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A B S T R A C T

Recently perfect absorbers (PAs) have received significant interest due to their characteristics of complex electric
permittivity (ε) and magnetic permeability (μ). By rationally designing these artificial structures, the impedance
of the perfect absorber can be matched to free space with an independent adjustment in the electric and mag-
netic resonances, where this structure leads to strong absorption from mid- to near-IR wavelength. In this article,
we proposed a multiband PA platform, which simultaneously operates with a near unity absorption at different
resonances that could be an ideal candidate for multiple sensing of molecular fingerprints. We numerically
analyzed the dependence of the optical response of the PA platform through finite-difference time domain
(FDTD) simulations for a fine-tuning mechanism of the PA platform. We theoretically demonstrated the surface
enhanced infrared absorption (SEIRA) capability of our PA platform by studying its optical response with a thin
protein bilayer and a polymethyl-methacrylate (PMMA) film. As an initial step we experimentally showed the
vibrational modes of a thin PMMA film. We believe, our findings could open new avenues for reliable SERIA
platforms through providing multiple vibrational finger print information compared to its conventional coun-
terparts relying only on a single sensing data.

1. Introduction

Metamaterials have received significant attentions in many poten-
tial applications such as negative refraction [1–3], superlens [4], ter-
ahertz artificial dielectric cuboid lens on substrate for super-resolution
images [5], and optical cloaking [6–8] due to its exotic electromagnetic
nature. With the ability of adjustment in electric and magnetic re-
sonances independently, it is possible to achieve impedance matching
in free-space (i.e. = =z μ ε/ 1) while minimizing the reflectance to
zero. By using a lossy material and with the help of appropriate
structural design of metamaterial, the various kinds of perfect absorbers
have been designed for applications at different wavelength ranges
from mid- to near-IR, such as photovoltaic cells [9], photodetectors
[10], thermal emitters [11], plasmonic sensors [12], filters [13], and
imagers [14,15]. Landy et al. [16] demonstrated the first PA with
highly absorptive characteristics, tunable resonant frequency, and high
Q-factor. Later, there have been many research reporting metamaterials
based on PAs for single band [17], double band [18], wide band [19],
and multiband [20] at different spectral ranges from microwave
[21–24] to optical frequencies [25], including terahertz range [26].

Plasmonic resonances strongly depend on the surrounding dielectric
medium at certain frequencies. Therefore, perfect absorbers have been
utilized in highly sensitive spectroscopy applications, i.e., surface-en-
hanced infrared absorption spectroscopy (SEIRA) [27–31] and surface-
enhanced Raman spectroscopy (SERS) [32–34]. Particularly, in SEIRA
nano-antennas concentrate light on the antenna surface where the
target molecules on the surface are interact effectively with the light in
plasmon forms such that information of light-matter interaction with
low analyte quantity can be easily identified. In SEIRA, nano-antennas
are designed such that their operational frequency overlaps with the
frequency of the vibrational modes of the target materials. The major
drawback of this platform is that the sensing information is only based
on a single vibration signature. This might cause reliability issues,
which demands a sensing data associated with multiple vibrational
signature of the targeted molecules. Therefore, there is a strong need for
a sensing platform simultaneously monitor multiple vibrational modes
of the molecules of interest. In this study, we proposed a SEIRA system
that can be utilized to simultaneously identify multiple fingerprints of
biomolecules. Compared to the current single mode SEIRA systems, our
proposed platform will provide more reliable bio- and chemical sensing
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information through simultaneous detection of multiple molecular vi-
brational modes. This will be achieved by exciting multiple antenna
modes with different operating frequencies overlapping with different
vibrational modes of the target molecules.

In general, the design of PAs can be divided into two categories
based on their principle of operations. For the first category of absor-
bers, the operation of the devices rely on matching metamaterial im-
pedance to free space, while simultaneously showing large effective
permittivity and permeability in conductor. If the impedance matching
is small i.e., large loss in conductor, then the surface will be re-
flectionless at normal incidence and incident field will attenuate rapidly
within the conductor to a thin surface layer of few tens of nanometers
once it is in contact with the surface. The second category of absorbers
is based on electrically responsive metamaterial elements closely cou-
pled to a ground plane. Typically, these absorbers consist of a resonant
structure and have a narrow frequency response. These absorbers have
the ability to absorb TM polarization nearly perfectly over all angles of
incidence.

We introduced a composite PA system (which fits the first category)
composed of U-shape antenna and a rectangular nano-bar (U-bar)
shown in Fig. 1a [35]. The unit cell of the proposed system consists of
three layers: gold layer at the bottom, resonators at the top and a
magnesium fluoride (SiO2) layer between these metallic layers. The
thickness of the bottom gold plane is chosen such that the transmission
of the incident light though SiO2 layer is eliminated and to trap the light
in SiO2 spacer through nearfield couplings between top Au bars and
bottom Au film. In our composite PA system L is the length of the top
rod, H is the length, K is the width of the bottom of the U-antenna, b is
the width of the U-antenna, and a is the width of the top bar. The
thicknesses of the U-bar antennas, SiO2 layer and bottom gold plane are
40, 140 and 200 nm, respectively. Fig. 1b shows finite-difference time-
domain (FDTD) simulations (Lumerical Inc. FDTD Solutions). In the
simulations, the mesh size is chosen as 0.5 nm along all directions. For
the unit cell consisting of a single PA system, periodic boundary con-
dition is used along x- and y-axes (xy-plane is where antenna system
lies) to create the periodic array behavior and perfectly matched layer
boundary condition is used along z-axis (propagation direction). The
figure demonstrates the multiple absorption resonances (locating at 3
wavelengths, λ1, λ2 and λ3) supported by the U-bar shaped PA with

=L 1200 nm, =H 700 nm, =K 1000 nm, =a 50 nm, =b 100 nm,
=s 100 nm and array periodicity 1400 nm.
The working principle of our composite PA system relies on the

interaction of magnetic and electric fields generated in different com-
partments of the PA. Basically, the top metal layer is patterned as
subwavelength antennas serving as resonator while the bottom gold
layer serves as an optical mirror, which significantly attenuates the
transmittance. The incident light couples to nano-antennas resulting in
an electric field. The nearfield couplings between the antennas and the

metal sheet result in mirror-image charges at the bottom metal layer,
which induces a current loop. This current generates a magnetic field
between the two metal layers. By selecting the optimum amplitude and
the resonance frequency of the electric and magnetic fields, the PA
impedance can be matched to free-space so that the reflectance can be
minimized. At the same time, minimizing the reflectance with attenu-
ating the transmission results in perfect absorption. The frequencies
where we aimed to generate perfect absorption are chosen in such a
way to overlap with vibrational fingerprints of the molecules for SEIRA
applications. Fig. 2 shows the charge distributions of the PA platform,
calculated by FDTD calculations. Here, surface currents of multi-band
PA are investigated at resonating antenna elements and bottom ground
plane for antenna modes at λ1, λ2 and λ3, respectively. As shown in
Fig. 2a–c, the electric field at λ1 is due to the opposite charges at top
and bottom edges of the U-shape antenna, the one at λ2 is due opposite
charges at nano-bar, and the one at λ3 is due to the opposite charges at
the right and left edges of the U-shape antenna. The mirror-image
charges in the gold plane (Au sheet in the figure), other words the
charges opposite to the ones generated at the U-bar shaped antenna,
interacts with then generates a current loop (illustrated with arrows),
inducing a magnetic field (Fig. 2d–f).

2. Working mechanism of the multiband behavior

In order to understand the physical origin of the resonances sup-
ported by the PA system, we performed FDTD simulations of the PA
system under an x -polarized light source. In the simulations, we used
periodic boundary conditions along the x and y -axes and perfectly
matched layer (PML) boundary condition along the z -axis. In Fig. 2, the
field intensity distributions E 2 at the top surface of the U-bar shape
antennas were shown for the resonances at λ1, λ2 and λ3. Here, the first
and third modes are mainly concentrated at U-shape antenna and the
second mode is concentrated at the nano-bar antenna.

Fig. 3 shows the dependence of the resonances supported by the PA
system on different geometrical parameters, which enables a fine-
tuning mechanism for optical responses matching vibrational modes of
interest in SERIA applications. In our numerical analysis, the length of
nano-bar (L), the width (K ) and the height of the U-shape antenna, and
the space between these constituent elements (s) are tuned one at a
time while others are kept constant. As it is shown in Fig. 3a, the in-
crease in L shifts the mode at λ1 toward longer wavelengths, while the
modes at λ1 and λ3 spectrally remain constant. As shown by the near-
field calculations, as the local electromagnetic fields concentrate at the
edges of the nano-bar, the variations in L significantly affect the spec-
tral position of the mode at λ1. The increase in H (Fig. 3b) and K
(Fig. 3c) shifts the modes at λ1 and λ3 toward longer wavelengths due to
the local electromagnetic field concentrated at U-shaped antennas. On
the other hand, the modes at the mode λ2 do not show any spectral

Fig. 1. (a) Schematic view of the U-bar shaped PA system. The geometrical device parameters are L (length of the nano-bar), H (height of the U-shape antenna), K
(width of U-shape antenna), a (nano-bar width), s (distance between U-shape and nano-bar antennas), b (with of nano-bar in U-shape antenna). The U-bar antennas
stand on a SiO2 layer on top of gold on top of Si substrate. In the figure, directions of polarization and propagation of the incident light source are shown. (b)
Calculated multiple absorption response of the U-bar shaped PA with =L 1200 nm, =H 700 nm, =K 1000 nm, =a 50 nm, =b 100 nm, =s 100 nm and array
periodicity 1400 nm. The thicknesses of the U-bar antennas, SiO2 layer and bottom gold plane are 40 nm, 140 and 200 nm, respectively.
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variation. In order to study the interaction between individual con-
stituent resonator elements, we changed the packing density parameter,
which is the relative distance between U-shaped antenna and nano-bar
two. As shown in Fig. 3e, variations in s do not effect the spectral po-
sition if resonances, which demonstrate that the multi-band behavior of
the PA platform is due to the superposition of the optical responses of
individual PA elements. Our results show that we can spectrally tune
the resonances, while keeping their strong absorption capability
(Fig. 4).

3. SEIRA capacity of the perfect absorber system

In order to show the SEIRA capability of our PA platform, we first
theoretically investigated the vibrational signatures of a protein bilayer
composed of protein A/G and protein IgG. Based on the experimentally
obtained complex permittivity of the protein bilayer by the infrared
reflection absorption spectroscopy, we used a Lorentz model where we
fitted 3 oscillators to the experimental data as

∑= + − −∞

=

ε ε S ω ω jωγ/( )bilayer
i

i Pi Pi
1

3
2 2

Here, the high frequency constant term, =∞ε 2.1901, the oscillator re-
sonance frequency, = ×ω rad sec3.12 10 ( / )P1

14 , =ωP2
× rad sec2.90 10 ( / )14 , = ×ω rad sec2.73 10 ( / )P3

14 and the damping fre-
quency, = ×γ rad sec0.98 10 ( / )P1

13 , = ×γ rad sec1.02 10 ( / )P2
13 ,

= ×γ rad sec0.95 10 ( / )P3
13 and the oscillator strength,

= ×S rad sec2.6 10 ( / )1
27 2, = ×S rad sec1.8 10 ( / )2

27 2, =S3
× rad sec0.5961 10 ( / )27 2. Fig. 5a and b show the real and imaginary parts

of the permittivity of the protein bilayer. In Fig. 5b, red line denotes
Amide I band at∼6025 nm corresponding to C]O stretching vibration,
green line denotes Amide II at ∼6562 nm corresponding to CeNeH
bending and CeN stretching vibrations and blue line denotes weak
Amide III at ∼6905 nm. In our FDTD simulations, we used a protein
bilayer with a thickness of ∼8 nm, which has been experimentally
characterized through ellipsometry measurements (Woollam). We de-
termined the protein vibrational signatures through monitoring the
spectral changes in the reflection response of the PA. Fig. 5c–e shows
the reflection response of the PA system for different H values e.g., 500,
600 and 700 nm, respectively to excite the mode at λ3 overlapping with
Amide I, II and III vibration modes of the protein bilayer. Here, the
vibrational signatures are observed as spectral dips in the reflection
response due to the Amide modes, which absorbs light at this specific
wavelength.

We also performed FDTD simulations to determine C]O band of
PMMA. Fig. 6a and b show the real and imaginary part of PMMA per-
mittivity determined by fitting a single Lorentz model as described
previously, = + − −∞ε ε S ω ω iωγ( /( )bilayer p p

2 2 , where =∞ε 2.36,
= ×ω rad sec3.26 10 ( / )P

14 , = ×γ rad sec3.72 10 ( / )P
12 , and =S

× rad sec1.22 10 ( / )27 2. Fig. 6c shows the reflection spectra of the PA
platform covered with PMMA, where the C]O band stretch (purple
line) can be seen as a strong reflection dip.

As a first step to experimental demonstration of the SEIRA capacity

Fig. 2. Charge density distributions (exhibiting a dipolar electric resonance) calculated (a–c) at the top surface of the antennas and (d–f) through cross-section for
antenna modes at λ1, λ2 and λ3, respectively. The dipolar electric charges induce electric fields and the current loop (illustrated with arrows) between metal layers
induce magnetic fields. The geometrical parameters are =L 1200 nm, =H 700 nm, =K 1000 nm, =a 50 nm, =b 100 nm, =s 100 nm and array periodicity 1400 nm.
The thicknesses of the U-bar antennas, SiO2 layer and bottom gold plane are 40 nm, 140 and 200 nm, respectively.

Fig. 3. Electric field intensity distributions (E 2) of the U-bar shaped antenna structure at the top metal surface for the resonant modes at (a) λ1, (b) λ2 and (c) λ3,of the
structure with the corresponding parameters. The geometrical parameters are =L 1200 nm, =H 700 nm, =K 1000 nm, =a 50 nm, =b 100 nm, =s 100 nm and array
periodicity 1400 nm. The thicknesses of the U-bar antennas, SiO2 layer and bottom gold plane are 40 nm, 140 and 200 nm, respectively.
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of our perfect absorber platform, we fabricated the PA platform to
measure the C]O vibrational band of PMMA. The fabrication of PA
consists of metal deposition, electron beam lithography (EBL) and lift-
off process. All arrays are fabricated as 100× 100 μm2 squares on one
single Si wafer chip. Initially, Si wafer was cleaned with standard

cleaning procedure. Then, 5 nm of Ti and 200 nm of Au, and 140 nm of
SiO2 are deposited onto the Si substrate by using electron beam eva-
porator (Angstrom). Metals are with Kurt J. Lesker, 99.999% purity. For
EBL process, a resist layer of PMMA (950 PMMA A3, MicroChem) was
spin-coated over the SiO2 layer. After this step, EBL was performed with

Fig. 4. Calculated absorption spectra of U-bar
shaped antenna arrays. (a) with L= 800 nm,
1000 nm, 1200 nm, 1300 nm, where
K=1000 nm, H=700 nm, a=50 nm,
b= 100 nm, s= 100 nm and array periodicity
1400 nm. (b) with H=700 nm, 800 nm,
900 nm, 1000 nm, where K= 1000 nm,
L= 1200 nm, a=50 nm, b=100 nm,
s= 100 nm and array periodicity 1400 nm. (c)
with K=800 nm, 900 nm, 1000 nm, where
L= 1200 nm, H=700 nm, a=50 nm,
b= 100 nm, s= 100 nm and array periodicity
1400 nm. (d) with s= 50 nm, 100 nm, 150 nm,
250 nm, where K= 1000 nm, L= 1200 nm,
H=700 nm, a= 50 nm, b= 100 nm and array
periodicity 1400 nm.

Fig. 5. (a) Real and (b) imaginary parts of the
modeled permittivity function for the protein
bilayer consisting of proteins A/G and IgG.
Calculated reflection response of the PA plat-
form covered with 8 nm, where H is modified
(500, 600 and 700 nm) to match with (c)
Amide I (red line), (d) Amide II (green line),
and (e) Amide III (blue line) bands of the pro-
tein bilayer. The geometrical parameters are

=L 1200 nm, =K 1000 nm, =a 50 nm, =b 100
nm, =s 100 nm and array periodicity 1400 nm.
The thicknesses of the U-bar antennas, SiO2

layer and bottom gold plane are 40 nm, 140
and 200 nm, respectively. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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Zeiss SUPRA 40 V P electron microscope. The patterned chips were
developed in a methyl isobutyl ketone (MIBK)-isopropanol (IPA) solu-
tion (MIBK:IPA=1:3). Later, 40 nm Au was deposited onto the devel-
oped substrate with 5 nm Ti for adhesion. Following that, the remaining
resist layer was lifted off with acetone and IPA leaving the patterned
arrays of U-bar shaped PA on the substrate. Finally, oxygen plasma
clean with PVA TePla America M4 plasma asher was used to remove
any remaining residues on the surface. The scanning electron micro-
scope (SEM) image of the fabricated PA platform is shown in Fig. 7a.
Fig. 7b shows the experimental result of the system covered with 10 nm
PMMA (thickness of the PMMA film was calibrated with ellipsometry).
The dip at 1780 cm−1, corresponds to C]O vibrational band of PMMA
film. The spectral data taken with Bruker Vertex Fourier transform in-
frared spectrometer that is coupled to a Hyperion 1000 IR microscope
with a mirror velocity of 20 kHz and 256 scans. The spectral con-
tribution of the antennas was normalized to background signal, ob-
tained from a reference gold mirror in order to eliminate any back-
ground signal.

4. Conclusions

In this work, we introduced a platform based on multi-band perfect
absorber for SEIRA applications to detect multiple fingerprints of bio-
and chemical molecules. We showed the working principle of the near-
unity abortion at multiple spectral points and the physical origin of the
multiple antenna modes supported by the PA system. We investigated a
fine-tuning mechanism of multiple absorption resonances through
geometrical parameters. We theoretically showed the SEIRA capability
of our system by monitoring the absorption signals of protein bilayers
and polymer films coating the surface of the PA platform. We theore-
tically showed the SEIRA capability of our system by monitoring the

absorption signals of protein bilayers and polymer films based on PA
platform. Our platform is very promising for simultaneous detection of
multiple vibrational modes of the same molecules, which could provide
more reliable sensing information over the system relying only on a
single vibrational mode.
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