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1. INTRODUCTION

High-absorption structures have found wide applications in solar cells,
thermal detectors, filters, and optical lasers in recent years. The perfect absorber
was first introduced by Padilla in 2008 [1]. In recent years, one of the structures
that has been extensively used in the design of the absorbers is photonic crystals.
Photonic crystals are alternating structures of dielectric material that can be in
one, two, or three dimensions. This periodicity in photonic crystals creates a
band gap frequency range, which has led to the widespread use of photonic
crystals in various fields [2]. As defects are introduced into a photonic crystal
structure, the periodicity of the structure is broken, resulting in defect modes [3].
Structures such as cavities, waveguides, and fibers may be created by adding
various defects in the photonic crystal [4, 5].

Some researchers use liquid crystals or magnetic fluids inside the holes coated
with graphene or metal. This method has been developed during the past decade
because of developments in materials science. The application value of photonic
crystal devices can be examined both theoretically and practically. Aside from
replacing conventional electronic devices, photonic crystal devices may also be
used in biosensors, optical communications, and imaging. Furthermore,
photonic crystal microcavities have a wide range of uses, including lasers [6, 7],
optical switches [8, 9], and sensors [10, 11], due to their tight field confinement,
high quality factor, and small mode volumes. Because of graphene's special
properties, there has been a lot of interest in designing optoelectronic devices
based on this material [12].

In this paper, the ability of graphene to generate surface plasmons resonances
(SPR) has been studied. SPR is defined as the process in which charge-density
oscillations are optically excited by exposing a metallic layer to a polarized light
beam. This can be applied to the interface between a metallic layer and a
dielectric surface [12, 13]. In other words, the SPR is an optical effect that
occurs when an electromagnetic wave interacts with electron conduction in a
metal [12, 13]. In 1907, Zenneck started a scientific study of the phenomena of
SPR [14]. In recent decades, gold nanostructures have been thoroughly
researched due to their special properties in surface Plasmon resonance. Silver,
aluminum, and copper are chemically unstable metals. As compared to these
metals, gold is more stable for SPR applications. A metal film can often be
coated onto photonic crystals, or metal nanowires can be introduced into the air
holes despite the photonic crystal's flexible nature. The common boundary
between materials with a positive dielectric constant and materials with a
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negative dielectric constant, such as metals, can emit special electromagnetic
waves called surface Plasmon waves that remain close to the surface [15]. The
coherent motion of electrons in the conduction band causes this SPR., which
interact with the electromagnetic field. The frequency and width of Plasmon
absorption depend on metal nanoparticles' shape and scale, as well as the
dielectric constant of the medium and the metal. Many intermediate metals have
only a small, wide absorption band in the ultraviolet field, whereas noble metals
such as gold has a very high visible Plasmon resonance.

This paper describes a novel structure consisting of two photonic crystals
alternately layered with silicon and silicon. Lattice constants for the layers are
125 and 260, respectively. The two photonic crystals are separated by a 125-
nanometer layer of graphene and an 8-nanometer layer of gold attached to the
end of the second photonic crystal.

2. MATERIAL AND METHODS

A schematic design of the proposed absorber is seen in Fig. 1. We designed
two photonic crystals consisting of layers of silicon and silicon dioxide that
alternate in one dimension. The number of layers in PhC1l and PhC2 are
considered to N = 18 and 10, respectively. To minimize the transmission and
reflection, the lattice constants of phC1 and 2 are designed to 125 and 260 nm
respectively. We placed a 125-nanometer-thick layer of graphene between the
two photonic crystals and a 260-nanometer-thick layer of gold at the end of the
second PhC. When graphene is placed between two photonic crystals, a
topological edge mode excitation is created and leads to a strong absorption
enhancement. In this simulation, the gold dielectric constant according to Eq. (1)
and the Drude-Lorentz model is used.

2 2
gm =&, — a)D- - 2 A‘Z‘QL - (1)
oA o+jlp) (0 —)+jl o

where ey gold permittivity, . gold permittivity in the high frequency, A¢ is
equal to 1.09, w is the guiding light frequency, wp /2n = 2113.6 THz is the
plasma frequency, I'p /2n =15.92 THz (damping frequency), 2./21=650.07 THz
(Lorentz oscillator frequency) and I'/27=104.86 THz is spectral width of the
Lorentz oscillator [16]. The complex permittivity of gold used in our
simulations was adapted from Johnson and Christy’s experimental study [17].
Also, refractive index of graphene is defined as follows:
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where A is the incident light wavelength, and the C; constant equal to =~ 5.446
um™' [18]. The absorption spectra and field distribution are analyzed using the
transfer matrix method, the finite difference time domain method (FDTD), and
Lumerical software.

3.SIMULATION RESULTS AND DISCUSSION

Fig. 1 shows a schematic representation of the absorber structure. We obtained
the absorption spectrum of the structure for different source angles. To achieve
the proposed structures' spectral response, the transfer-matrix method (TMM) is
used. The TMM is a useful tool for calculating the characteristics of light
propagation in 1-D photonic crystal absorbers. The transfer matrix is a matrix
that describes how light propagates into a given layer. P; and M; are regarded as
the matrices describing this propagation [19, 20].

_(exp(—j¢) 0 3)
i ( 0 exp( M)J

1(1
Mi Zf(ri 1J (4)

where ¢ is the phase of the light that propagate in i layer and calculate from
the following equation:

¢ =27n,d,cos 8 1 A ()

where, n;i, @, and d; are the refractive index, light angle and thickness of the it"
layer, respectively. The reflection and transmission coefficients are defined as
follows using Fresnel equations as follows:

t.

r =(ni_1cos 6, —n, cos ¢9i_1)/ (ni_lcos 6 +n, cos 9i_1) (6)

(2n;,_,cos 6,_)/ (n;_4cos 6, +n; cos 6, ) ()

Multiplying P; and M; yields the full matrix in the TMM.
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Q =M,PIM;P,--Poy sM oy .4 ®
The reflection and transmission spectra of the structures defined by:

R :|Q21/ Q11|2 (9)
T =[/ Quf (10)

The absorption can be obtained from transmittance and reflectance as follows:
A=1-R-T (11)

Fig. 2 shows the absorption spectra for 6 =0 and 20. For 6= 20°, the electric field
of the structure as seen in Fig. 3. The absorption spectrum for different angles
were studied (6=0 to 60) and the results shown in Fig. 4 (a). Most absorption
occurred at 6=40, and at angles greater than 40, both reflection and transmission
decreased (Fig. 4 (b)). The electric field of the structure for 6=40 is shown in

l {

Graphene Gold

Fig. 1. The structure of the absorber.
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Fig. 2. Absorption spectrum for 6=0 (a) and for 6=20 (b).
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Fig. 3. The electric field profile of the structure for 6=20°.
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Fig. 4. Absorption spectrum for 8=0 to 600 (a) and for 6=40° (b).
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Fig. 5. the electric field profile of the structure for 8=40°.

4.

The paper described an alternate layer of silicon and silicon dioxide with two
photonic crystals in an innovative structure. 125 and 260 were the lattice
constants for the two layers. At the end of the second photonic crystal was an 8-
nanometer layer of gold attached to a 125-nanometer layer of graphene that
separated the two photonic crystals. Graphene, gold nanofilms, and a 1D
photonic crystal have been investigated theoretically and numerically to
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generate TPPs. The TMM measurements and 2.5 var.FDTD simulations showed
that an increase in the absorption spectrum of the structure results from the
excitation of the TPP mode between the graphene nanofilm and photonic
crystal. The light absorption of 87% is possible in the proposed structure. The
results presented here will enhance the light-matter interaction and expand the
applications of these structures for light absorption and modulation.

[1] Liu, Yang, Chen, Yitung, Li, Jichun, Hung, Tzu-chen, Li, Jianping. Study of
energy absorption on solar cell using metamaterials. Solar energy., 86(5)
(2012, May.) 1586-1599. Available:
https://linkinghub.elsevier.com/retrieve/pii/S0038092X12000850.

[2] Soroosh, M., Mirali, A., & Farshidi, E. Ultra-fast all-optical half subtractor
based on photonic crystal ring resonators. Journal of Optoelectronical
Nanostructures., 5(1) (2020) 83-100. Available:
http://jopn.miau.ac.ir/article_4035_907116e6a7732494139c20f9fcd4932a.pdf

[3] Jalali, S. M. H., Soroosh, M., & Akbarizadeh, G. Ultra-fast 1-bit comparator
using nonlinear photonic crystalbased ring resonators. Journal of
Optoelectronical Nanostructures., 4(3), (2019, Aug) 59-72.

Available: http://jopn.miau.ac.ir/article_3620.html.

[4] Fallahi, V., & Seifouri, M. Novel structure of optical add/drop filters and
multi-channel filter based on photonic crystal for using in optical
telecommunication devices. Journal of Optoelectronical Nanostructures.,
4(2), (2019) 53-68. Available:
http://jopn.miau.ac.ir/article 3478ae66b4b065f59e9dcb404b184471e89b.pdf

[5] Rashki, Z. Novel design for photonic crystal ring resonators based optical
channel drop filter. Journal of Optoelectronical Nanostructures., 3(3) (2018).
59-78. Available:
http://jopn.miau.ac.ir/article3046_01eb0laffabdaa909e9328069782f311.pdf.

[6] Yoshida, M., De Zoysa, M., Ishizaki, K., Tanaka, Y., Kawasaki, M.,
Hatsuda, R, Noda, S. Double-lattice. photonic-crystal resonators enabling
high-brightness semiconductor lasers with symmetric narrow-divergence
beams. Nature materials., 18(2), (2019, Feb) 121-128.

Available: https://www.nature.com/articles/s41563-018-0242-y.

8 Journal of Optoelectronical Nanostructures. 2022; 7 (2): 1- 10


https://linkinghub.elsevier.com/retrieve/pii/S0038092X12000850
http://jopn.miau.ac.ir/article_4035_907116e6a7732494139c20f9fcd4932a.pdf
http://jopn.miau.ac.ir/article_3620.html.
http://jopn.miau.ac.ir/article_3478ae66b4b065f59e9dcb404b184471e89b.pdf.
http://jopn.miau.ac.ir/article3046_01eb01affabdaa909e9328069782f311.pdf.
https://www.nature.com/articles/s41563-018-0242-y

Maryam Heidary Orojloo et al. DOI: 10.30495/JOPN.2022.28915.1235

[7] Zhou, T., Wu, C., Wang, Y., Tomsia, A. P., Li, M., Saiz, E, Cheng, Q.
Super-tough mxene-functionalized graphene sheets. Nature
communications., 11(1), (2020, April) 1-11.

Available: https://www.nature.com/articles/s41467-020-15991-6.

[8] Hassan, M., Kabir, M., Hossain, M., Biswas, B., Paul, B. K., & Ahmed, K.
Photonic crystal fiber for robust orbital angular momentum transmission:
Design and investigation. Optical and Quantum Electronics., 52(1), (2020,
November). 1-14. Available: https://doi.org/10.1007/s11082-019-2125-0.

[9] Lunnemann, P., Yu, Y., Joanesarson, K., & Mgrk, J. Ultrafast parametric
process in a photonic-crystal nanocavity switch. Physical Review A., 99(5),
(2019, May) 053835.

Available: https://doi.org/10.1103/PhysRevA.99.053835.

[10] Afsari, A., Sarraf, M. J., & Khatib, F. Application of tungsten oxide thin film
in the photonic crystal cavity for hydrogen sulfide gas sensing. Optik., 227,
(2021) 165664. Available: https://doi.org/10.1016/j.ijle0.2020.165664.

[11] Hassani, A., & Skorobogatiy, M. Design criteria for microstructured-
optical-fiber-based surface-plasmon-resonance sensors. JOSA B., 24(6)
(2007) 1423-1429. Available: https://doi.org/10.1364/JOSAB.24.001423.

[12] Fan, Y., Shen, N. H., Zhang, F., Zhao, Q., Wu, H., Fu, Q, Soukoulis, C. M.
Two-dimensional optics: Graphene plasmonics: A platform for 2d optics.
Advanced Optical Materials., 7(3), (2019) 1970009.

Available: https://doi.org/10.1002/adom.201970009.

[13] Amendola, V., Pilot, R., Frasconi, M., Marago, O. M., & lati, M. A. Surface
plasmon resonance in gold nanoparticles: A review. Journal of Physics:
Condensed Matter., 29(20) (2017) 203002.

Available: https://doi.org/10.1088/1361-648X/aa60f3.

[14] Sommerfeld, A. Propagation of waves in wireless telegraphy. Ann.
Phys.(Leipzig), 81(1926) 1135-1153.
Available: https://ci.nii.ac.jp/naid/20000647872/.

[15] Azimi, H., Ahmadi, S. H., Manafi, M. R., Hashemi Moosavi, S. H., &
Najafi, M. Development a simple and sensitive method for determination
low trace of nickel by local surface plasmon resonance of citrate capped
silver nanoparticles. Journal of Optoelectronical Nanostructures, 6(2)

Journal of Optoelectronical Nanostructures. 2022; 7 (2): 1- 10 9


https://dx.doi.org/10.30495/jopn.2022.28915.1235
https://www.nature.com/articles/s41467-020-15991-6
https://doi.org/10.1007/s11082-019-2125-0.
https://doi.org/10.1103/PhysRevA.99.053835
https://doi.org/10.1016/j.ijleo.2020.165664.
https://doi.org/10.1364/JOSAB.24.001423
https://doi.org/10.1002/adom.201970009.
https://doi.org/10.1088/1361-648X/aa60f3.
https://ci.nii.ac.jp/naid/20000647872/

Design and modeling of photonic crystal Absorber

(2021) 23-40. Available: https://10.30495/JOPN.2021.26382.1210

. Journal of Optoelectronical Nanostructures. 2022; 7 (2): 1- 10


https://10.0.119.31/JOPN.2021.26382.1210

