phase and k is the wavenumber in area1, d is the propagation
distance of the transmitting wave from interface to ground plane. Therefore, the absorption
can be calculated through A(ω) = 1 - R(ω) – T(ω) = 1 - |r| 2 since the transmission T(ω) = 0 due
to the existence of ground plane. The perfect absorption of the metasurface can be obtained
with the satisfaction of the interference theory. As shown in Fig. 3(a), the calculated absorption
spectrum (in green line) is in general agreement with results from both experiment (in black
line) and simulation (in red line). The differences can be explained by the following reasons: (i)
the difference between dielectric microspheres used in this paper and the metal resonators in
Refs. [32–34]; (ii) the deviation results from the process of considering the dielectric spacer and
the pattern layer as a whole. From the analysis results we can speculate that the absorptivity of
metasurface absorber is mainly related with the scattering characteristic of the resonator. On
the contrary, the main contribution of the ground plane is to reflect the incident THz waves.
To validate our theoretical analysis, the metasurface without copper film is also simulated as
indicated in Fig. 3(a). Because the condition of interference theory is destroyed, absorption of
the metasurface without copper film is obviously below than that with the copper film, which is
consistent with our analysis.

Fig. 2. (a) Schematic of the terahertz time-domain spectroscopy system used in experiments,
where M1-M7 represent optical mirrors, BS represents the beam splitter and PM represents
the parabolic mirror. The angle θ is equal to 90°. (b) Measured equipment for the terahertz
metasurface absorbers.

Considering the influence of the geometric parameters on the metasurface characteristics, the
absorption associated with the thickness of the dielectric spacer can be simulated by directly
varying the thickness from 40 µm to 60 µm. As demonstrated in Fig. 4(a), the absorption at
0.384 THz increases obviously with the decreases of the thickness of the dielectric spacer. This
means that for the first resonance mode, the unity-absorption can always be achieved with an
optimized spacer thickness. Since the second and third resonance modes are mainly dependent
on the sizes of the microspheres, their absorption spectra change relatively little as the thickness
of the dielectric spacer decreases. Therefore, as shown in Fig. 4(b), the relationship between
absorption resonance modes and microspheres has also been studied. As obtained from the
spectra, the unit-cell structure of the metasurface absorber with different microsphere diameters
or periods are simulated when other geometric parameters are fixed. Originally, the microspheres
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Fig. 3. (a) Measured, simulated and calculated absorption spectrum of the metasurface
absorber, and the contrast simulated absorption spectrum of a metasurface without the copper
film. (b) The theoretical model of multiple reflections and interferences at oblique incidence,
where the microspheres are represented by the gray line at the air-dielectric interface.

are arranged in a square array with diameter d = 65 µm and period P = 200 µm. when P = 200 µm
and P = 210 µm with d = 65 µm are compared in Fig. 4(b), the first two low-frequency resonance
modes hardly change while the third resonance shifts to a lower frequency. While the absorption
of the resonance at 0.745 THz remains above 99% with the variation of period, it shows the high
stability of the device. Besides, when the diameter of microsphere increases from 65 µm to 70 µm
with the period remains 200 µm, the first and second resonances show redshifts 0.017 THz and
0.021 THz, respectively. In the contrary, a slight blue shift 0.013 THz of the third absorption peak
is observed in Fig. 4(b). This is an interesting and worthwhile phenomenon, which means that we
can control the three absorption resonances appear at any frequency by just changing the diameter
and period of the structure unit-cell. We believe that more perfect absorption characteristics can
be observed by optimizing the metasurface geometric parameters. At the same time, it should be
noted that although the resonant frequency of the absorber cannot be directly adjusted by external
stimulation, however, it can be manufactured in large quantities to meet different application
scenarios combined with the high-throughput and low-cost manufacturing process.

Fig. 4. (a) Simulated absorption spectrum of the metasurface with different dielectric spacer
thicknesses. (b) Simulated absorption spectrum of the microspheres with different sizes or
periods.
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Besides, polarization insensitivity is also of considerable merit for terahertz metasurface
absorbers in practical applications. Thus, the effect of the polarization angle on the absorption
performance of metasurface is also considered. Since the proposed structure has a high degree
of the fourfold rotational symmetry, it can be inferred that the absorber is insensitive to the
polarization of the incident electromagnetic wave. Figure 5(a) gives the measured absorption of
the sample by adjusting the polarization angle from 0° to 90°. With the increase of polarization
angle, the amplitude and resonance frequency are almost unchanged, which exhibits excellent
stability for the incident THz waves. At the same time, we also study the influence of incident
angle on the performance of the absorber. The simulated absorption spectrum with the incident
angle increasing from 35° to 65° is shown in Fig. 5(b). In the case of TM polarization, the
absorption peak at 0.745 THz is slightly redshifted with the angle of incidence, while the
absorption peaks at 0.384 THz and 0.520 THz are insensitive to incident angle. The insensitivity
of the polarization angle and wide incident angle allows the absorber to be used in numerous
applications.

Fig. 5. (a) The measured absorption spectrum at different polarization angles of the
fabricated sample. (b) The simulated absorption spectrum of the sample with different
incident angles.

It is well known that in the development of terahertz metamaterials, a given unit cell is rarely
used in two different applications in different frequency bands without a significant modification
of the unit cell geometry. Most of these metasurfaces can only present a single function, such as
multi-band absorption, broadband reflection, and frequency selective transmission. Although a
variety of active or tunable materials are combined with these metasurfaces to alter their operating
frequency or function, the operating modes of these devices can only be changed within a narrow
frequency range. The main reason for this phenomenon is that the response of the metasurfaces
to THz radiation depends mainly on their unit cell structure, and it is difficult to achieve different
responses. Surprisingly, different from most metasurfaces with chemical deposition or laser
etching in the fabrication of resonant unit cells, the absorbers we proposed here are great structural
flexibility. As a result, during the manufacturing and testing process of the samples, we find the
ultra-broadband absorption occurs in a different frequency band compared with the absorber
discussed in Fig. 3(a). As demonstrated in Fig. 6(a), a non-periodic metasurface is obtained
when we place the ZrO2 microspheres on the polyimide layer without the metal template. Two
types of sample are fabricated with the microspheres of different diameters d = 60 µm and d = 65
µm. As plotted in Fig. 6(b), ultra-broadband absorption has been studied in both of the measured
and simulated spectra in the frequency range from 1.0 THz to 2.5 THz. It can be seen from
the spectrum that 90% absorption bandwidth beyond 1.2 THz with a central frequency of 1.8
THz. The difference between the measured and simulated absorption can be attributed to the
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existence of water vapor and glue. We consider that the wideband absorption of the metasurface
is attributed to the coupling effects between the microspheres. As shown in Fig. 6(b), for the
metasurface absorbers with different size microspheres, similar ultra-wideband absorption can be
observed. It means that the absorption is resulted from coupling effects rather than the resonance
of unit cells. This phenomenon also represents that we can realize ultra-broadband absorption
without considering the influence of the diameter of microspheres. Combining advantages of free
from metal membrane in the fabrication, non-periodic metasurface absorbers are more suitable
for broad absorption. Finally, due to the non-periodic arrangement of the microspheres in the
samples, it is no longer to consider the influence of the polarization angle on the absorber. These
results show that our design can realize multi-resonance and ultra-broadband absorption without
a significant modification of the unit cell structure. It provides a promising platform for the
multi-functional terahertz metasurfaces.

Fig. 6. (a) Microscope image of a fabricated sample from the unit cell arranged in a
non-periodic pattern. (b) Measured and simulated absorption spectra of the microspheres
with different diameters.

4.

Conclusion

In summary, we introduce a generic design for multi-resonance and ultra-broadband metasurface
absorbers based on the micro-template-assisted self-assembly method. Through assembling
the microsphere resonators into a designed pattern, multi-resonances at the goal frequencies
can be realized. A triple-band absorber with the maximum absorption up to 92.5% is obtained.
Meanwhile, with the freedom for manipulating the microsphere resonators into any non-periodic
arrangement, 90% absorption bandwidth beyond 1.2 THz with a central frequency of 1.8 THz
is observed. Free from cost, complex process and time-consuming, our designs provide a
versatile and powerful platform for terahertz metamaterials, which should find a wide variety of
applications in multi-functional and high-efficiency terahertz devices.
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