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Abstract—Plasmonic nanoantenna arrays have become
increasingly popular for the detection of chemical molecules,
biomolecules, viruses, and agents. In this study, our objective
was to detect explosive-based 2,4-dinitrotoluene (2,4-DNT)
with a metal-graphene hybrid plasmonic rectangular
nanoantenna with a golden ratio size formed by choosing two
consecutive numbers from the Fibonacci series. The golden
rectangular resonator provides nearly perfect absorption
without the need for impedance matching calculations and
complex optimisation algorithms. In surface enhanced infrared
absorption (SEIRA) applications, the internal losses of metallic
nanostructures degrade their sensing performance. To improve
performance sensitivity, graphene with high electrical
conductivity and electrical tunability was used. The spectral
fingerprints of 2,4 DNT at 6300 nm, 6580 nm, and 7500 nm
were enhanced with a metal-graphene hybrid structure. The
biosensor platform introduced, by combining the graphene and
nanoantennas with a golden ratio and by adjusting the Fermi
energy level of graphene, can be beneficial for highly sensitive
tunable biosensors for a broad spectrum to identify the
molecular fingerprints of specific biomolecules.

Index Terms—Plasmonic nanoantenna; Surface enhanced
infrared absorption (SEIRA); 2,4-dinitrotoluene (2,4-DNT);
Golden ratio; Fibonacci series.

I. INTRODUCTION

Plasmonic metamaterials are artificial materials that
exhibit extraordinary optical properties in sub-wavelength
particles [1]. Due to the oscillating plasmons along the
surface between the metallic nanoparticles and the dielectric
material, they trap the electromagnetic field and become
extremely sensitive to the dielectric permeability of the
environment surrounding the structure [2]. Therefore, they
have been widely used in areas such as biomolecular [3] and
chemical sensing [4], defence technology [5], and
photodetector [6]. The infrared spectrum is the region where
molecules have specific fingerprints, allowing non-invasive
and label-free detection with plasmonic structures.
However, the size of nanoparticles is too small
(~ nanometer) compared to the wavelength of light, which
brings a low signal-to-noise ratio and poses a disadvantage
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for sensitive detection. This problem has led to the
development of the surface enhanced infrared absorption
(SEIRA) method, which takes advantage of wide optical
field enhancement near metallic nanostructures. With this
method, small amounts of molecules can be detected.
However, the field limitation and high internal losses of
plasmons developed at the metal-dielectric interface are
disadvantages in SEIRA  applications. A  strong
enhancement of optical fields is needed to spectrally
observe the absorption deeps caused by specific fingerprints
of molecules. In recent years, graphene has become an
important material for sensing due to its high electrical
conductivity, electrical tunability, and thermal conductivity
in terahertz and infrared applications [7]. Furthermore, this
2D carbon allotrope, when used with a metal nanostructure,
significantly amplifies the absorption signals of the
vibrational modes of the molecules and can strongly detect
these modes in mid-infrared sensing [8], [9]. The resonance
mode of the graphene nanoantenna can be electrically tuned
to different wavelengths of operation to detect the
fingerprints of molecules [10].

Plasmonic metamaterials can be independently tuned with
electrical and magnetic resonances, by matching their
impedance with the impedance of the free space and
reducing the reflection of the incoming electromagnetic
wave to zero (z = we = 1) [11]. To satisfy impedance
matching, complex impedance matching calculations or
simulation trials are required. In recent years, structures that
are compatible with the Fibonacci series and have the
golden ratio have been presented in various antenna
applications covering the radio frequency (RF) and
microwave frequency regions, and effective results have
been obtained [12]-[14]. Any number in the Fibonacci
series is the sum of the previous two numbers, and as the
numbers get larger, the ratio of two consecutive numbers
approaches the golden ratio. After the 13" number of the
series, the golden ratio is constant and equal to the ratio of
both consecutive numbers.

The aim of this paper is to detect 2,4-dinitrotoluene (2,4-
DNT), which is the main production ingredient of 2,4,6-
trinitrotoluene (TNT), one of the nitroaromatic (NAC)
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compounds and explosives. DNT is the primary material for
TNT production and often exhibits contamination indicating
the presence of TNT [15]. Especially during production and
packaging, waste at facilities, unexploded ordnance, and
land-sea mines are the main causes of this pollution [16].
2,4-DNT has been shown to cause highly toxic mutagenic
reactions in humans and animals and has been classified as a
carcinogenic compound and listed as the main pollutant by
the U.S. Environmental Protection Agency (EPA) [16],
[17]. Explosives are usually detected using gas
chromatography mass spectrometry (Gc-MS), high liquid
pressure chromatography (HPLC), and other analytical
methods, where these methods require many pre-processes
such as analysis and extraction [18], [19]. Label-free and
sensitive detection of DNT and TNT without pre-processing
is crucial for military, civil, and environmental areas.

In this study, the detection of DNT by the SEIRA
spectroscopy method was carried out using a plasmonic
metal-graphene hybrid structure where the golden ratio is
implemented on the dimensions of the plasmonic antennas
for the first time. In the design, the rectangular-shaped
plasmonic antennas are used for simplicity with the golden
ratio between the sides of the rectangles without the need to
satisfy impedance matching criteria to obtain 95 %
absorption of the incoming electromagnetic radiation. In
addition, by changing the side lengths of the rectangle, the
golden ratios are obtained at different values and the static
tunability of the SEIRA platform is shown. Furthermore, the
dynamic tunability of the SEIRA system has been
demonstrated by varying the Fermi energy level of the
graphene layer in the metal-graphene hybrid structure.
Dynamic tunability offers the luxury of setting the
resonance frequency to any desired value by only changing
the Fermi level instead of changing the geometric
dimensions of the antenna during manufacturing as in the
case of static tuning, therefore, reducing the fabrication cost.
These numerical results of the proposed hybrid SEIRA
platform show three different vibrational fingerprints of 2,4-
DNT in the mid-IR region. Our numerical results show that
a label-free detection of 2,4-DNT can be achieved with our
proposed system. Therefore, the detection of DNT will
prevent the widespread environmental threat.

I1. ABSORPTION CAPACITY OF SEIRA PLATFORM BASED ON
GOLDEN RATIO RECTANGULAR NANOSTRUCTURE

The model structure and absorption spectrum of the
proposed SEIRA system are shown in Fig. 1. The SEIRA
platform consists of 200 nm (h3) thick gold (Au) film at the
bottom layer to act as a mirror to block optical transmission.
In addition, there is a 100 nm (h) thick MgF, dielectric
material and a single layer of graphene, respectively. In the
upper layer, there is a rectangular Au resonator with a
golden ratio (I/l, = 1.618) with lengths Iy = 1597 nm and Iy
=987 nm in the x- and y-directions, respectively (Fig. 1(a)).
The optimal thicknesses of each layer are hy = 50 nm, h; =
100 nm, and hs = 200 nm, respectively (Fig. 1(b)). The
dielectric coefficients of the materials are taken from Palik
[20].

Electromagnetic simulations were performed using the
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finite differences time domain (FDTD) programme. The
periodic boundaries of the plasmonic structure were set as
Px = Py = 2500 nm in the x- and y-directions. The structure
was illuminated with linear polarised light along the x-axis
at normal incidence, and perfectly matched layers (PML)
were used in the z-direction to prevent unwanted
backscattering of electromagnetic fields. The single-layer
graphene was modelled with the Kubo formula in (1) and
(2) [21]-{23]:
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where o is the angular frequency, 7 is the relaxation
constant of the Drude model, e is the electron charge, # =
hl2 7 is the reduced Planck’s constant, kg is the Boltzmann’s
constant, uc is the chemical potential (set as 0.25 eV), and T
is the temperature in Kelvin (set as 300 K), respectively.
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Fig. 1. Schematic of plasmonic nanoantennas with golden ratio: (a) Top
view; (b) Side view; (c) Reflection and absorption spectra of the proposed
SEIRA system.

The lengths I, and ly of the gold resonator are determined
as the 18" and 17" numbers of the Fibonacci series
(1597 nm and 987 nm), respectively. Figure 1(c) shows the
absorption and reflection spectra of the plasmonic structure
with the golden ratio. Based on this figure, the rectangular
Au structure designed with the golden ratio exhibits
remarkable absorption of 95 % at the resonance wavelength
(5887 nm). The physical origin of this resonance behaviour
of the nanoscopic metallic antenna has been analytically
studied by Zheng, Vandenbosch, and Moshchalkov [24].
Figure 1(c) shows that the strong and stable resonance mode
can be obtained successfully by implementing golden ratios
on the side lengths of the resonator without the need to
satisfy the equivalent impedance, which is a timely and
costly optimisation process.

To show the strong field enhancement due to the
graphene layer, the enhancement of the electric field
intensity and charge distributions of the nanoantennas are
further investigated with the same programme as shown in
Fig. 2(a) and Fig. 2(b). In Fig. 2(c) and Fig. 2(d), the same
electric field and charge distributions are shown in the
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absence of the graphene layer. When the electric field and
charge distributions are compared from Fig. 2(a) and Fig.
2(c), there are sharp edges in the field distributions in the
graphene layer indicating more field enhancement and
therefore more absorption at that specific resonance
wavelength. In both graphene and metal hybrid structures,
uniform fields are localised at the corners and along the
short sides. The strong field enhancement in the proposed
SEIRA platform has been proven by the effect of both
graphene and antenna plasmons on the metal-graphene
hybrid structure. Figure 2(b) and Figure 2(d) are charge
densities at the metal-graphene and metal-dielectric
interfaces. The density of charge is responsible for the
performance of the SEIRA system since the incoming
electromagnetic wave interacts with charges at the
nanoscale. Higher charge density may cause a stronger
interaction with light, but it may also make the antenna
more susceptible to noise and other disturbances. In both
charge density graphs, the charges with different polarities
are located at the antenna edges, creating a dipole that leads
the incoming wave to be polarised in the y-direction. In Fig.
2(b), the charge distribution of the proposed metal-graphene
hybrid structure has two orders of magnitude compared to
the metal hybrid structure as shown in Fig. 2(c) due to the
excellent electrical conductivity of graphene and the strong
electrical field confinement properties.
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Fig. 2. (a) Distribution of the electric field of the metal-graphene hybrid
structure; (b) Charge density of the metal-graphene hybrid structure; (c)
Distribution of the electric field of the metal structure; (d) Charge density of
the metal structure. In both cases, the dimensions of the golden ratio
rectangular resonator are I, = 1597 nm, I, = 987 nm. The Fermi energy level
of graphene is 0.25 eV.

The static tunability of the metal hybrid structure was
investigated by keeping the golden ratio by varying the side
lengths of the rectangular antennas. The Ix- and ly-values
were chosen as two consecutive numbers from the
Fibonacci series (18" and 17" numbers). Different
combinations of I,- and ly-values were chosen to form the
golden ratio, and these values were defined as GR (golden
ratio) as depicted in Table I.

According to the Table I, Ix and ly values are adjusted to
maintain a constant golden ratio relationship between lx and
ly variables, and each variable parameter is expressed as GR
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(GR-1, GR-2, GR-3, etc.). Figure 3(a) shows the reflectance
spectrum obtained from different I,- and ly-parameters given
in Table I as GR kept constant. The varying Iy and Iy
dimensions such that the golden ratio is satisfied, the similar
absorption spectra are obtained at different resonance
wavelengths. In Fig. 3(b), these absorption and peak

wavelength values are shown graphically. As Ix- and ly-
values increase, the resonance mode redshifts linearly with a
decrease in the absorption strength from GR-1 to GR-5. The
proposed rectangular resonator with a golden ratio gives at
least a minimum of 90 % reflection. This is a great
advantage in the design of the plasmonic structure. The
dynamic tunability of the plasmonic structure shows that
this structure can be used in sensor, detector, and filter
applications, etc.

TABLE |. GOLDEN RATIO VARIABLES OF DIFFERENT Lx- AND Ly-

PARAMETERS.

Variable Ix ly Ratio
GR-1 1400 nm 865 nm 1.618
GR-2 1500 nm 927 nm 1.618
GR-3 1597 nm 987 nm 1.618
GR-4 1700 nm 1050 nm 1.618
GR-5 1800 nm 1112 nm 1.618
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Fig. 3. (a) The spectral response of the SEIRA platform as golden ratio
(GR) parameters ranging from GR-1 to GR-5; (b) The spectral shifts of the
resonance peak and the absorption peak of the plasmonic antennas with
parameters ranging from GR-1 to GR-5. The Fermi energy level for
graphene is taken as 0.25 eV at each spectrum.

The electrical tunability of the metal-graphene hybrid
structure is shown by changing the Fermi energy level from
0.1eV to 0.4 eV as shown in Fig. 4. As the Fermi energy
increases, the resonance frequency redshifts as expected.
The absorption is strongest (95 %) for the Fermi energy of
0.25 eV and gradually decreases toward 0.4 eV. However,
about 90 % absorption for the 0.4 eV Fermi energy can be
obtained, as shown in Fig. 4(b). The dynamic tunability of
the graphene hybrid structure gives an important advantage
over the metal hybrid structure, as the operating frequency
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can be adjusted after manufacturing for the identification of
the different molecules. The SEIRA platform can be
dynamically tunable as the Fermi energy [eV] changes
without causing a large loss in the absorption peak.
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Fig. 4. (a) Absorption spectra of the graphene hybrid SEIRA platform with
varying Fermi energy from 0.1eV to 0.4eV; (b) Change in resonance
wavelength and absorption strength with the change in Fermi energy.

I1l. SEIRA DETECTION OF 2,4-DINITROTOLUENE

2,4-dinitrotuluene (2,4-DNT) is one of the primary
ingredients used in the production of TNT explosives and is
a highly dangerous chemical. It is not only a military, but
also a serious environmental pollutant. In this study, the
detection of 2,4-DNT using the SEIRA method was carried
out numerically with a plasmonic nanoantenna structure. In
SEIRA spectroscopy, the vibrational modes of the
molecules overlap with the resonance frequencies of the
plasmonic antennas. Therefore, in this method, absorption
deep-caused by the vibrational modes of the target
molecules in the absorption spectrum of the plasmonic
antennas is detected. It is known that 2,4-DNT gives
spectral signatures at three different wavelengths,
approximately 6300 nm, 6580 nm, and 7500 nm in the
infrared region [25]. To show the SEIRA capacity of the
plasmonic structure, the 3-oscillator Drude-Lorenz model of
2,4-DNT was used (3)

@)

3
e()=¢,+ ) Xah (0}, -0’ - joy,),
t=1

where e.» = 2.1901 is the high-frequency constant, the
oscillation frequency wo1 = 2.52 x 10 (rad/s), w2 = 2.877
x 10 (rad/s), and wo3 = 3.011 x 10* (rad/s). The damping
frequency y; = 3.74 x 10'? (rad/s), y» = 4.115 x 10'? (rad/s),
and y; = 3.74 x 102 (rad/s) and oscillator amplitudes are X;
=102, X; =7.4 x 103, and X3 = 1.68 x 1073, respectively.
Figure 5(a) and Figure 5(b) show the real and imaginary
parts of the permittivity of the 2,4-DNT molecule obtained
from the model separately.
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Fig. 5. (a) The real part of the permittivity of 2,4-DNT; (b) The imaginary
part of the permittivity of 2,4-DNT.

In the numerical study, 2,4-DNT was considered as an
8 nm thick film on plasmonic structures. Depending on the
changing GR values in Fig. 6(a) (Table 1), three different
spectral vibrational modes of 2,4-DNT were investigated.
The spectral fingerprints of 2,4-DNT are shown with green,
blue, and red bars at wavelengths of 6300 nm, 6580 nm, and
7500 nm, respectively. In the proposed SEIRA system,
these vibrational modes of the 2,4-DNT molecule have been
observed at different resonance modes by changing the Is-
and l,-values as shown with different golden ratios in Fig.
6(b).
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Fig. 6. (a) The reflectance spectra of the SEIRA platform consist of a metal
hybrid structure. The spectral fingerprints of 2,4-DNT are marked with
green, blue, and red bars at 6300 nm, 6580 nm, and 7500 nm, respectively;
(b) The dependence of peak resonance wavelength and absorption strength
on I~ and l,-parameters. The Fermi energy level for graphene is taken as
0.25 eV at each spectrum.
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In this figure, the red line shows the wavelength of the
resonance mode, whereas the blue line shows the absorption
strength of the system. It is very clear that golden ratio
rectangular resonators of different sizes achieve absorption
of up to about 95 % just by keeping the golden ratio
between the antenna’s length instead of optimising all the
impedance matching conditions. This leads to an easy and
controllable fabrication of the sensors by justifying the
experimental errors that may occur during manufacturing.
At each GR value, the resonance wavelength of the sensor
platform shifted to the longer wavelength, and it is
compatible with Fig. 4. The three vibrational modes of 2,4-
DNT are clearly observed as small deeps for each spectrum
obtained from plasmonic antennas with the golden ratio.
These results show that the proposed structure can be used
for the label-free detection of different biological or
chemical molecules.

Figure 7(a) and Figure 7(b) show the 2,4-DNT detection
capacity of the SEIRA platform without and with graphene
metasurface, respectively.
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Fig. 7. The second derivatives of SEIRA signals of 2,4-DNT (a) with a
metal-gold hybrid rectangular antenna with a golden ratio and (b) with a
metal-graphene hybrid antenna with a golden ratio. The golden ratio
resonator was created according to the GR-3 parameters in Table I. The
graphene energy level is 0.25 eV.

To better emphasise the spectral depthsdue to the
vibrational modes of 2,4-DNT in the absorption spectra for
GR-3, the second derivative of the absorption is plotted as
seen in Fig. 7(a) and Fig. 7(b). Figure 7(a) shows the second
derivative of the absorption spectra of the metal-dielectric
structure (without the graphene layer). In the same figure,
the strength of the second derivative of the absorption peaks
due to vibrational modes has an amplitude of about 2 at
6300 nm, 3.35 at 6580 nm, and 0.5 at 7500 nm. On the
contrary, Fig. 7(b) shows the second derivative of the
absorption spectra of the metal-graphene hybrid structure
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for the Fermi energy level of 0.25 eV. Here it is clearly seen
that the amplitudes of the peaks have increased. These
amplitudes are about 2.4 at 6300 nm, 4.3 at 6580 nm, and
0.6 at 7500 nm. Although the highest absorption peak is
expected at 7500 nm; however, the vibrational mode at this
wavelength falls in the tail of the absorption spectrum. The
results show that the SEIRA platform based on a metal-
graphene hybrid structure has a better sensing performance
compared to that of the SEIRA system based on a metal-
dielectric.

Finally, 2,4-DNT detection was performed with different
Fermi levels in a metal-graphene hybrid structure. As seen
in Fig. 8, the resonance wavelength shifts to the longer
wavelength side as the Fermi level increases.
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Fig. 8. Reflection spectra of 2,4-DNT molecules by the SEIRA platform at

Fermi energy levels ranging from 0.1 eV to 0.4 eV. Spectral fingerprints are
marked at 6300 nm, 6580 nm, and 7500 nm at each Fermi level.

The three molecular fingerprints of 2,4-DNT are
observed at 6300 nm, 6580 nm, and 7500 nm in the
absorption spectra at each Fermi level. These results show
that our proposed SEIRA system based on rectangular
antennas with/without a graphene layer can successfully
detect the molecular fingerprints of 2,4-DNT.

IV. CONCLUSIONS

We show the detection of 2,4-DNT, an explosive and
environmental pollutant, by the SEIRA platform consisting
of a hybrid structure of a golden ratio rectangular plasmonic
structure with graphene. 2,4-DNT has spectral fingerprints
at 6300 nm, 6580 nm, and 7500 nm. The SEIRA platform
has 95 % reflection that can be achieved with the proposed
golden ratio rectangular structure by eliminating the long
simulation and experimental work to satisfy the impedance
matching. Also, the combination of graphene dynamic
tunability via Fermi energy with the antennas (with a golden
ratio) has given another freedom to change the resonance
frequency of the system. The results show that the
rectangular plasmonic structure with different antenna
parameters chosen according to the golden ratio can detect
three different spectral fingerprints of 2,4-DNT. In addition,
detection of molecular fingerprints of 2,4-DNT with the
metal-graphene hybrid structure was shown by changing the
Fermi energy from 0.1 eV to 0.4 eV. This study offers an
innovative contribution to the literature, featuring a
geometric structure designed using two Fibonacci numbers,
electrical tunability provided by a metal-graphene hybrid
structure, and the capability to detect three distinct spectral
fingerprints of 2,4-DNT. Our proposed SEIRA sensor
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platform can be highly beneficial with the combination of
graphene and nanoantennas with golden ratio dimensions
and by adjusting the Fermi energy level of graphene for the
detection of weak molecular fingerprints in a wide spectral
range. Finally, this platform can be used in practical
applications by minimising the fabrication errors caused by

the

length of the antennas simply by keeping the golden

ratio between the lengths of the rectangular-shaped antenna.
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