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Abstract
In this paper, the possibility of performing UC-PBG layers that is constructed from a forest of
Single Wall Carbon Nanotubes (SWCNT) are aligned vertically on a thin flat film of quartz is
studied. Such study is concerned in plasmonic optoelectronic applications in the visible
regime. The study is conducted to the numerical simulations based Finite Element Method
(FEM), then, compared with measurements. Remarkable benchmarks are found in the
performance of the proposed UC-PBG which can be summarized as: 1- excellent ability of
focusing the light over a wide range of the visible bands, 2- low effective losses, 3- a
miniaturized sizeof the numerical a preacher, 4- no spherical apparition due to the flat
geometry. It is found the proposed UC-PBG shows an effective refractive indexvaries from 10
to 20 in Lorentz-Drude manner. The maximum induced power of the proposed UC-PBG is
found to be around 450 nm. Nevertheless, the size of the proposed UC-PBG layer is
200nmx200nm. Finally, the obtained results are compared to another numerical analysis
based on Finite Integral Technique (FIT). Excellent agreements are found between the two

invoked numerical methods.

Key words: FIT, FEM, UC-PBG, SWCNT.

Vol: 14 No:1, January 2018 18 P-1SSN: 2222-8373

DOl

: http://dx.doi.org/10.24237/djps.1401.243A E-ISSN: 2518-9255



mailto:Taelwi82@gmail.com

DIYALA JOURNAL FOR PURE SCIENCES
Toward Plasmonic UC-PBG Structures based SWCNTSs for Optoelectronics

Applications

Taha A. Elwi

Y 4y iUl ¢ g Sl Gul) b gluaa (pa A gual) il gadl) & 5a JSL oL ALl Al 2
il g g ¢S Clidai gad ol jaadl

G5 daa) abs
Gl — slazy — dxaladl (¢ gelall A0S VLAY aud
dadalj
LAY sl @iy & glil) 4 XU i) e (UC-PBG)Y itk aranais oliy &l Gl 50 a3 aad) &
3l by a6 oS lipdal (8 caal Al jall o2 351 S (e 438 ARk Sle L sac ddiiadll s (SWCNT
Ll ae Wi jlie o (FEM)A) 335k e 2aiall dnaell slSkaall alasiiuly dul ol <y jal a1 o 3500 Juasy)
1 U il e lpandli (e I UC-PBGA! ¢lal d daga ysal Bae an g aa) | cudal) Jalasl aladiinly duleal)
i shiaall 038 (e daalill yiladll 22 ¢ el ¢ suall Glaill aca (e Arl 5 a s IS 223Y) 5 516 e B )8
Gludal &3 mlasall JSEN G (55 S0 a3l dsa s ¥ -4 ddas B jrae Apdaal) Axll) aaa 3 clas Aiaddie S
dalie (8 @lld ey NMA50xe OIS plad¥) Al aa ef o) 20 ) 10 e sl OIS A5 JlSY) Jalaa
DA (s23e il alatinly Lgle Jsemall o5 1 il 45 jlhe o5 o) a0 5 .NM200XNM200 5% UC-PBGY) ik
el e las v B a5 Cas (FIT)A) 48 Gl e 2318

Aol (s WS ) ¢ guzall ol gandll o ¢ oalitall gaxa) Jualdill ¢ alitall saxal) Jalsill ; alidal) cilalst)

Introduction

In differ from small carbon fibers of conductive properties that are treated by traditional
manufacturing techniques with limited availability and expensive costs [1]. Moreover, these
difficulties are engaged to high dispersion degrees that continue to the carbon nanotube
composites manufacturing challenges [2]. Currently, most conductive carbon nanotube
solutions are performed in laboratories using chemical evaporation methods [3-6]. The
solutions and curing agentsproperly vary with different polymer matrices [7]. Generally, this
procedure includes dissolving polymers to form a solution mixed with carbon nanotubes
diluted by the aid of ultra-sonication to create casting films or solid parts then subjected to a

curing process [8]. However, most of these techniques reduce the real advancements in the
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electromagnetic properties of the SWCNTSs when they are treated as bulk films not as ballistic
conductors [1]. Therefore, to achieve more uniform SWCNTSs dispersion in array forms and
get the advantage of their ballistic properties at the individual ones, vertically aligned forests
are subjected to the research [9-12]. In [9], electron beam evaporation on a thermal oxide
layer of silicon substrate is used to grow the SWCNTs vertically with the aid of chemical
vapor deposition plasma system. A controlled atomic diffusion-induced catalyst evolution on
an aluminum thin-film substrate was introduced in [10] to grow vertically aligned carbon
nanotube arrays by a conventional low-pressure thermal chemical vapor deposition. Vertical
SWCNT arrays of a uniform distribution were grown by combining chemical vapor
deposition and block copolymer lithography [11]. Synthesizing vertically aligned SWCNT
arrays using a decoupled method that facilitates control of the growth efficiency of the heights
to several millimeters was developed in [12].

Now with the current technologies, this paper discusses the hypothesis of constructing UC-
PBG layers and the possibility of having them as the next generation in the optoelectronics
applications. Nevertheless, this hypothesis is established very well by discussing the primary

results and compares them to the published measurements for validations.

Electromagnetic Properties of an Individual SWCNT

The electromagnetic spectroscopy at the optical ranges for an individual SWCNT were
studied experimentally as in [13-14] for an armchair SWCNT10,10 and SWCNT21,21. In
those results, the demonstration of a clear plasmonic signature due to the electrons transitions
was reported. Now, to retrieve the dispersive refractive index, n(A), that to be used in this
study, the same two suggested scenarios in [1-2] are used. However, the main difference,
here, is the classical Sellmeier dispersion model without including any quantum effects accept
the realistic geometry of an individual SWCNT10,10 is considered. The 3D bulk refractive

index model based the third order Sellmeier dispersion model used is given as [15]:

(A/xz)
n() = /1+2,( e 1)
}\2
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Aj is the complex fitting parameter of materials [15]. To compute the required fitting
parameters to obtain n(A), a Matlab retriever code is developed in this research based on an
analytical calculation, [16], of the Scattering Cross Section (SCS) profile amplitude of the
peck, spectral width, and the center wavelength at the maximum peak. For the actual
geometry of an armchair SWCNT10,10 of radius of 0.678 nm, the HFSS and CSTMWS
software packages are invoked to evaluate SCS in arbitrary unit (a.u.) and compare them with
measured values. Nevertheless, the applied study of the SCS is independent of the plasmonic
scatters length as proofed in [2]. In Figure (1), it is found an excellent agreement between the
obtained results and measurements.
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Figure 1: The numerical results of SCS verses measurements
The curve fitting parameters are: A1=0.2-j0.34, A2=1.6+j0.45, and A3=-0.40-j0.34 that

valid in the visible range only. The SWCNT length that used in this study is considered 10
nm.
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SWCNT Arrays Electromagnetic Properties based Vertical Alignment

The electromagnetic properties in terms of the effective refractive index, neff , of the
vertically aligned SWCNT arrays are retrieved in this section. The aim of that is to perform
the effective surface that to be used later on to design the UC-PBG structure. Now, the
SWCNT10,10 of length 10 nm are aligned in vertical arrays with a separation distance of 2
nm from center to center. This array is realized inside a virtual waveguide based on the
effective medium theory [16] by applying the periodical boundary conditions along the
length, where, the upper and lower faces are considered Perfect Electrical Conductor (PEC)
and the other two sides are assumed Perfect Magnetic Conductor (PMC) as shown in Figure
(2(a)). The excitations are applied at the two ends of the waveguide as wave ports. Figure
(2(b)) displays the obtained scattering parameters, reflection and transmission, from both
HFSS and CSTMWS.
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Figure 2: Vertical array of SWCNTSs based HFSS and CSTMWS simulations; (a) The numerical

setup, where, the yellow arrows are the excitation ports and (b) The obtained scattering parameters

Now, retrieving neff of the formed surface from the SWCNT arrays is presented in terms of
real and imaginary parts as seen in Figure (3). It is found that neff of the proposed array
follows Lorentz-Drude model during the visible range.
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Figure 3: The retrieved neff of the vertical SWCNT array in terms of real and imaginary parts

UC-PBG Performance and Results Validations

The performance of the proposed UC-PBG structure based SWCNT arrays are characterized
in terms of the scattering profiles, band gap, as well as transmission and absorption spectra.
The proposed UC-PBG structure, see Figure (4), is constructed from three concentered
circular eye patterns, these, eye patterns are constructed from eight eyes at 30 nm, 60 nm, 90
nm from the center, consequently. At the center, a circular eye is positioned. Therefore, each
eye behaves as superposition source with a certain phase progressive with respect to the
central one. Moreover, the curved edges are created to avoid the possibility of light
diffractions [16].
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Figure 4: The proposed UC-PBG structure based SWCNT array

Now, to study the performance of the proposed UC-PBG structure, the scattering parameters
in terms of extinction cross section spectra are computed using both HFSS and CSTMWS, see
Figure (5), then, compared to each other.From the presented results in Figure (5), it is found
that the proposed UC-PBG structure shows the maximum scattering around 400 nm, which it
may be attributed to the Reighley scattering. In this observation, the scatterer dimensions are
relatively comparable to the half incident wave length at 400 nm. In addition to the same
manner, this is attributed to electrical resonance of the scatterer length with respect to the
incident light. Finally, this observation is agreed with obtained results from both HFSS and
CSTMWS.
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Figure 5: The extinction cross section spectra of the proposed UC-PBG structure

In a relative manner, the electromagnetic band gap location, at which the propagation through
the UC-PBG structure is prohibited, is studied. The localization of the band gap around the
lattice vertex (I', , M) is computed at the First Brillouin Zone. As illustrated in Figure (6), it
is found that the proposed UC-PBG structure shows no a specific band gap at the visible

spectra that is motivated the author to consider the proposed design for the optoelectronic

applications.
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Figure 6: The dispersion diagram of the proposed UC-PBG structure
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Furthermore, the numerical analysis is conducted to study the normalized absorbed and
transmitted power profiles in the visible range at the bore-sight directions. In Figure (7), it is
found that the proposed UC-PBG structure shows insignificant chromatic apparitions in the
range from 600 nm up to 900 nm. However, in the other bands shows chromatic certain
apparitions. The surface electromagnetic distributions on the proposed UC-PBG structure are
presented in Figure (8). From the absorption spectra, it is found that the UC-PBG layer shows
no significant effects. The observed distributions are mostly Gaussian at the center that proofs

that the proposed UC-PBG spherically shows no spherical apparitions.
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Figure 7: The normalized power of the absorption and transmission profiles of the proposed UC-PBG

structure

It is good to mention; the field distribution is polarized in the same direction from 550 nm up
to 800 nm. This is due to the fact of having almost insignificant spherical apparition within
this band; however, the field distribution is affected between 400 nm and 500 nm due to the

effect of the structure resonance as can be seen in Figure (8).
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Figure 8: The electromagnetic field distributions on the surface of the proposed UC-PBG structure

Conclusions

In this paper, the possibility of constructing UC-PBG layers based SWCNT arrays for
optoelectronics applications are investigated and proofed. Therefore, a UC-PBG design based
on a vertical SWCNT array of 10 nm in length is realized in this study. The electromagnetic
properties of the SWCNT array are retrieved using effective medium theory and compared
with published optical spectroscopy measurements in [2]. The retrieved effective
electromagnetic properties are to create the effective surface that would be used for the UC-
PBG construction. It is found the constructed UC-PBG shows a maximum transmitted power
around 450 nm with insignificant chromatic apparitions. Nevertheless, the electromagnetic

field distribution is found to be in the same direction for the most visible bands. Finally, the
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obtained results from FEM approach are compared against to the numerical simulation based

FIT method for validation. An excellent agreement is achieved between the simulated and
measured results for the SCS of an individual SWCNT.
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