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Metamaterial absorbers are typically comprised of a layer of split-ring resonators and a ground plane
with a dielectric spacer layer that provides structural support and in which absorbed energy is deposited.
We address the question “What happens to the absorption if the spacer layer is removed?” through
the design, fabrication, and characterization of a terahertz metamaterial absorber with air as the spacer
layer. Reflection based terahertz time-domain spectroscopy was employed to measure the absorption
and interference theory was used to interpret the results. The surface current in the gold ground plane
and split-ring resonator layer is solely responsible for the absorption in the form of joule heating. In
comparison to dielectric spacer layer absorbers, the quality factor is increased by a factor of ~3. The
electric field is highly concentrated in the volume between split-ring resonator layer and the ground plane
offering the potential for novel sensing application if materials can be incorporated into this region (e.g.
with microfluidics). In the spirit of this possibility, simulations of the absorption have been performed. The
variation of the real part of the permittivity of the spacer material results in an absorption peak frequency
shift, while a change in the imaginary part affects the quality factor and amplitude. Ultimately, the high
quality factor and the absence of the spacer material provide the air-spacer metamaterial absorber with
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unique advantages for sensing applications.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metamaterials are engineered subwavelength structures
exhibiting extraordinary electromagnetic properties when res-
onantly excited by electromagnetic fields [1-3]. Metamaterial
perfect absorbers were originally reported as two metamaterial
layers patterned with split-ring resonators (SRRs) and cut-wires
separated by an intervening dielectric spacer [4,5]. Subsequently,
a pure ground plane was employed to replace one of the meta-
material layers [6]. With judicious design and fabrication, it is
possible to realize near-unity absorption at a well-defined fre-
quency. Similar configuration was also developed in microwave
range known as circuit-analog absorber. The concept is, however,
rarely extended to other frequencies, and the thickness is usually
around a quarter of the wavelength [7,8]. For the metamaterial
perfect absorbers, a widely accepted explanation for near-unity
absorption is effective medium theory [5] where the effective

* Corresponding author.
E-mail addresses: raveritt@ucsd.edu (R.D. Averitt), xinz@bu.edu (X. Zhang).

https://doi.org/10.1016/j.sna.2018.07.052
0924-4247/© 2018 Elsevier B.V. All rights reserved.

permittivity and permeability are separately tuned to match the
free space impedance thereby minimizing the reflected light (the
transmission is zero because of the ground plane, meaning the
absorption is ~1). Another well-established approach is transmis-
sion line theory [9,10], which considers the metamaterial absorber
as a one-port shorted transmission line from which it is possible to
retrieve the equivalent impedance. Recently, it has been found that
if the coupling between the metamaterials and the ground plane
is negligible (reasonable for typical spacer layer thicknesses), the
total reflection can be modeled as the superposition of the multiple
reflections caused by the two metallic layers using interference
theory [11].

Metamaterial absorbers can potentially be employed in imag-
ing, sensing and detection applications, amongst others [12,13].
The spacer material is an essential component of a metamaterial
absorber and its precise design (in terms of thickness and dielectric
function) is critical towards realizing a variety of applications. For
example, the spacer can be partially etched and replaced with lig-
uid crystals to realize an electrically tunable metamaterial absorber
[14]. Alternatively, by utilizing VO, as the spacer material, the
absorption resonance can be switched on and off [15] with tem-
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Fig. 1. (a) Schematic drawing of the assembling of the air-spacer absorber. (b) Simulated absorption spectra with incident THz pulse polarized as the insets. The side length

of the SRRs is 70 m, the line width is 5 wm, and the gap is 8 pm.

perature switching of the insulator-to-metal transition. Moreover,
by integrating semiconductor material within the spacer, nonlin-
ear properties can be introduced [16]. Importantly, the quality
factor of metamaterial absorbers is typically higher than single
layers of metamaterials [11], and is therefore more suitable for
sensing applications. However, the physical presence of the dielec-
tric spacer material precludes access to the volume between the
metamaterial layer and the ground plane, where the electric field
is highly concentrated. Additionally, dielectric loss of the spacer
material can reduce the quality factor.

2. Design and fabrication

In this paper, we designed, fabricated, and characterized a meta-
material absorber with an air-spacer, demonstrating the near-unity
absorption remains achievable with a measured quality factor of
19.8 which is larger than counterpart dielectric spacer absorbers
by a factor of ~3. Additionally, the absence of the spacer material
yields the possibility to access the space between the SRR layer and
the ground plane. The advantages introduced above provide the
air-spacer metamaterial absorber with a unique opportunity to be
configured for sensing applications or to realize a larger degree of
tunability.

A schematic drawing of our metamaterial absorber design is
shown in Fig. 1(a). An array of SRRs (150 nm thick) was patterned
on a silicon nitride (0.4 pum thick) membrane and flip chip bonded
to a ground plane with polyimide as the adhesion layer (thick-
ness of 5 wm) at the perimeter of the array. The geometry of
the SRRs is introduced in the caption of Fig. 1 and the periodic-
ity of the array is 80 pm. The absorption spectrum was simulated
using CST Microwave Studio 2016 with unit cell boundary condi-
tion. The permittivity of the silicon nitride membrane was set as
&siv = 7.6 +10.04 [17]. Gold was set as lossy metal with a conduc-
tivity of 4.56 x 107 S/m, and the background was set as vacuum.
The simulated absorption spectra are plotted in Fig. 1(b) with the
incident terahertz (THz) pulse polarized parallel (blue) or perpen-
dicular (red) to the gap exhibiting absorption peaks at 0.812 THz
and 0.958 THz, respectively.

The fabrication of the structure layer began with a double-side
silicon nitride coated silicon wafer. SRRs were patterned using a lift
off process using photolithography and e-beam evaporation. Next,
the backside silicon nitride membrane was patterned with open
windows and etched by reactive ion etching as the mask for the
following wet etching, in which KOH solution was applied to com-
pletely remove the silicon in the window areas, leaving only the
top side silicon nitride membranes with patterned SRRs. A second
wafer was coated with 150 nm thick gold as the ground plane, on
which 10 wm thick polyimide (HD8820) was spin coated and pho-
tolithographed. Finally, the structure layer and the ground plane

were flip chip bonded by applying high temperature (175°C) and
force (200 g). The thickness of the air-spacer was measured as 5 um
using a microscope with digital dial indicator. Fig. 2(a) and (b) show
the image of a fabricated air-spacer absorber and the microscopy
image of the unit cell array [18].

3. Characterization and analysis
3.1. Device characterization

The sample was characterized using THz time-domain spec-
troscopy at normal incidence in reflection. The time domain
reflection signal was measured, Fourier transformed to the fre-
quency domain, and normalized to the reference signal measured
with a gold mirror. Due to the zero transmission through the
metallic ground plane, the absorber spectrum can be expressed
as A=1—|r|?, where A is the amplitude of absorption and r is
the field reflection coefficient. The experimental absorption spectra
with incident THz pulse polarized parallel and perpendicular to the
SRRs capacitive gaps are plotted in Fig. 3(a) and (b). The x-y plane
is defined parallel to the metamaterial layer with x direction along
the gap, y direction perpendicular to the gap, and z direction per-
pendicular to the metamaterial layer as shown by the inset in Fig. 3.
Absorption peaks were observed at the frequency of 0.811 THz for
parallel polarization and 0.954 THz for perpendicular polarization
with amplitude of 88.4% and 99.8%, respectively. The experimental
results (solid blue curves) show a high degree of agreement with the
simulation results (dashed red curves). The slight mismatch is pos-
sibly caused by the deformation of the silicon nitride membrane,
or misalignment of the gap to the polarization direction during the
testing. The theoretical results based on interference theory are also
depicted in Fig. 3 as the green curves, which will be discussed later.

3.2. Analysis based on interference theory

Interference theory was employed to analyze the absorption,
which considers the total reflection as the superposition of the mul-
tiple reflections between the metamaterials and the ground plane.
A model including only a single layer of SRRs on a silicon nitride
membrane was simulated to retrieve the reflection and transmis-
sion coefficients (amplitude and phase). Using this information, the
reflection spectrum was calculated using the following equation
[11]:

ti201
— (M
where ris the total reflection coefficient, r15, t;2 and 51, tp1 are the

reflection and transmission coefficients from the air to the silicon
nitride membrane side or to the SRRs side, S=n k d is the one-way
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Fig. 2. (a) Image of a fabricated air-spacer metamaterial absorber with side length of 20 mm. (b) The microscopy image of the unit cell array.
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Fig. 3. Absorption spectra comparison amongst experimental, simulation, and theoretical results for incident THz pulse polarized (a) parallel and (b) perpendicular to the
gap. The polarization of the incident pulse is indicated with red arrow in the inset. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article).

phase delay in the spacer, and n, k, d are the refractive index of the
spacer material, the wave number in vacuum, and the thickness of
the spacer, respectively. The theoretical results are plotted in Fig. 3
as the green dashed curve. Compared with the experimental results,
a slight blue shift of the absorption peak frequencies is observed.
The frequency mismatch between the experimental and theoretical
results were 0.007 THz and 0.016 THz for LC and dipole absorp-
tion modes respectively, which were 0.9% and 1.7% offset of the
absorption peak frequencies. The mismatch is caused by neglecting
the coupling between the metamaterials and the ground plane in
the parameter retrieval process, which contributed as an enhanced
mutual capacitance. This neglect can result in an absorption peak
frequency higher than the experiment results [19,20].

3.3. Analysis of the power dissipation

For traditional metamaterial absorbers with a dielectric mate-
rial as the spacer layer, significant absorption occurs within the
dielectric (depending of course on the magnitude of the imaginary
part of the dielectric function) [21]. With an air-spacer metama-
terial perfect absorber, the absorption must occur solely in the
metal layers and thin silicon nitride supporting layer. To investi-
gate this in detail, the power loss in each layer of the absorber
was simulated using CST Microwave Studio 2016. At the absorp-
tion peak frequencies, the simulated power dissipation in silicon
nitride, ground plane, and the SRRs are 5.3%, 18.6%, and 76.1% for
LC absorption mode, and 6.0%, 17.9%, and 76.1% for dipole absorp-

tion mode. Thus, the surface current in the SRRs and the ground
plane contribute most to the absorption in the form of joule heating.
Based on the surface current depicted in Fig. 4, the power con-
sumption primarily occurred at the sides labeled 1 and 2 parallel
to the gap for the LC absorption mode, while for the dipole absorp-
tion mode the primary power consumption occurred at the sides
labeled 3 and 4 perpendicular to the gap. More importantly, the
reduction of the dielectric loss increases quality factor. For the mea-
surement and simulation results, the quality factors are 19.8 and
28.2 for LC absorption mode, and 17.2 and 21.02 for dipole absorp-
tion mode, calculated by dividing the peak frequency by the full
width at half maximum. The differences between the experimental
and simulated quality factors may be due to the non-uniformity of
the fabricated unit cells. The quality factor can be further increased
by improving the fabrication techniques to achieve higher unifor-
mity of the unit cells and the spacer thickness across the whole
sample and by reducing ohmic loss in metallic structures. Nev-
ertheless, comparing with reported metamaterial absorbers using
polyimide spacers, the quality factor is increased in excess of three-
fold [16,22].

3.4. Analysis of magnetic and electric field distribution

To understand the character of the resonant absorption, simu-
lations of the z-component of the magnetic field strength in the x-y
plane at the middle of the spacer layer are depicted in Fig. 4(a) and
(b) for the incident THz pulse polarized parallel and perpendicular
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Fig. 4. The simulated magnetic field distribution along z-direction at the middle cross section of the spacer with incident wave polarized (a) parallel and (b) perpendicular
to the gap, and the corresponding surface current in (c) and (d) with the red arrows indicating the flow direction. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

to the gap at the absorption peak frequencies. Fig. 4(c) and (d) show
the corresponding surface current with red arrows indicating the
direction. These results reveal that LC resonance is excited for paral-
lel polarization, while dipole resonance is excited for perpendicular
polarization.

The electric field distribution of the LC and dipole absorption
modes were further investigated to obtain a comprehensive under-
standing of the air-spacer absorber. Fig. 5(a) and (b) depict the
electric field distributions of the two absorption modes at the cross
sections (shown as the insets), parallel or perpendicular to the
capacitive gap. For the LC absorption mode, the electric field is
primarily perpendicular to the ground plane, but is parallel to the
ground plane in the gap. For the dipole absorption mode, the elec-
tric field below the metamaterial structure is also perpendicular to
the ground plane. However, the electric field at the boundaries is
much stronger than that of the LC absorption mode, which indicates
stronger coupling between unit cells. The simulated electric field
strength at the cross section at the midpoint of the spacer in x-y
cross section is depicted in Fig. 5(¢) and (d) for LC and dipole absorp-
tion modes. The maximum strength occurs at the sides labeled 5
and 6 (as labeled in Fig. 4(c)) forming the gap for the LC absorp-
tion mode, while minimum strength occurs at the sides labeled 1
and 2 parallel to the gap. In the case of the dipole mode, the maxi-
mum strength occurs at the sides labeled 1 and 2, while minimum
strength occurs at the sides labeled 5 and 6. Nevertheless, both LC
and dipole absorption modes exhibited high electric field concen-
tration inside the spacer volume, particularly underneath the SRRs,

indicating that the absorption should be very sensitive to the spacer
permittivity.

In principle, for the air-spacer absorber, it should be possible
to modify the permittivity using, for example, microfluidics. This
could change the absorption strength and frequency of the res-
onance. Given the reasonably high quality factor, this gives the
air-spacer metamaterial absorber a unique set of advantages for
potential sensing applications. In the following, we investigate this
possibility using simulations to motivate future work along these
lines. Fig. 6(a) depicts the simulated absorption spectra by changing
the imaginary part of the spacer permittivity &; (where the per-
mittivity is € = g, + ig;) with &; held constant. The increasing loss
lowers the quality factor and decreases the absorption. However,
the absorption peak frequency remains nearly constant. Fig. 6(b)
shows the absorption spectra obtained upon changing &; of the
spacer permittivity with g; held constant. The absorption peak fre-
quency red shifts with increasing &; caused by a larger capacitance,
with minimal change in the quality factor. However, we note that
the thin fragile silicon nitride membrane is critical to achieve the
high sensitivity [23] and has to be carefully handled when designing
such a sensor.

4. Conclusion

In summary, we designed, fabricated, and characterized an
air-spaced terahertz metamaterial absorber. Due to the absence
of the dielectric loss, the quality factor is increased by greater
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Fig. 5. (a) The electric field distribution for the LC absorption mode in the x-z cross section at the position depicted by the dashed line in the inset. (b) The electric field
distribution for the dipole absorption mode in the y-z cross section. The electric field strength at the middle of the spacer in x-y cross section for (c) LC and (d) dipole

absorption modes.
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Fig. 6. The simulated absorption spectra with different spacer permittivity. (a) Varying the imaginary part with identical real part as 1. (b) Varying the real part with identical

imaginary part as zero.

than three-fold when compared to conventional metamaterial per-
fect absorbers. Further increases in the quality factor are limited
because of losses in the metallic layers. Simulations of the local
electric fields reveal that the electric field is highly concentrated

between the two metallic layers, especially beneath the SRRs.
With additional effort to create a mechanically robust air-spaced
absorber, such a device can potentially be utilized for dielectric
sensing applications.
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