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We report the simulation, fabrication, and experimental characterization of a multichannel
metamaterial absorber with the aim to be used as a label-free sensing platform in the terahertz re-
gime. The topology of the investigated resonators deposited on a thin flexible polymer by means of
optical lithography is capable of supporting multiple resonances over a broad frequency range due
to the individual contribution of each sub-element of the unit cell. In order to explore the perform-
ance of the chosen structure in terms of sensing phenomenon, the reflection feature is monitored
upon variation of the refractive index and the thickness of the analyte. We achieve numerically
maximum frequency sensitivity of about 139.2 GHz/refractive index unit. Measurements carried
out using terahertz time-domain spectroscopy show good agreement with the numerical predic-
tions. The results are very promising, suggesting a potential use of the metamaterial absorber in

wide variety of multispectral terahertz sensing applications. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4929449]

I. INTRODUCTION

In recent years, there has been a renewed interest in the
property of near perfect absorption (NPA) from the scientific
community, originally used in stealth technology to reduce
radar cross section (RCS) of objects at specific radar fre-
quencies. The advent of metamaterials (MMs) with unique
properties played a key role in the development of high qual-
ity absorbers ranging from microwaves to optical wave-
lengths'™'? and their integration in numerous functional
applications such as imaging'*'* and solar energy collec-
tion.'>'® The terahertz (THz) regime, which extends from
100 GHz to 10 THz, is a particularly interesting region that
has remained inaccessible for a long time due to the unavail-
ability of appropriate emitters and detectors.

In the past two decades, the field of terahertz technology
has experienced remarkable development due to advances in
laser and semiconductor technology. This has given rise to
various potential applications including subdiffraction imag-
ing,'” cloaking,'® and polarization conversion systems.'**"
Sensing applications have also a strong potential to benefit
from terahertz technology, which provides unprecedented
probing capabilities. Fluorescent labeling is the most com-
mon technique for tracking and monitoring biomolecules
such as proteins, antibodies, or amino acids. However,
attaching a chemically fluorescent substance to unknown
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molecules is a very expensive and complicated process.
Furthermore, this treatment may considerably modify the
sample and significantly lower the precision of the diagnostic
due to certain drawbacks.?! Therefore, it is more desirable to
develop novel label-free detection approaches, which should
be simultaneously highly sensitive and selective, possibly
biocompatible, and immune to external disturbances such as
pressure or temperature changes. The sensing capability in
the terahertz regime is enhanced by the exceptional behav-
iors of metamaterials. Various studies have explored the use
of metamaterials as label-free low-cost, compact and high-
performing biosensors, thereby offering an alternative
approach to detect and identify small chemical and biomo-
lecular compounds.*' ' Among the myriad applications of
metamaterials, perfect metamaterial absorbers (PMAs) have
emerged as potential candidates for absorbing electromag-
netic waves.'™'? The basic approach is to minimize the
reflection from the metamaterial absorber (MA) by matching
the impedance to free space and simultaneously suppress the
transmission by using a metallic ground plane layer. As a
consequence, excitation light could be locally stored inside
the structure for a finite time, thus enhancing the interaction
with an attached analyte dramatically, which constitutes
therefore an attractive concept for bio-sensing applications.
Additionally, the ground plane isolates the interaction
between the metamaterial device and the substrate, eliminat-
ing the detrimental effect of electric field decay in typically
high dielectric substrates. We exploit these two distinct

© 2015 AIP Publishing LLC
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features of PMAs for enhanced light matter interaction and
demonstrate a multispectral metamaterial absorber with
enhanced sensing capabilities in the terahertz spectral range.

Il. PRESENTATION OF THE MULTISPECTRAL
METAMATERIAL ABSORBER

Our proposed multispectral THz metamaterial absorber
consists of two metallic layers separated by a dielectric
spacer. The top layer consists of an array of planar metallic
resonators (made of 200 nm thick aluminum) that combines
an inner cut wire (CW) and an outer two-gap split ring reso-
nator (SRR). They have been deposited periodically on the
top side of 50 um thick dielectric spacer (commercially
available Kapton® polyimide film with a dielectric constant
of ¢, =34 0.15/) using a lithography-based patterning pro-
cess and are responsible for determining the absorption fre-
quencies. The bottom side of the dielectric spacer is entirely
coated with 200nm thick aluminum, acting as a ground
plane to inhibit any transmission through the structure.

Al-structured layer
][ ][

50pm Kapton® layer
Al-ground plane

FIG. 1. (a) Scanning electron microscope (SEM) image of the fabricated
metamaterial absorber with a schematic cross-section of the sample (top
right) and the polarization of the incident plane wave (bottom left). (b)
Representation of a single unit cell with the relevant geometrical dimen-
sions: a=b=250pum, c=d=g=>50um, e=25pum, and /=155 um. The
unit cells are arranged in the periods of p, = p, =300 um. (c) The fabricated
metamaterial absorber is caught between two fingers to illustrate its large
flexibility.
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Figure 1(a) represents the scanning electron microscope
(SEM) image of the fabricated MA, a schematic of its cross-
section (top right) and the polarization of the incident plane
wave (bottom left). The single unit cell of the fabricated MA
is represented in Fig. 1(b) with the relevant geometrical
dimensions: a=bh=250um, ¢c=d=g=>50um, e=25um
[=155 um. The unit cells are arranged in the periods of
DPx=py =300 um. Originally, the design of the metasurface
(i.e., SRR and CW without the metallic ground plane) was
introduced in earlier work to investigate some specific cou-
pling effects between the SRR and the CW.*? In this paper,
we have reconsidered the structure as a multiband MA for a
potential use in sensing applications. The multilayer topol-
ogy (i.e., metal—dielectric—metal triple layer) of a MA can be
assimilated to a Fabry-Pérot (FP) resonant cavity that
absorbs light due to constructive interference between multi-
ple reflections that occur between the structured layer (i.e.,
the metasurface) and the metallic ground plane.**?
Basically, the metasurface determines the absorption fre-
quency, the metallic back layer reflects the transmitted reso-
nance frequency, and the spacer layer acts as a
subwavelength cavity, which makes the waves reflected
from the metallic layer out of phase with respect to the
reflected waves from the metasurface.’® Such a cavity
scheme has been widely used to demonstrate sub-
wavelength highly directive antennas at microwave frequen-
cies.*”™ Due to the highly flexible and ultrathin nature of
the absorber, the chosen sensor design is very appropriate for
non-planar applications [see Fig. 1(c)]. Recently, there have
been various efforts devoted to realize flexible metamateri-
als.”?***™* The use of flexible substrates has provided an
unprecedented route to achieve frequency tunable metamate-
rials due to modifications in the profiles and the periodicities
of the structures when the substrates are stretched.**—>*

lll. ANALYSIS OF THE ELECTROMAGNETIC
RESPONSE OF THE METAMATERIAL ABSORBER

We studied the electromagnetic behavior of the structure
using a finite element method (FEM). In these calculations,
the elementary cell of the designed metamaterial was irradi-
ated by a normally incident plane wave with the electric field
parallel to the x-axis and the magnetic field parallel to the
y-axis. Periodic boundary conditions were applied in the nu-
merical model in order to mimic a 2D infinite structure. In
the simulations, the aluminum was modelled as a lossy metal
with a conductivity of g =3.45 X 107 S/m. The active sur-
face of the fabricated device is about 2cm x 2cm square.
Measurements using terahertz time-domain spectroscopy
(THz-TDS) in reflection configuration and under normal
incidence were carried out in dry-air environment in order to
determine the response of the structure to an incident tera-
hertz electromagnetic wave.’>>® The THz—TDS system was
comprised of a GaAs photoconductive transmitter and a
silicon-on-sapphire (SOS) photoconductive receiver, each
was optically excited with 26-fs ultrafast optical pulses of 10
mW average power. The THz-TDS system was configured
in an 8F confocal geometry and a 3.5-mm frequency-
independent beam waist. The amplitude of the reflection is
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defined as |r(w)| = |Ey(w)/Ei(w)|, where E;(w) is the
measured reflection spectrum. It is normalized by E;(w) with
respect to the reflection amplitude of an aluminum coated
silicon wafer.”’ In our measurements, 512 data points were
sampled to form a time domain pulse through adjusting the
time delay line between each sampling process. The addi-
tional length of time-delay line is 10 um. Therefore, the total
duration of the time-domain pulse can then be calculated as
T=512 x (10 um/c) ~ 17 ps, where c is the speed of light.
After the Fourier transformation, the corresponding fre-
quency resolution of the setup is 1/T ~ 58.8 GHz. The simu-
lated (solid line) and measured (dashed line) reflection and
absorption spectra of the metamaterial absorber are plotted
in Fig. 2(a) and reveal mainly three resonant modes. The
structure supports multiple resonances at around 0.22 THz,
0.48 THz, and 0.76 THz, respectively. Although there are
minor differences in amplitude and bandwidth of the
resonances (probably due to some imperfections during the
manufacturing process), the spectra obtained from measure-
ments confirm very well the trends predicted by numerical
calculations. To deepen in the origin of the resonances, the
magnetic field amplitude distributions for the metamaterial
absorber were simulated and plotted in Figs. 2(b)-2(e) at
absorption frequencies of 0.22 THz, 0.48 THz, 0.72 THz,
and 0.76 THz, respectively, at z=0 cut-plane. The lowest
resonance at around 0.22 THz stems from the excitation of
the SRR. The magnetic field expands along every arm of the
SRR [Fig. 2(b)] and gives rise to a dipole resonant fre-
quency. At the resonant frequency of 0.48 THz, we observe
strong magnetic field localization along the CW [Fig. 2(c)].
The third resonance splits into two distinct resonances at
around 0.72 THz and 0.76 THz, respectively. The geometry
and the dimensions of the structure have not been specifi-
cally chosen to create the splitting around the third reso-
nance. We have performed further numerical calculations
(but not shown here), which confirm that when the two
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FIG. 2. (a) Simulated (solid line) and measured (dashed line) reflection R
and absorption A spectra of the metamaterial absorber. (b)—(e) Simulated
spatial distribution of the resonant magnetic field H for a single unit cell of
the metamaterial absorber illuminated by a plane wave, at absorption fre-
quencies of 0.22 THz, 0.48 THz, 0.72 THz, and 0.76 THz, respectively, at
z=0 cut-plane.
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resonators (i.e., SRR and CW) are brought closer in space
(i.e., embedded into one single elementary cell), they mutu-
ally couple to one another, thus altering their resonant
response in a behavior commonly known as hybridization or
resonant splitting. The coupling between the resonators is
weak [see Figs. 2(d)-2(e)]. This reduces the hybridization
effects and the two resonances occur very close to each
other.”®

IV. EVALUATION OF THE SENSING PERFORMANCE
OF THE MULTISPECTRAL METAMATERIAL
ABSORBER

The sensing mechanism reported in this work is mainly
based on modifications in the optical thickness of the sur-
rounding medium of the metamaterial absorber (i.e., the re-
fractive index n and the thickness of the analyte embedded in
the structure, which are inherent parameters in organic sys-
tems). The sensing device is now fully coated (on top of CWs
and SRRs) by an overlayer with a thickness of 50 um, a
dielectric constant of 3 (i.e., Nanaiyie = 1.73), and a loss tangent
of 0.05. The test sample (analyte) is chosen in such a way that
its refractive index (Mapaiyie = 1.73) is comparable to some real
bio-materials). For example, it is worth noting that the refrac-
tive index of biomolecules can vary from 1.4 to 1.6 in DNA
and in the range between 1.6 and 2.0 in RNA.>>*° The simu-
lated and measured amplitude reflection spectra without ana-
lyte and with 50-um-thick analyte (14,415 = 1.73) are plotted
in Figs. 3(a) and 3(b), respectively. When the refractive index
is increased, the resonances shift to lower frequencies due to
the increase in the optical thickness of the structure along the
direction of wave propagation k. In other words, the reason of
this shift can be explained by the change in capacitance of the
structure. Upon loading with small amount of dielectric mate-
rial, the capacitance value increases and the resonances shift
towards lower frequencies. This red shift is noticeably accom-
panied by a modulation of the amplitudes of the resonances as
the refractive index of the overlayer increases. In order to
quantify the performance of the sensor in terms of sensing
capabilities, the refractive index of the analyte is changed
numerically in the range 1-2. The frequency shift (Af) that is
directly related with the sensitivity of the sensor is shown as a

-
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FIG. 3. (a) Simulated reflection spectra of the metamaterial absorber versus
frequency without analyte and with 50-um-thick analyte (11 = 1.73). (b)
The corresponding measured reflection spectra.
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FIG. 4. (a) Frequency shift (Af) and (b) amplitude modulation (AR) versus
analyte refractive index for the different resonant modes of the metamaterial
absorber-based sensor device. (¢) Frequency sensitivity (FS) of the resonant
modes as a function of the analyte thickness. (d) Frequency sensitivity of the
third resonant mode as a function of the analyte thickness at dielectric spacer
thicknesses of 50 um and 15 um, respectively. The symbols represent the
exact values, while the solid lines are the fitting functions.

function of the refractive index of the analyte in Fig. 4(a). The
frequency shift of the resonances (appearing nominally at
fr=0.22 THz, f> =0.48 THz, and fz; =0.76 THz, respec-
tively) increases linearly with the increase of the refractive
index of the analyte. Linear fitting functions were used in
order to fit the curves and to evaluate the frequency sensitivity
(FS) of the sensor. The fitting functions are described by
Afmodel =54.18 x Nanalyte — 54.45, AfmodeZ =119.2 x Nanatyte
— 120, and Af,o0e3 = 139.2 X ngparye — 135.8. The frequency
shift (Af) reaches a moderate value of about 54 GHz for the
first resonant mode, 119 GHz for the second resonant mode,
and 131 GHz for the third resonant mode at n=2, which
yields sensitivities (defined as the slope of the linear fitting
functions § = df/dn, where df represents the change in the res-
onance frequency and dn represents the change in the refrac-
tive index) of about 54.18 GHz/refractive index unit (RIU),
119.2 GHz/RIU, and 139.2 GHz/RIU, respectively [Fig. 4(a)].
The amplitude modulation of the reflectivity (AR) is also
investigated through numerical calculations, as shown in Fig.
4(b). Upon increasing the refractive index of the analyte and
depending on the excited resonant mode, their amplitude vari-
ation as a function of the refractive index could be very differ-
ent with a common nonlinear evolution. The amplitude of the
first resonant mode (fz; =0.22 THz) presents a hyperbolic
increase as a function of the terahertz refractive index of the
overlayer. The amplitude of the second resonant mode
(fr> = 0.48 THz) increases exponentially and reaches a satura-
tion beyond a refractive index of about n=2. The amplitude

J. Appl. Phys. 118, 083103 (2015)

modulation of the third resonant mode (fz;=0.76 THz)
passes by a minimum around n= 1.4 and then continues to
grow for reaching an amplitude modulation of about 10% at
n=>2.

We further investigated the impact of the analyte thick-
ness (fanarye) On the characteristic of the sensor through
detailed simulations. The metamaterial absorber is loaded by
a thin film layer with dielectric properties (¢,=3 and tan
0=>5%, which corresponds to a refractive index of about
n=1.73). The thickness of the overlayer is changed numeri-
cally in the range 1-50 pm in order to evaluate the frequency
sensitivity of the sensor as a function of the analyte thick-
ness. Upon increasing the analyte thickness, a similar red
shift of the resonances is observed. Based on the frequency
shift with the change in analyte thicknesses, we estimated
the frequency sensitivity of the sensor, as it is depicted in
Fig. 4(c). One can observe that the F'Ss of the resonances fol-
low exponential evolutions described by FS,,p40.1 =54 — 46
x exp[—0.06 X (tznaryre — D], FSode2 =122 — 97 X exp
[—0.057 X (tunaiye — D], and  FS,,0403 =151 — 123 xexp
[—0.049 X (tsnaryee — 1)]. We also notice that the third reso-
nant mode is more sensitive than the first and the second res-
onance, since it induces significantly larger frequency
sensitivity and eventually reaches almost 140 GHz/RIU for
an overlayer thickness of 50 um, which is higher than the
values reported in the THz regime.®'~® We performed fur-
ther simulations in order to evaluate the effect of the dielec-
tric spacer on the characteristic of the sensor. We reduced
the thickness of the dielectric substrate to 15 um, and then
we calculated the frequency sensitivity versus analyte thick-
ness. The result of our investigations is reported in Fig. 4(d)
for the third resonant mode of the metamaterial absorber.
The non-linearity of the variation is weak such that a linear
approximation is possible over the whole range of values of
the analyte thickness. The frequency sensitivity of the third
resonant mode in the case of 50 um thick dielectric spacer is
also represented for comparison. One can analyze the data in
two analyte thickness regions. When the thickness of the
overlayer is less than 20 um, the sensitivity of the sensor is
not dramatically enhanced as compared to the nominal case
(i.e., 50-um-thick spacer) [see Fig. 4(d)]. By contrast, the ter-
ahertz sensor becomes extremely sensitive and shows much
larger sensitivity values if the thickness of the analyte is
larger than 20 um. For an intermediate value of the analyte
thickness of 25 um, the frequency sensitivity increases from
108 GHz/RIU to 153 GHz/RIU when the substrate thickness
decreases from 50 yum to 15 um [see Fig. 4(d)]. The intrinsic
topology of the metamaterial absorber (dielectric spacer and
the geometry of the resonators) makes the sensor highly sen-
sitive, and the frequency sensitivity could be further
enhanced by investigating different architectures of the
resonators.

V. CONCLUSION

In summary, we have designed, fabricated, and experi-
mentally characterized a multiband ultrathin and highly flex-
ible metamaterial absorber that was used for sensing
application in the terahertz regime. The proposed sensing
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device showed extremely high sensitivities in the presence of
small amount of the substance to be analyzed. The compact-
ness of the entire structure, the simple topology of the reso-
nators, and the use of a dielectric substrate with high
mechanical flexibility are all key parameters suggesting a
possible integration scheme of terahertz biosensors on-chip.
This is a very promising step towards mass production of
low cost and easily manufacturable novel terahertz sensing
devices inspired from the technology of metamaterials.
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