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In this paper, we presented a novel shape for nano-aperture for biomedical and spectroscopy application. In ad-
dition, when the graphene coat layer is added to structure, we are achieving a reconfigurable particle with more
transmittance and the impedance parameters can describe the effect of the graphene layer. The prototype struc-
ture is simulated with the FDTD method by the CST microwave studio and for the substrate, the SiN layer with
refractive index of 1.98 and thickness of 80 nm is selected. The Palik model is implemented for the gold layer
with thickness of 30 nm, and single graphene layer is selected for a coat with 1 nm thickness. The prototype an-
tenna has the dual band characteristic at 46 and 86 THz for biomedical sensing at mid infrared application. The
graphene coat is improving the transmittance in the prototype nano-particle. Here we show that the graphene
layer implementation is useful for making biosensor withmore accuracy and sensitivity. The prototype structure
shows orthogonal characteristic that made it useful for solar cell application and energy harvesting in by en-
hancement of electrical field in both X and Y directions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, developments of micro and nano technology at THz and
optical regime are resulted many new devices at THz or optical sensors
for detection of small partial such as biological and chemical materials
that are important inmedicine, genetic analysis and the pharmaceutical
and food industries [1–2].

Surface plasmon polaritons (SPPs) are indicated of the electromag-
netic excitations with the metal-dielectric layer and are appearing at
the interface between dielectric and metallic layers, and SPPs are used
for different application such as field enhancement [3], subwavelength
propagation [4], subwavelength waveguide [5], molecule detection
[6], surface Raman scatters enhancement [7] and near-field coupling ef-
fects [8].

Various shapes of the aperture nano-antenna are studied by Altug et
al. for the spectroscopy and bio-sensing for infrared domain (IR) such as
an H-shape with sensitivity to polarization [9] Jerusalem cross [10]
Multi-resonant Metamaterials based on UT-shaped nano-aperture [11].

Graphene is used as an optical application fromTHz to the optical re-
gime for achieving reconfigurable characteristic at tunable dipole nano-
antenna and absorber [12–13]. The σintra formation is used as the sur-
face conductivity of the graphene for THz application for less than
abi).
10 THz [14] and theσinter formation is implemented for the surface con-
ductivity of the graphene at optical application for more than 150 THz
[15]. However, for the mid infrared application, the Kubo formula per-
formances are implemented for graphene in these studies and
graphene's conductivity has two various terms of theσinter and theσintra

and therefore σG(ω) = σinter(ω) + σintra(ω) [16].
Recently, graphene has been noticed with single ormultilayer struc-

tures to enhance the transmittance and the absorption cross section in
nano-antenna and nano-particle [17–18].

By Altug et al. debated about the fabrication process of the nano-
aperture in six photolithography steps with UV-light, dry etching by
SF6 and He, wet etching by KOH, E-beam lithography with PMMA, dry
etching by SF6 and Ar and at last metal deposition by using gold and Ti-
tanium for bonding of gold to SiN layer [19–20].

In addition, fractal geometry is made bymathematical abstraction of
self-similar or self-off-line that are improving the radiation quality in
nano particle or absorber with various formations such as a snowflake,
a tree and bowtie [21].

Sierpinski fractal plasmonic nanoantennas are conventional models
of fractional form for bowtie or rectangular structure as a fractal carpet
in optical regime [22–23]. In addition, the fractal carpets are used in
plasmonic absorber for enhancement in the surface absorption of solar
cell application [24].

Furthermore, the fractal formation is noticed in nano aperture for
optical imaging [25].
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In this article, the final modeled nano-antenna has the dual band
characteristic at 46 and 86 THz, and it is implemented for biomedical
sensing at mid-infrared application. We have used commercial FDTD
software by using two-port analyzing for transmittance studies, and re-
sults are comparedwith simple cross-junctionmodel, andwe show that
the prototype nano-antenna has the independence to incident polariza-
tion. Here we show that with the implementation of the fractal forma-
tion the electrical field in both X and Y directions is increased
drastically and structure shows orthogonal polarization.

2. Design particles

Fig. 1(a) shows the novel cross-loop shaped nano-aperture and
graphene layer over the gold layer at Fig. 1(c). The structure contains
a gold layer with cross-loop shape aperture with length of 2400 nm
and width of 2400 nm with a thickness of 30 nm. In Fig. 1(b) we show
the fractional nano-antenna design process in 3 steps and result of
these antennas is compared together. The gold layers are placed on
the SiN layer with n = 1.98 that is selected as a substrate with a
Fig. 1. The geometric of the nano-antenna (a) final prototype nano-antenna (b) three
types of the designing of the nano-antenna and the dimensions are a = b = 2400 nm,
c = 600 nm, d = 100 nm (c) final prototype antenna with multilayer graphene
thickness of 80 nm and Palik's model of gold is selected for the gold
parts in our structure.

CST microwave studio full wave simulator has done the simulation
with time domain method and the open boundary with 300 nm dis-
tance by conventional PML (perfectly match layer) is selected. Accord-
ingly, we are covering the gold layer with a multilayer graphene with
a thickness of 1 nm as shown in Fig. 1(c).

We should have noticed that the single-layer graphene cannot bond
to gold layer and therefore. For bonding of the Au with a single layer,
graphene (SLG) by Electron-beam lithography a thin layer of
Cr + should be deposited over the gold layer before deposition of the
graphene [26]. Here, in simulation, because of little thickness [around
5 nm] of the Cr, we are neglecting the effect on our simulation. In addi-
tion, all dimensions are a = b = 2400 nm, c = 600 nm, d = 100 nm.
3. Simulation result and discussions

For numerically analyze, the aperture system, we use FDTD by using
two-port analyzing where the ports are placed in front of the array
structure. The boundary condition is selected open for sidewalls and
openwith space in Z and -Z directions. The Fig. 2(a) shows the transmis-
sion of a three step of nano-antenna without the graphene layer.

In the first antenna, the nano-antenna has a resonance at 62 THz
(λ = 4830 nm) and the resonance pick is about 0.63 for transmission.
Fig. 2. The transmission of nano-antenna (a) three type of nano-antenna (b) various
polarization angle for phi = 0°, 20° and 40°.



Fig. 4. The transmission of the nano-antenna with various graphene biasing.
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Because of the symmetrical structure that is used in this study, the ef-
fects of the polarization in y and x directions are neglected.

In the second antenna, the nano-antenna has two resonances at 30
and 80 THz (λ = 9990 nm and λ = 3750 nm) and the resonance pick
is about 0.5 and 0.7 for transmission respectively.

In the final antenna, the nano-antenna has two resonances at 42 and
82 THz (λ = 7137 nm and λ = 3656 nm) and the resonance pick is
about 0.5 and 0.65 for transmission respectively.

The incident wave polarization independency of the nano-aperture
antenna is studied at Fig. 2(b) for phi = 0°, 20° and 40° and here, we
show that the change in polarization has not any effect on the transmit-
tance of our prototype nano-antenna and resonances are fixed at 42 and
82 THz.

Furthermore, for nano-antenna with graphene coat, we are
implementing the single-layer graphene coat with thickness of 1 nm
and in Fig. 3 we are studying the conductivity of the single-layer
graphenemanner at a range of 30–100 THz and biasing effect of on con-
ductivity. Formodeling of the graphene, the temperature and relaxation
time are assumed 293[K] and 0.1[ps], respectively. As shows in here, by
increasing the chemical potential in graphene the conductivity is in-
creased and shifted to higher frequency. Therefore, by applying the
graphene to the prototype antenna the surface impedance is increased
in nano-particle and matching is amended, and therefore, we expected
to achieve more transmittance in our final model by increasing the
chemical potential in graphene layer to 0.3 eV.
Fig. 3. The conductivity of the graphene in the range of 30–100 THz for the chemical
potential in the range of 0 to 0.3 eV (a) the real part (b) the imaginary part.
In this step, we added the single-layer graphene to the prototype
nano-aperture, and thenwe are biasing the graphene layer with various
chemical potentials (0 to 0.3 eV) and the results of transmittance are
presented at Fig. 4 for single layer graphene with a thickness of 1 nm.
By biasing the graphene layer to higher voltage the frequency is shifted
to higher frequency.Without biasing of the graphene, the transmittance
is a decrease in prototype nano-antenna. However, by increasing the
voltage of biasing the transmittance is increased to 0.62 and 0.75 re-
spectively for first and second resonance.

Fig. 5(a) shows the electric field (E-field) intensity enhancement
distribution for the simple cross structure (ant.1) and in addition, we
compared the result with second (ant.2) and third model (ant.3)
nano-aperture at Fig. 5(b) and (c) respectively. As shown in here the
first antenna has linear polarization and second and third antenna
shows the orthogonal polarization.

For the first antenna the jE2j=jEint2j ratio in X-direction and Y-
direction are 1705 (V/m)2 and 3.7 (V/m)2 respectively, and total jE2j=j
Eint

2j ratio 1823 (V/m)2 at 64 THz.
For the second nano-antenna the jE2j=jEint2j ratio in X-direction and

Y-direction are 610 (V/m)2 and 506 (V/m)2 respectively and total jE2j=
jEint

2j ratio 1169 (V/m)2.
For the third antenna the jE2j=jEint2j ratio in X-direction and Y-

direction are 784 (V/m)2 and 918 (V/m)2 respectively, and total jE2j=j
Eint

2j ratio1866 (V/m)2 at 42 THz. Its visible the new form of the cross
structure help full in achieving orthogonal properties in nano-aperture
and also the E-field enhancement is increase in comparison to simple
cross aperture.

In the final nano-antenna, when the graphene layer with thickness
of 1 nm and chemical potential of the 0.3 eV is added to final aperture
model the jE2j=jEint2j ratio in X-direction and Y-direction are 1197 (V/
m)2 and 1346 (V/m)2 respectively and total jE2j=jEint2j ratio 2724 (V/
m)2 at 40 THz.

For revealing the effect of bilateral on prototype nano-antenna, we
choose four conventional biomaterial and here we investigated the ef-
fect on transmission and electrical field.

Surface enhanced infrared absorption (SEIRA) spectroscopy is a con-
ventional procedure for detection of material such as Ether(R–O–Rʹ)
with n= 1.35, Ethylene glycol (HO–CH2CH2–OH)with n= 1.43, Chlo-
robenzene (C6H5Cl) with n = 1.525, and Quinoline (C6H7N) with n =
1.627 [27].

The transmission of the prototype nano-aperture in the presence of
the additional material are presented for two various biasing (0.1 and
0.3 eV) for graphene and results are given at Fig. 6(a) and (b) respec-
tively and bio material thickness are assumed 30 nm in this study.



Fig. 5. The nano-antenna field intensity enhancement distribution for themain resonance
(a) the simple nano-aperture (b) the L-shape nano-aperture (c) the novel cross nano-
aperture.

Fig. 6. Nano-aperture transmittance in presence of bio-chemical material (a) with
graphene Chemical potential of 0.1 eV (b) with graphene Chemical potential of 0.3 eV.

Fig. 7. The refractive index variations as a FOM profile for various biasing of the graphene
at 0.1 and 0.3 eV.
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Fig. 6(a) shows the effect of material loading on the nano-antenna
resonance with Chemical potential of 0.1 eV. In this case, the peak reso-
nances are reduced from 35.6 to 33.4 THz and 67.7 to 63.9 THz by in-
creasing the refractive index of biomaterial respectively for first and
second resonances. To continue, the result is checked for Chemical po-
tential of 0.3 eV and as shown in Fig. 6(b) 40 to 37.5 THz and 70 to
66.4 THz by increasing the refractive index of biomaterial respectively
for first and second resonances.
Figure of merit (FOM) is a numerical factor for a description of the
quality characteristic and performance of a device or a material for spe-
cial parameter and in optical devices, various forms of FOM for wave-
length (Δλ), current density (ΔI) and energy change (ΔE) [27–29].
Ahmadivand et al. have been debating about of (ΔE) variation by imple-
mentation of the biomaterial in plasmonic structure [27].
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As shown in Fig. 6(a) and (b) the wavelength (frequency) is shifted
by applying the biomaterial this various in wavelength (Δλ) or energy
(eV) can give us a factor for FOM.

In here, we are calculating the FOM of wavelength for two various
amounts of the chemical potential of 0.1and 0.3 eV and results are pre-
sented at Fig. 7 second resonance at 70 THz (3696 nm). The FOM is re-
duced by increasing the chemical potential of the graphene layer to
0.3 eV. However, herewe have two parameters for FOMandwe can rec-
ognize the external material with more accuracy with logical operation
on the result of the FOM.

In addition, the FOM results revealed that by increasing the
graphene chemical potential, we have less tolerance by adding bio-
chemical material load and the FOM result for nano-particle antenna
is more in comparison to this study [27].

4. Conclusion

Formaking biosensor with nano-aperture, we presented new fractal
shapewith a single layer graphene coat andwe show that the prototype
structure is useful for achieving more sensitive and accurate sensor.
Dual band characteristic at mid infrared is obtained. We show that at
prototype structure by implementation of graphene layer we are able
to achieved higher enhancement of E-field at prototype structure and
FOM factor is controllable with graphene chemical potential.
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