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ABSTRACT

The localised surface plasmon resonance (LSPR) of metallic nanosphere coated with oxide was studied using
the finite difference time domain (FDTD) method. The refractive index sensitivity of oxide coated metallic
nanoparticle is found to be dependent on thickness of the oxide layer, therefore, the particle size is engineered
to maximize the sensitivity in the required frequency range. The rate of change in RIS, factor with particle size is
also dependent on core material and thickness of shell. SPR sensors based on gold nanoparticles exhibit
considerably lower sensitivity as compared to Ag and Al based nano sensor. The order of a RIS factor for 20 nm
particle size is Ag-X>Al-X>Au-X with a value of 87.43nm/RIU>54.20 nm/RIU>43.8 nm/RIU which shows that
Au-X nanostructure shows lowest RIS value whereas, Ag-X shows highest among Au, Ag and Al based
nanostructure with the advantage of spectral peak in UV-visible region.

Keyword -Localized surface plasmon resonance (LSPR), core-shell nanostructure, Refractive index
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I. INTRODUCTION

In LSPR-based sensors, metallic particles are illuminated by light and localized surface plasmon is excited in the
particles [1]. Their excitation gives rise to a peak in the extinction spectra. By tracking the wavelength of
maximum absorption or extinction, changes in the local environment of the nanoparticle can be detected.
Sensitivity of the LSPR-based sensors can be defined as a ratio of the change in the wavelength of maximum
extinction peak and the refractive index change that induced the change in peak [2, 3]. Depending on the spatial
distribution of the refractive index change, sensitivity for two important limiting cases can be defined as bulk
refractive index sensitivity, which defines the sensitivity of changes in the refractive index, which occur
homogeneously in the whole medium surrounding the particle and the surface refractive index sensitivity
defined as sensitivity to refractive index changes occurring within a layer at the surface of the particle.

A local change in the environment around the nanoparticle can be created by depositing a thin layer of material

an

onto the nanoparticle and the surface refractive index sensitivity is expressed as fl5; = —f , Where #1; denotes

I

the refractive index of thin layer. The choice of material can be dielectric forming dielectric/metal nanostructure
or metallic forming metal/metal nanostructure. Metallic nanoparticles coated with a dielectric have an advantage
over bare particles that they produce complete photonic band gaps when organized in periodic structures.
Consequently, coating with a transparent dielectric would be an enormous advantage and amorphous silica has

proven an excellent candidate for the growth of transparent, chemically inert and photochemically stable coating
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material [4, 5]. The addition of oxide shell changes the effective refractive index of the medium, thus, the shell
material and thickness of shell effect the magnitude of the shift in plasmon peak. In this paper, we studied the
effect of shell material and thickness of the shell on Au, Ag and Al coated metallic nanosphere. The three
chosen metals Al, Ag and Au constitute an excellent model system where the interband activity varies greatly
covering entire UV-NIR region of EM spectrum and shows the following characteristic features (a) for Au
interband transition exist at 2.3 eV (b) in Ag, interband transition exist close to 4eV and (c) in Al it is present
only within narrow energy range around 1.5eV. Out of these three metals, Ag and Al has much higher plasmon
quality factor as compared to Au due to which Al and Ag shows much stronger plasmon fields and extinction
spectra. We have investigated the SPR wavelength sensitivity to the surrounding medium for metal-dielectric

core shell nanostructure by calculating the refractive index sensitivity and figure of merit.

Il. THEORETICAL SIMULATION
In this work, we employed FDTD software called Lumerical FDTD solution to carry out FDTD analysis of our
plasmonic nanostructure [6, 7]. We adopt a cubic Yee cell with a side equal to 1nm and a time

stepAt= 1,31 x 107**s , bounded by Courant condition. For FDTD calculations involving the nanosphere of

diameter D, the grid sizes in X, y and z directions are selected in such a way that the value of E-field intensities
around nanosphere becomes independent of the grid sizes. This process is carried out by initially selecting grid
sizes in x, y and z directions of the order of 1/10™ of the size of nanosphere and subsequently reducing the value
of grid spacing until a further reduction in grid spacing had no influence on the calculated results around the
nanosphere. The FDTD software employed in this work allows selection of different grid sizes for the edges of
metallic nanostructures and the bulk media. In our calculations, 0.7 nm grid spacing has been chosen for spacing
around the nanosphere. The material data is obtained from Palik and Johnson & Christy for Ag and Au
nanoparticle, respectively, whereas the material data for Al is wavelength dependent. The material data is
obtained from Palik for wavelength above 200 nm and CRC model has been chosen to study the behaviour of Al

nanoparticle in the wavelength range = 200 nm [6].

I11. RESULT & DISCUSSION

Fig. 1 shows the size dependent absorption spectra of a coated and bare Au nanosphere. The particle size is
varied from 20 nm to 80 nm and thickness of silica shell is fixed as 1 nm. The effect of the shell layer shows a
red shift in plasmon peak for the coated nanosphere as compared to bare nanosphere. The absorption spectra of
Au-SiO, with particle size > 50 nm having silica shell as 1 nm are quite similar to that of bare nanosphere
indicating the effect of the thin shell on LSPR is negligible for larger size particle. Usually, gold nanosphere has
a strong absorption maximum around 510 nm in air and with increasing particle size, there is red shift in LSPR
due to electromagnetic retardation in larger particles [7]. However, in many biological applications, especially in
protein, nuclei acid, etc., it is desirable to work in the DUV-UV region of the spectrum, especially 150 nm - 350
nm. Due to interband transition gold nanoparticle does not show plasmonic behaviour over this range, therefore,
alternatively one may need to tune the LSPR depending on the availability of a suitable material. Out of other

plasmonic material, silver and Aluminium can be choice of material for DUV-UV region [8-11].
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Fig. 1: Size dependent absorption spectra of coated and uncoated Au nanosphere. The particle size is varied

from 20 nm to 80 nm and thickness of the shell is 1 nm.

Fig. 2 compares the shift in plasmon wavelength with the thickness of shell for Au@SiO,, Ag@SiO, and

Al@SiO,. The magnitude of red shift from one shell thickness to the next thicker one becomes slowly smaller as

the thickness of shell is increased. The shift in LSPR peak position is larger in Al and Ag core as compared to

Au core. For 20 nm particle size Al and Ag core show shift of more than 40 nm, whereas Au shows ~ 22 nm

shift in plasmon wavelength with increasing thickness of shell which shows that the choice of core material was

sensitive in defining the LSPR shift. Al core shows plasmonic peak over DUV-UV region, whereas Ag core

shows plasmon peak over UV-visible region.
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Fig. 2: Shift in plasmon wavelength with shell thickness for X-SiO, (X= Au, Ag and Al). The particle size is 20

nm, 30 nm, 40 nm and 50 nm.

IV.EFFECT OF SHELL MATERIAL

The dependence of the plasmon resonance wavelength on the surrounding medium dielectric constant gives the
basis of LSPR based sensors. Sensitivity of LSPR based sensors is defined as a ratio of change in the
wavelength of maximum extinction peak and the refractive index change that induced the change in peak
position. The surface refractive index sensitivity (RISs) is determined for Au, Ag and Al nanosphere for a
variety of size and layer thicknesses. The shell materials are chosen with increasing refractive index as 1.46
(Si0Oy), 1.77 (Al03), 2.5 and 3 so that the effect of different values of the shell refractive index on the SPR
could be analyzed. The particle size is chosen as 20 nm, 30 nm, 40 nm and 50 nm with fixed thickness of shell
as 1 nm, 2 nm and 5 nm. Fig. 3 shows the calculated absorption spectra for a variety of particle size and layer
thicknesses. A red shift in plasmon resonance wavelength is observed with increasing the refractive index of
shell material which is expected. By tracking the change in wavelength maxima for absorption spectra these
nanostructure can be proposed for sensor application. Therefore, we have evaluated the refractive index

sensitivity and figure of merit for oxide coated metal nanosphere.
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Fig. 3: Size dependent calculated absorption spectra of coated Au, Ag and Al nanosphere. The particle
size and thickness of shell is (a) D-20 nm, t=1 nm, (b) D-20 nm, t=2 nm, (c) D-20 nm, t=5 nm, (d) D-30 nm,
t=1 nm, (e) D-30 nm, t=2 nm, (f) D-30 nm, t=5 nm, (g) D-40 nm, t=1 nm, (h) D-40 nm, t=2 nm, (i) D-40 nm,
t=5 nm, (j) D-50 nm, t=1 nm, (k) D-50 nm, t=2 nm and (l) D-50 nm, t=5 nm.

Fig. 4 shows linear shift for dipole resonance mode with particle size varying from 20 nm to 50 nm for oxide

coated Au, Ag and Al nanosphere. The calculated peak wavelength of the dipolar resonance mode 4, with
refractive index was fitted with a linear equation 1, = yn + x and the regression analysis of i, yields the

dipole RIS in units of nm/RIU. The fitting parameters x and y are given in Table 1.
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Fig 4: Shift in peak wavelength with refractive index of medium for coated metallic nanosphere. The
particle size is (a) 20 nm, (b) 30 nm, (c) 40 nm and (d) 50 nm.
Qualitatively, these materials follow similar trend in their behavior but the difference arises in quantitative
result. The rate of change in RIS, factor with particle size is dependent on core material and thickness of shell.
SPR sensors based on gold nanoparticles exhibit considerably lower sensitivity as compared to Ag and Al based
nano sensor. With increasing particle size for thin layer, 1 nm, the sensitivity decreases from 8.94 nm/RIU to 6.2
nm/RIU with Au core material, whereas Ag and Al nanoparticle shows sharper decrease, fig. 5. With Ag as core
material the RIS, factor decreases from 21.33 nm/RIU to 8.94 nm/RIU and Al shows 14 nm/RIU with 20 nm
particle size which decreases to 6.2 nm/RIU for particle size 50 nm. With slightly thicker shell the rate of
change in sensitivity is different. For 5 nm, the Au shows sensitivity of 43.28 nm/RIU which decreases to 21.89
nm/RIU with increasing particle size. As compared to Au, Ag and Al show 87.43 nm/RIU and 54.20 nm/RIU
RIS, factor, respectively, for particle size 20 nm with 5 nm thickness. This factor decreases to 45.54 nm/RIU
and 28.50 nm/RIU with increasing particle size to 50 nm with same thickness for Ag and Al, respectively. It can
be seen that effect is more pronounced for Ag and Al nanoparticle as compared to Au nanoparticle which can be
explained on the basis of difference in real part of dielectric constant. For a fixed thickness of shell layer, the
RIS, decreases with increasing particle size which can be explained on the basis of area around the nanosphere
over which the local change in refractive index is taking place. The thin layer thickness of 2 nm spread around
20 nm particle size will cover more area around nanosphere as compared to spread around 50 nm particle size,
therefore, larger size show less shift in plasmon peak which decreases the RIS, factor. Dependence of the
surface sensitivity on particle size computed by Mie theory also shows a similar behavior [3]. For very thin
layers thickness of 2 nm, the surface refractive index sensitivity decreases with increasing particle size for

particle diameters up to about 80 nm and then slowly increases with increasing particle size. Surface sensitivity
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for systems including thicker over layer follows the same trend however, the initial decrease for smaller
particles is less pronounced and the sensitivity starts to grow for smaller particles and the growth with the

increasing particle size is faster.

Table 1: Size dependent fitting parameters x and y of Au-X, Ag-X and Al-X.

SizE GOLD (Au) SILVER (Ag) ALUMINIUM (Al)

X y X y X y
D (nm) t (nm) Value S.E. | Value | S.E. Value S.E. Value S.E. Value S.E. Value S.E.
20 1 502.98 | 057 | 894 | 025 | 34044 | 140 | 2133 | 061 | 15018 | 1.96 | 14.00 | 0.6
2 490.80 | 1.36 | 19.21 | 060 | 319.05 | 237 | 4132 | 1.05 | 13931 | 251 | 26.88 | 1.10
5 46127 | 474 | 4328 | 200 | 26742 | 582 | 8743 | 257 | 11418 | 290 | 5420 | 1.28
30 1 504.45 | 027 | 6550 | 0.12 | 34963 | 077 | 1471 | 034 | 16135 | 1.86 | 1048 | 082
2 49848 | 174 | 1294 | 076 | 33362 | 221 | 2949 | 097 | 15480 | 1.37 | 19.21 | 0.60
5 47759 | 279 | 311 | 123 | 29700 | 375 | 6448 | 166 | 13478 | 3.46 | 4293 | 153
40 1 50431 | 1.01 | 626 | 044 | 35432 | 097 | 1210 | 042 | 17648 | 046 | 711 | 020
2 500.71 | 1.86 | 1055 | 0.82 | 34417 | 248 | 2294 | 1.09 | 17099 | 164 | 1477 | 0.72
5 48435 | 263 | 2526 | 1.16 | 31248 | 269 | 5315 | 1.19 | 153.94 | 230 | 3576 | 1.01
50 1 50231 | 1.00 | 6.26 | 0.44 | 36298 | 057 | 8940 | 025 | 19067 | 0.82 | 6.333 | 0.36
2 503.12 | 0.88 | 922 | 039 | 35313 | 174 | 1872 | 076 | 190.16 | 1.50 | 11.26 | 0.66
5 48847 | 211 | 21.89 | 093 | 32509 | 3.16 | 4554 | 1.39 | 179.28 | 3.13 | 2850 | 1.38
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Fig. 5: Variation in calculated RIS with particle size. The thickness of shell is 1 nm, 2 nm and 5 nm.
In order to check the overall performance of LSPR-based nanosensor, FOM is also calculated. The FOM
depends on the imaginary part of the permittivity of the metal and the use of a metal with smaller loss will lead
to sensors with potentially better performance. Fig. 6 clearly shows that the performance of LSPR based sensor
employing spherical nanoparticles can vary substantially depending on material and size of the nanoparticle.
Our calculations show that the FOM of plasmonic nanosensor for surface refractive index sensitivity depends on
the thickness of the overlayer within which the refractive index change occurs. The value of FOM increases
with increasing thickness of over layer. As a comparison, Ag and Al nanoparticle shows maximum FOM value

as compared to Au irrespective of particle size. In LSP sensors using nanoparticle the RIS and FOM can be

374 |Page




International Journal of Advance Research in Science and Engineering 4,

Vol. No.6, Issue No. 08, August 2017 IJARSE
. ISSN (0) 2319 - 8354
www.ljarse.com ISSN (P) 2319 - 8346

tuned by individual material, size and geometry but most of the reported noble pure metal nanosphere or oxide
coated nanosphere has only one surface plasmon resonance peak ranging from the ultraviolet to the near infrared

region depending on the size, shape and surrounding dielectric constant of the nanoparticles.
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Fig. 6: Variation in calculated FOM with particle size. The thickness of shell is 1 nm, 2 nm and 5 nm.

V. CONCLUSION

The RIS and FOM of metallic nanosphere coated with oxide have been calculated using the finite difference
time domain (FDTD) method. The peak position and intensity of the resonance modes are effectively controlled
by the thickness of oxide layer and core material. The RIS factor increases on increasing the thickness of oxide
layer. The order of a RIS factor of 20 nm particle size is Ag-X>Al-X>Au-X with a value of
87.43nm/R1U>54.20 nm/RIU>43.8 nm/RIU which shows that Au-X nanostructure shows lowest RIS value
whereas, Ag-X shows highest among Au, Ag and Al based nanostructure with the advantage of spectral peak in
UV-visible region. Apart from RIS factor, FOM of plasmonic nanosensor also shows dependence on the
thickness of the overlayer within which the refractive index change occurs. The value of FOM increases with
increasing thickness of over layer. As a comparison, Ag and Al nanoparticle shows maximum FOM value as

compared to Au irrespective of particle size making them demanding material for UV plasmonic.
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