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ial perfect absorber

a  b  s  t  r  a  c  t

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.
y factor
ivity

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
unique  advantages  for sensing  applications.

©  2018  Elsevier  B.V.  All  rights  reserved.
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aterials are engineered subwavelength structures
g extraordinary electromagnetic properties when res-
excited by electromagnetic fields [1–3]. Metamaterial
bsorbers were originally reported as two metamaterial
tterned with split-ring resonators (SRRs) and cut-wires

 by an intervening dielectric spacer [4,5]. Subsequently,
ound plane was employed to replace one of the meta-
layers [6]. With judicious design and fabrication, it is
to realize near-unity absorption at a well-defined fre-
imilar configuration was also developed in microwave
wn as circuit-analog absorber. The concept is, however,

tended to other frequencies, and the thickness is usually
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 quarter of the wavelength [7,8]. For the metamaterial
bsorbers, a widely accepted explanation for near-unity
n is effective medium theory [5] where the effective
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ity and permeability are separately tuned to match the
e impedance thereby minimizing the reflected light (the
sion is zero because of the ground plane, meaning the
n is ∼1). Another well-established approach is transmis-
theory [9,10], which considers the metamaterial absorber
port shorted transmission line from which it is possible to
he equivalent impedance. Recently, it has been found that
pling between the metamaterials and the ground plane
ble (reasonable for typical spacer layer thicknesses), the
ction can be modeled as the superposition of the multiple
s caused by the two metallic layers using interference
1].
aterial absorbers can potentially be employed in imag-

ing and detection applications, amongst others [12,13].
er material is an essential component of a metamaterial

 and its precise design (in terms of thickness and dielectric
 is critical towards realizing a variety of applications. For
 the spacer can be partially etched and replaced with liq-
ls to realize an electrically tunable metamaterial absorber
rnatively, by utilizing VO2 as the spacer material, the
n resonance can be switched on and off [15] with tem-

https://doi.org/10.1016/j.sna.2018.07.052
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.07.052&domain=pdf
mailto:raveritt@ucsd.edu
mailto:xinz@bu.edu
https://doi.org/10.1016/j.sna.2018.07.052


304 G. Duan et al. / Sensors and Actuators A 280 (2018) 303–308

Fig. 1. (a) S rption
of  the SRRs

perature 

by integr
ear prop
factor of 

layers of
sensing a
tric space
metamat
is highly 

material 

2. Desig

In  this
material a
absorptio
19.8 whi
by a facto
yields the
the groun
air-space
configure
tunability

A sche
shown in
on a silico
to a grou
ness of 5
the SRRs
ity of the
using CST
tion. The
εSiN = 7.6
tivity of 4
The simu
incident 

dicular (r
and 0.958

The fa
silicon ni
off proce
the backs
windows
following
pletely re
top side s
wafer wa
which 10
tolithogra

 flip
 (20

g a m
mag
e of 

hara

Devi

he  s
opy 

ction
cy d

 a g
allic 

 = 1 

eld r
 inci

 cap
fined
ap, y
icul
rptio
llel p

 amp
lts (s
latio

 cau
isalig
ng. T
cted

Anal

terf
h co

 refle
odel 

bran
 coef
ction
:

12 −
chematic drawing of the assembling of the air-spacer absorber. (b) Simulated abso
 is 70 �m,  the line width is 5 �m,  and the gap is 8 �m.

switching of the insulator-to-metal transition. Moreover,
ating semiconductor material within the spacer, nonlin-
erties can be introduced [16]. Importantly, the quality
metamaterial absorbers is typically higher than single

 metamaterials [11], and is therefore more suitable for
pplications. However, the physical presence of the dielec-
r material precludes access to the volume between the

erial layer and the ground plane, where the electric field
concentrated. Additionally, dielectric loss of the spacer

can reduce the quality factor.

n and fabrication

 paper, we designed, fabricated, and characterized a meta-
bsorber with an air-spacer, demonstrating the near-unity
n remains achievable with a measured quality factor of

ch is larger than counterpart dielectric spacer absorbers
r of ∼3. Additionally, the absence of the spacer material

 possibility to access the space between the SRR layer and
d plane. The advantages introduced above provide the

r metamaterial absorber with a unique opportunity to be
d for sensing applications or to realize a larger degree of
.
matic drawing of our metamaterial absorber design is

 Fig. 1(a). An array of SRRs (150 nm thick) was  patterned
n nitride (0.4 �m thick) membrane and flip chip bonded
nd plane with polyimide as the adhesion layer (thick-

 �m)  at the perimeter of the array. The geometry of
 is introduced in the caption of Fig. 1 and the periodic-

 array is 80 �m.  The absorption spectrum was simulated
 Microwave Studio 2016 with unit cell boundary condi-

 permittivity of the silicon nitride membrane was set as
 + i0.04 [17]. Gold was set as lossy metal with a conduc-
.56 × 107 S/m, and the background was set as vacuum.

lated absorption spectra are plotted in Fig. 1(b) with the
terahertz (THz) pulse polarized parallel (blue) or perpen-
ed) to the gap exhibiting absorption peaks at 0.812 THz

 THz, respectively.
brication of the structure layer began with a double-side
tride coated silicon wafer. SRRs were patterned using a lift
ss using photolithography and e-beam evaporation. Next,
ide silicon nitride membrane was patterned with open

 and etched by reactive ion etching as the mask for the
 wet etching, in which KOH solution was applied to com-
move the silicon in the window areas, leaving only the
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ilicon nitride membranes with patterned SRRs. A second
s coated with 150 nm thick gold as the ground plane, on

 �m thick polyimide (HD8820) was spin coated and pho-
phed. Finally, the structure layer and the ground plane

where  r i
reflection
nitride m
 spectra with incident THz pulse polarized as the insets. The side length

 chip bonded by applying high temperature (175 ◦C) and
0 g). The thickness of the air-spacer was measured as 5 �m
icroscope with digital dial indicator. Fig. 2(a) and (b) show
e of a fabricated air-spacer absorber and the microscopy
the unit cell array [18].

cterization and analysis

ce characterization

ample was characterized using THz time-domain spec-
at normal incidence in reflection. The time domain

 signal was measured, Fourier transformed to the fre-
omain, and normalized to the reference signal measured
old mirror. Due to the zero transmission through the
ground plane, the absorber spectrum can be expressed
− |r|2, where A is the amplitude of absorption and r is
eflection coefficient. The experimental absorption spectra

dent THz pulse polarized parallel and perpendicular to the
acitive gaps are plotted in Fig. 3(a) and (b). The x–y plane

 parallel to the metamaterial layer with x direction along
 direction perpendicular to the gap, and z direction per-

ar to the metamaterial layer as shown by the inset in Fig. 3.
n peaks were observed at the frequency of 0.811 THz for
olarization and 0.954 THz for perpendicular polarization
litude of 88.4% and 99.8%, respectively. The experimental

olid blue curves) show a high degree of agreement with the
n results (dashed red curves). The slight mismatch is pos-
sed by the deformation of the silicon nitride membrane,
nment of the gap to the polarization direction during the

he theoretical results based on interference theory are also
 in Fig. 3 as the green curves, which will be discussed later.

ysis based on interference theory

erence theory was  employed to analyze the absorption,
nsiders the total reflection as the superposition of the mul-
ctions between the metamaterials and the ground plane.
including only a single layer of SRRs on a silicon nitride
e was simulated to retrieve the reflection and transmis-

ficients (amplitude and phase). Using this information, the
 spectrum was calculated using the following equation

t12t21 (1)

r21 + e−i2ˇ

s the total reflection coefficient, r12, t12 and r21, t21 are the
 and transmission coefficients from the air to the silicon
embrane side or to the SRRs side,  ̌ = 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.

Fig. 3. Absorption spectra comparison amongst experimental, simulation, and theoretical results for incident THz pulse polarized (a) parallel and (b) perpendicular to the
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 the surface current depicted in Fig. 4, the power con-
 primarily occurred at the sides labeled 1 and 2 parallel

 for the LC absorption mode, while for the dipole absorp-
e the primary power consumption occurred at the sides

 and 4 perpendicular to the gap. More importantly, the
 of the dielectric loss increases quality factor. For the mea-

t and simulation results, the quality factors are 19.8 and
C absorption mode, and 17.2 and 21.02 for dipole absorp-
e, calculated by dividing the peak frequency by the full
alf maximum. The differences between the experimental

lated quality factors may be due to the non-uniformity of
ated unit cells. The quality factor can be further increased
ving the fabrication techniques to achieve higher unifor-
he unit cells and the spacer thickness across the whole
nd by reducing ohmic loss in metallic structures. Nev-
, comparing with reported metamaterial absorbers using
e spacers, the quality factor is increased in excess of three-
2].

ysis of magnetic and electric field distribution
derstand the character of the resonant absorption, simu-
 the z-component of the magnetic field strength in the x–y
he middle of the spacer layer are depicted in Fig. 4(a) and
e 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
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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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