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on surface lattice resonance of a sandwich
resonator for sensing applications
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Perfect light absorbers have attracted much attention because of their potential applications in solar cells,
thermal imaging, material detection, bio-sensing, and others. However, it is extremely difficult to obtain the
ultra-narrow bandwidth of a perfect light absorber in the terahertz region. Herein, an ultra-narrow terahertz
perfect light absorber based on the surface lattice resonance of three stacking layers, namely a square
resonator, a dielectric spacer, and a metallic film, is reported. A resonance absorption peak with
bandwidth of 0.0200 THz and absorption rate of 98.86% is realized. The absorption performance of the
device can be controlled by employing different sized (unit) periods and dielectric spacer thicknesses.
Particularly, the device bandwidth can be decreased by reducing the dielectric layer thickness. At
a certain thickness, a resonance peak with a bandwidth of only 0.0067 THz is achieved. This peak is very
sensitive to the surrounding refractive index. The large sensitivity (2.58 THz per refractive index) and

simultaneous ultra-narrow bandwidth lead to an ultra-high figure of merit (385.07), making this

rsc.li/rsc-advances

Introduction

Metamaterials with sub-wavelength-scale metallic patterns can
have many novel electromagnetic properties, from negative
refractive indices" to perfect lensing® and invisible cloaking,®
that cannot be directly obtained in nature. Metamaterials can
also enable novel or enhanced functions in many kinds of
devices, such as switches,* filters,” modulators,® sensors,” and
others.®™® These function devices are mainly attributed to the
unique properties of the metallic patterns that support surface
propagation mode and localized resonance response. An
important issue in the application of these devices is that
metallic-based metamaterial structures inevitably have inherent
(or dissipation) losses,"*** which can limit their application
abilities.

However, it has recently been shown that the inherent losses
in metallic structures can be used to enhance light absorption
and achieve unity (or perfect) absorption via specific structures.
A resonance device that can achieve perfect absorption of inci-
dent waves is usually called a perfect metamaterial absorber
(PMA). The first PMA operating at microwave frequency was
demonstrated in 2008 by utilizing a sandwich structure con-
sisted of an electric-ring metallic resonator, an insulation
dielectric layer, and a metallic strip."* In addition to a near-
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a promising light device in terahertz detection and sensing.

perfect absorption peak in the sandwich structure, its dielec-
tric layer thickness was much smaller (only 1/35) than the
absorption wavelength. Compared with traditional Salisbury
and Jaumann absorbers,”>*¢ the ultra-thin dielectric layer
thickness makes the PMA lightweight and easy to fabricate.
Therefore, many PMAs with different sizes and shapes of
metallic patterns have been reported.'”*°

According to differences in the resonance bandwidth, these
PMAs are usually divided into narrowband PMAs* and
broadband PMAs.***° Broadband PMAs can be used in solar
cells and stealth technology. Narrowband PMAs are generally
used in areas such as selective thermal emitters, thermal
imaging, material detection, and sensing. However, the band-
widths of narrowband PMAs are typically larger than 10% of the
central resonance frequency. If converted to quality factor
(Q, the ratio of resonance frequency to bandwidth), the Q values
of the narrow-band PMAs do not usually exceed 10. The Q value
is an important index of sensing performance. Therefore, to
enhance the sensing sensitivities of PMAs, large Q values are
required.

Different physical mechanisms have been employed to ach-
ieve large Q values for PMAs to improve their sensing sensi-
tivity.**° For example, a large Q value of 120 was achieved by
employing four silver disks (in the frequency range 800-1000
nm) in a super-unit cell;*" Li et al. achieved a Q value of 80 in the
frequency range 600-900 nm using nanoscale metallic
surfaces.*”” He et al.*®* obtained a Q value of about 100 in the
frequency range 600-900 nm using a solid-inverse compound
metamaterial. Unfortunately, investigations into PMAs with

This journal is © The Royal Society of Chemistry 2017
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high Q values have mainly been focused on short wavelengths,
such as optical and near-infrared regions. There have been only
few reports of metamaterial resonators with high Q values at
longer wavelengths, such as terahertz region.>"*

Herein, an ultra-narrow terahertz perfect light absorber is
presented, which can be used to analyze tiny changes in the
refractive index of its surroundings. This device contained three
functional layers, namely a metallic layer with a patterned
square ring placed on two stacking layers of insulation dielectric
layer and metallic film. A narrow-band resonance absorption
peak with a bandwidth of 0.0200 THz and absorption rate of
98.86% was obtained. Results showed that the values of Q and
figure of merit (FOM) could reach 144.06 and 118.31, respec-
tively. The underlying mechanism of narrowband absorption is
attributed to surface lattice resonance (SLR) of the device, which
is completely different from previous metamaterial-based light
absorbers with three stacking layers that utilized magnetic
resonance or interference theory mechanisms.

We further demonstrate that the absorption performance of
the device can be controlled by employing different period
(unit) sizes and dielectric layer thicknesses. As a special case, an
ultra-narrow absorption peak with bandwidth of only 0.0067
THz is achieved, with a Q value of 442.18. The ultra-narrow
absorption peak is highly sensitive to the refractive index of
the surroundings. The sensing sensitivity and FOM of the device
can be up to 2.58 THz per refractive index and 385.07, respec-
tively. The Q values and FOM of the presented perfect light
absorber are much larger than those previously reported
metamaterial-based terahertz function devices, as shown in
Table 1.

Results and discussion

A schematic of the ultra-narrow perfect light absorber is shown in
Fig. 1(a) and (b), which is arranged periodically in the x- and y-axis
directions. The device consisted of a sandwich-structured square
Au ring, dielectric spacer, and opaque Au film. The Au ring had
a length (I) of 70 um, width (w) of 5 um, thickness of 0.4 um, and
conductivity (¢) of 4.09 x 107 S m™*. The dielectric spacer had
a thickness (¢) of 6.5 um and dielectric constant of 3(1 + i0.06).
The (unit) period of the device was Px = Py = P = 100 pm. The Au
film was thick enough to block the transmission of incident plane
waves. Furthermore, the sandwich structure should be placed on
a solid substrate, such as silica or silicon, and the refractive index
of surrounding was set to n = 1 (vacuum or air).

Table1 Comparisons of Q and FOM among designs in previous works

References Q FOM
53 8.5 4

65 15 3

66 7 1.5
69 29 14.6
70 41 2.3
This paper 442.2 385.1
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Fig.1 (a) Schematic diagram of the three-dimensional unit cell of the
ultra-narrow perfect light absorber. (b) Side-view of the structure in (a).
(c) Absorption spectra of the ultra-narrow perfect light absorber, of
which the red and black curves are the simulation and fitting results,
respectively. (d) Dependence of the simulated absorption spectra on
different polarization angles of the perfect light absorber.

The absorption responses and field distributions of the ultra-
narrow perfect light absorber were determined using commer-
cially available simulation software FDTD solutions, which is
based upon the algorithm of the finite-difference time domain.
The three-dimensional unit cell shown in Fig. 1(a) is periodi-
cally distributed in the x and y directions, and so periodic
boundary conditions were used in these two directions. Light
scattering was eliminated by employing perfectly matching
layers in the z direction. A plane electromagnetic wave along the
z-axis with an electric field parallel to the x-axis was irradiated
into the designed unit cell. The absorption rate (AT) of the ultra-
narrow perfect light absorber was calculated using AT =1 — T —
R, where T and R are the transmission and reflection of the
device, respectively. As opaque Au film was present in the
bottom layer of the device, transmission T could be prevented,
allowing AT to be expressed as 1 — R. Reflection R can be sup-
pressed by optimizing the impedance of the device.

The red curve in Fig. 1(c) presents the simulation absorption
spectra of the designed terahertz perfect light absorber. An
obvious resonance absorption peak was obtained at a frequency
of 2.8913 THz with an absorption rate of 98.86%. Notably, as
most studies have, we defined FWHM (full-width at half-
maximum) as the resonance bandwidth of the device. Using
this definition, its bandwidth was about 0.0200 THz, which is
only 0.6917% of the central resonance frequency. This con-
verted into a quality factor, Q, of 144.5650. Furthermore, the
absorption performance of the perfect light absorber was
polarization insensitive to the incident waves because of the
high degree of symmetry of the square Au ring, as shown in
Fig. 1(d).

For optical, infrared, and even terahertz frequency regions,
when metallic patterned resonators, such as Au nanorods, Au
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nanodisks, and rectangular antenna arrays, are placed in
a wavelength-scale array, a sharp resonance mode, due to SLR,
can be obtained.*>** %> SLR is essentially the complex combi-
nation effect of dipole resonances in individual metallic
patterns and the diffraction (in particular, first-order diffrac-
tion) of metallic patterns, with the diffraction mode playing
a major (or decisive) role in determining the resonance
frequency of the sharp resonance mode.** For more detailed
theoretical analysis, please refer to ref. 54 and 55. Herein, we
found that the resonance wavelength of the ultra-narrow
absorber device was about 103.76 um (at 2.8913 THz), which
was very close to the unit period (100 pm) or wavelength scale of
the resonator. Therefore, we believe that the physical mecha-
nism of the narrow-band terahertz resonance device can be
attributed to SLR, which is completely different from previous
metamaterial-based light absorbers with sandwich structure
models that utilize magnetic resonance or interference theory
mechanisms. Therefore, we employed the concept of SLR to
explain the physical mechanism and analyze the performance
of this narrow-band terahertz perfect light absorber.

As SLR involves interplay of the dipole resonance of the
individual metallic resonator and the first-order diffraction
mode, the resonance frequency (or wavelength) of the SLR in
simulation results should be slightly smaller (or larger) than the
theoretical value of the first-order diffraction mode.>*** In
a pattern metallic array, diffraction can result in a strong reso-
nance (SLR) when the grating order is changed from evanescent
to radiative.******* The resonance wavelength of the SLR can be

54-56,72

given by:
nx P
NGES
where 7 is the refractive index of the material surrounding the
resonance device (here, n = 1 because the surrounding is air), P
is the unit period of the device and can be considered as the
grating constant, and i and j are the diffraction orders of
grating. The resonance wavelength of the first-order grating
mode (or SLR) of the presented device in the theoretical result
should be A ) = P = 100 pm, corresponding to a resonance
frequency of 3.00 THz, which was slightly larger than the
simulation result of 2.8913 THz. This slight frequency differ-
ence between the theoretical and simulation results was
consistent with the paragraph header analysis and previous.>**°
Furthermore, the sharp absorption spectra of the SLR in the

presented device can be described by a Lorenz line shape
54-56

Atij) = (1)

using:

Y= Yo+ A W ®)

T 4(x—x) +w?
where x is the frequency of interest, x. is the resonance
frequency, and w is the FWHM of the resonance device. The
black line in Fig. 1(c) provides the fitting curve of the unit period
(or grating constant) of P = 100 pm. The fitting result was
consistent with the simulation result in the red curve of
Fig. 1(c). The above analysis intuitively shows that the physical
origin of the ultra-narrow perfect light absorber is due to the
SLR of the device.”
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To better understand the mechanism of narrow-band
absorption, the effect of device parameter changes was inves-
tigated. Simulation absorption spectra and fitting results of the
designed device with changes in the unit period P (or grating
constant) are illustrated in the solid and dot curves of Fig. 2(a),
respectively. The simulation results were in good agreement
with the fitting results. In particular, we found that the reso-
nance frequency of the large light absorption device was
intensely affected by the period P (or the grating constant).*
However, other parameter changes, such as the length [/ and
width w of the Au square ring, of the resonator had a slight
influence on the resonance frequency of the ultra-narrow
absorption device, as shown in Fig. 2(c) and (d). These results
indicated that the period P (or grating constant) was the most
important factor (or parameter) in determining the resonance
frequency of the absorption device, while changes in the length
[ and width w of the Au square ring only afforded minor
modifications in the resonance frequency.*>*** The physical
mechanism of ultra-narrow absorption device was identified as
SLR because the periodic effect usually offers a markedly narrow
line-shape depending on the lattice constant P.*>**¢3

The functional relationship between the simulated resonance
frequency and the period P (or grating constant) is shown by the
blue line in Fig. 2(b). Changes in the simulated resonance
frequency and period P showed an approximately linear inverse
relationship, which was similar to the change trend in the
theoretical results (red line in Fig. 2(b)). In particular, we
observed that the resonance frequencies of the simulation
results with any given period P (or grating constant) were all
slightly smaller than the corresponding theoretical values, which
was consistent with results in previous works.***® FD is defined
as the frequency difference between the results of theory and
simulation in any given period P (or grating constant). The FD
was 0.1781 THz at P = 90 um, 0.1328 THz at P = 95 pum, 0.1087
THz at P = 95 um, 0.0895 THz at P = 105 pum, and 0.0768 THz at
P = 110 pm. These results showed that the FD value gradually
decreased with increasing period P (or grating constant). This
trend further indicated that the frequency of the simulated
absorption peak became closer to the theoretical value of the
first-order diffraction mode (or SLR) when the period P was
increased, in agreement with previous reports.***° The tuning of
FD with the change in period P was new evidence demonstrating
the resonance mechanism of the ultra-narrow absorption device.
Furthermore, the electric field (|E|) distribution of the resonance
absorption peak provides additional evidence for the resonance
mechanism. As shown in Fig. 3(a), the electric field (on the plane
that intersects the middle height of the Au square ring array)
shows a delocalized distribution feature, with the field intensity
enhanced almost throughout unit cell, which is totally different
from previous metamaterial-based absorbers, in which the
electric fields were mainly focused on the edges of the metallic
arrays and only supported the dipole resonance characteristics.
We also found that the field distributions of a group of four Au
square rings demonstrated delocalized distribution features, as
shown in Fig. 3(b). These field distributions offer additional
evidence to support SLR as the mechanism of this ultra-narrow
perfect light absorber.**¢>¢3

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a and b) Electric field distributions (on the plane that intersects

the middle height of the Au ring array) of the single ring resonator and
group of four rings, respectively, at a resonance frequency of 2.8913

THz (P = 100 um).

The absorption performance of the narrow-band device could

be controlled by changing its dielectric thickness ¢ The absorp-
tion dependence on the thickness ¢ of the device is shown in
Fig. 4(a). Unlike the change in period P, changing thickness ¢ not
only affected the resonance frequency, but also the absorption
rate. Firstly, regarding the effect on resonance frequency, the
absorption frequency of the device gradually decreased with

This journal is © The Royal Society of Chemistry 2017

the device rapidly increased from 0.0067 THz at ¢ = 3.5 pm to
0.1873 THz at ¢ = 13.5 um. Due to the rapid broadening of the
resonance bandwidth, the corresponding Q value of the device
should decrease rapidly. As shown by the blue line in Fig. 4(b), the
Q value sharply decreased with increasing thickness ¢. In partic-
ular, the Q value of thickness ¢ = 3.5 pm (441.52) was about 31.32
times larger than that at ¢ = 13.5 um (14.10). The ultra-narrow and
ultra-high Q value of the terahertz perfect light absorber could
find numerous applications in sensing-related fields. The next
section details the effect of slight changes in the refractive index
of the surrounding on the sensing performance of the device.

RSC Adlv., 2017, 7, 42956-42963 | 42959
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of the resonance bandwidth and Q value on changes in the dielectric spacer thickness t.

Sensing performance analysis

The absorption frequency of the narrow-band perfect light
absorber is highly reliant on the refractive index of the
surroundings. This effect can usually be employed to design
different types of sensor. The sensing capability of the sensor is
typically described using the sensing sensitivity (S). The defi-
nition of sensitivity, S, is:
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(a) Dependence of absorption spectra on changes in the dielectric thickness t of the ultra-narrow perfect light absorber. (b) Dependence

(3)

where Af is the change in frequency caused by varying the
refractive index (An) of the surroundings. According to eqn (3),
a large shift in the frequency was the basis for obtaining high
sensitivity S. However, sensitivity S only intuitively reflects the
sensing performance of devices, and cannot provide complete
information for the sensors. FOM is a more meaningful way to
characterize the sensing quality of sensors and can allow
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respectively.
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a direct comparison of the sensing capabilities among different
sensors. FOM is defined as:

FOM = S/IFWHM (4)

where FWHM is the full-width at half-maximum of the device.
According to eqn (4), an ultra-narrow bandwidth is a key factor
in realizing a high FOM value of the perfect light absorber.
Although some researchers have achieved large sensitivity (S)
values, the FOM of these sensors is rather low.®*”* This is
mainly due to the absorption bandwidth of the devices being
relatively wide. The absorber reported here is expected to have
large FOM value because of its ultra-narrow bandwidth.

We investigated the sensing capabilities of two groups of
ultra-narrow perfect light absorber under different dielectric
spacer thicknesses. We firstly analyzed the sensing performance
of optimal absorption of the narrow-band device at thickness
t = 6.5 pm, and its absorption is shown in Fig. 1(c). To inves-
tigate sensing performance, the refractive index of the
surrounding (above the Au square resonator) can be changed
from air (n = 1.00) to 1.10 with an interval of 0.02, with the
corresponding absorption curves shown in Fig. 5(a). The reso-
nance frequency of the narrow-band perfect light absorber
gradually blue-shifted from the initial frequency at n = 1.00
when the refractive index of the surrounding was increased. The
dependence of the frequency points on refractive index changes
of the surrounding is illustrated in Fig. 5(b). The changes in
frequency points and refractive indexes had an approximately
linear inverse relationship. The slope shown in Fig. 5(b) should
be the sensing sensitivity S, with a value of 2.37 THz per
refractive index. Combined with the ultra-narrow bandwidth of
0.0200 THz, the FOM of the terahertz perfect light absorber at
thickness ¢t = 6.5 um reached 118.50.

We next investigated the sensing capability of the ultra-narrow
perfect light absorber at thickness ¢t = 3.5 pm. The resonance
bandwidth was only 0.0067 THz, which was smaller than (about
1/3) that at ¢ = 6.5 um. The dependence of the absorption on the
refractive index of the surrounding is shown in Fig. 5(c). We
observed that the device frequency gradually decreased with
increasing of refractive index. In particular, the resonance
frequency and corresponding refractive index approximately
satisfied the linear inverse proportion relationship, as shown in
Fig. 5(d). This kind of resonance feature was consistent with the
case of t = 6.5 pm, as shown in Fig. 5(b). The sensitivity S (i.e.,
slope) of the ultra-narrow perfect light absorber at ¢ = 3.5 pm was
about 2.58 THz per refractive index, which was only slightly larger
than that at ¢ = 6.5 pm (2.37 THz per refractive index). The FOM
was up to 385.07 at ¢ = 3.5 pm, which was much higher than that
at t = 6.5 um (118.50). The ultra-high FOM was about two orders
of magnitude larger than the microfluidic-based terahertz PMA,>
and was also much larger than previous terahertz-based light
devices, as shown in Table 1.

Conclusions

In conclusion, an ultra-narrow terahertz perfect light absorber
consisting of three layers, namely a square Au ring, insulation

This journal is © The Royal Society of Chemistry 2017
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dielectric layer, and opaque Au film, is presented. The device
can achieve near-perfect absorption of 98.86% and a bandwidth
of 0.0200 THz, which is only 0.6917% of the central resonance
frequency. Unlike previous metamaterial-based perfect light
absorbers, which employed magnetic resonance or interference
theory mechanisms, the underlying mechanism of the ultra-
narrow absorber was surface lattice resonance. The device
frequency can be effectively controlled using the period and
thickness of the dielectric spacer layer. As a special example, at
a dielectric thickness of 3.5 pum, the bandwidth decreased
rapidly to only 0.0067 THz. The ultra-narrow bandwidth was
only 0.0023% of the central resonance frequency, which was far
smaller than that of widely studied metamaterial-based
absorbers (about 10%). We further demonstrated that the
ultra-narrow bandwidth of the device was extremely sensitive to
the refractive index of the surrounding. The sensing sensitivity S
and FOM of the ultra-narrow device were as high as 2.58 THz per
refractive index and 385.07, respectively, which are much better
than those of most reported at terahertz frequency, as shown in
Table 1. The large sensing capability (in particular, FOM) of the
terahertz perfect light absorber could find applications in ter-
ahertz detection, imaging and sensing.
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