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Abstract:

Metal nanoparticles can serve as an efficient nano-heat source with confinement photothermal
effects. Thermo-plasmonic technology allows researchers to control the temperature at a nanoscale due to the
possibility of precise light propagation. The response of opto-thermal generation of single gold-silica core-
shell nanoparticle immersed in water and Poly-vinylpyrrolidone surrounding media is theoretically
investigated. Two lasers (CW and fs pulses) at the plasmonic resonance (532 nm) are utilized. For this
purpose, finite element method is used via COMSOL multiphysics to find a numerical computation of
absorption cross section for the proposed core —shell NP in different media. Thermo-plasmonic response for
both lasers is studied. The heat profile of different nanostructures is estimated. The results revealed that the
temperature distribution profile was varied due to changing in the relative volume fraction between the core
and the shell of nanoparticle.
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Introduction:

The thermo-plasmonic field combines Noble metals are extensively used as
nano-thermodynamics and nano-optics (1). It  plasmonicnano-heat source with wide wavelength
focuses on absorption of optical energy and then range illumination as well as different exposure
converted into controllable a nano-source of heat. times (10- 14). Surface plasmon resonance exhibits
The amount of heat generated reaches its maximum  high tunability in case of core-shell nanoparticles
value when the optical radiation at the surface = among various metallic nanostructures due to the
plasmon resonance (SPR) wavelength. Heat nano-  sensitivity of SPR to nanostructures’ sizes, shapes,
source with confined distribution could be used for  and environments (15).

wide range of application such as biomedical The silica shell acts as a tool to control the
treatment (2) photoacoustic imaging (3), gene and distance between metal particles. In addition, it has
drug delivery (4), and plasma-fluidics (5). the ability to enhance SPR tunability and metal

The primary challenge of thermo-plasmonic ~ colloidal stability in water (16). The used
technology regards the design of micro/nanoscale  surrounding media are dependent on the
particles and the dissipation of heat measurements  applications. For example the water is analogous to
(6). Noble metals have a distinguished surface  the living tissue of the medical field (10). Mean
plasmon resonance when it is illuminated by optical ~ while, the transparent polymer
radiation resonant with their surface plasmon Polyvinylpyrrolidone (PVP) provide high stabilize
oscillation. They absorb the energy of optical environment prevent aggregation of core shell NP's
radiation and convert it into heat through (17).
photophysical processes (7) by three time step In this article, the finite element method
processes: first, electronic absorption, second using COMSOL multiphysics based on Drude-
electron-phonon thermalization, and third, the heat ~ Lorentz model and heat transfer model is used to
is diffused to the surrounding media (8).The rate of investigate the heat transferred from spherical core
absorption and laser power are controllable where  shell nanoparticle that illuminated by CW and fs
they affect directly on the rate of generated heat by laser radiation to the surrounding media.
nanoparticles (9).

Institute of Laser for Postgraduate Studies, University of Structure and simulation:

Baghdad, Baghdad, Irag. _ Spherical symmetry of core- shell
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radius (10,20,30,40) nm was used while the shell
thickness used is only 5 nm , then 20 nm core radius
was used with (10,20,30,40) nm of shell thickness.
They immersed in two suspensions, homogeneous
deionized water and PVP. The core shell NPs were
irradiated by two laser sources, 532 nm cwNd:YAG
and 86 MHz fs Nd:YAG lasers with the irradiance
of 1 (mW/um?) for both.

Numerical simulation:

A- Optical part: COMSOL multiphysics 5.3a was
utilized to find a numerical computation of the
absorption cross-section for the proposed core —
shell NP in different media, where the thickness of
the Perfectly Matched Layer (PML)was A/2.The
symmetry of a quarter sphere is only considered
from the simulation geometry for the simplicity(18)
as shown in Fig.(1).

z
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Figure 1.Geometrical structure of one quarter of
the core shell nanoparticle in homogeneous
liquid medium.

High mesh quality of A/6 was selected in this model.
Real and imaginary components of the refractive
indices of all materials (air (19), water (20), PVP
(21)) (gold (22) and silica (23)) were interpolated.

Therelative permittivity is

e =Mm—ik)?.. 1
Both the absorption and scattering cross sections
mainly depend on the polarizability (a) of the
nanosphere (24).
_ 4mR? (EAu _ Gmed)

a =
(EAu + Emed)

where €5, and €,.q are the dielectric constant of

Au and surrounding medium respectively.

Then the absorption cross section is given by(25)
k4-/a/2

Oues = kIm(a) —

Thermal  Analysis: the photo-thermal
response of plasmonic core - shell NP's which arise
from absorption of incident light energy was
investigated using COMSOL 5.3a Multiphysics.
The time depending of the heat transfer model was
used with same boundary conditions that used to
find the optical properties. The properties of the
used material are shown in Table (1).

Table 1.physical constant of material used in this
article.

Parameters Au Si0, Water PVP Unit
Thermal 317 14 0.6 28  W/(m-K)
conductivity k

Specific heat 1285 730 4187 3428 JI(kg-K)
capacity ¢

Mass 19320 2200 1000 1200 kg/m3
density p
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The nanoparticle temperature under irradiation of
CW laser illumination in the effective volume (26)

Iaacs
TV =—— 14+ Ag) ce eer e
M) = ke (1 40 for v
>R ..4
where

| 0,405 = Q is the heat power.
r is the position distance.
kneqthermal conductivity of surrounding
media (water , PVP).
The nanoparticle temperature under irradiation of fs
laser pulse is:
I*aacs

Tfs = — 95
PauCauV
Where
I"is laser average irradiance, V is the nanoparticle
volume.
The generated heat power is considered to
be uniform inside the NP because the thermal
conductivity of the metals is much larger than that

of the surroundings (27).

Results and Discussion:

Figure 2 (a,e) shows the absorption cross section as
a function of wavelength(400-700) nm for different
Au core diameter at 5 nm of SiO, shell thickness in
water and PVP matrix surroundings.

The SPR characteristics show small red
shifts and increases the absorption cross section
magnitude with increasing the Au core radius
because the increment of the relative refractive
index of the NPs (28). When the SiO; is used as a
core instead of Au both SPR characteristics reveal a
clear red shift with increasing of SiO, core radius as
shown in Fig 2(b,f).
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If the core radius is fixed and the variation
in the shell thickness, Fig 2 (c,g) shows the
absorption cross-section as a function of wavelength
for 20 nm Au core diameter at different Sio, shell
thickness in water and PVP matrix surroundings.
Both SPR characteristics exhibit a decreasing
absorption cross-section with increasing the SiO,
shell thickness. While in case of SiO, is used as a
core instead of Au , a blue shift was observed with
increasing the Au shell thickness as shown in Fig 2
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(d,h) which is in agreement with the spectral results
of Qiang Li (10).

Fig 2 (a,c,e,g) shows that the absorption
cross-section peaks are close to the excitation
wavelength (532 nm), which get it a suitable
structure to generate higher amount of photothermal
heat compared to other structures. The generation of
heat by NP mainly depends on the amount of
absorption cross-section (egs 4,5).
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Figure 2 Absorption cross section as a function of wavelength for:a-Au at SiO, in water b-SiO, at Au
in water c-20nm Au at different radius of SiO, in water d- 20nm SiO, at different radius of Au in
water e- Au at SiO, in PVP f- SiO, at Au in PVP g-20nm Au at different radius of SiO; in PVP h-20nm

SiO, at different radius of Au in PVP

Normal incident of 532 nm CW and Fs
lasers on core-shell NPs and the temperature
distribution of different volume fraction material in
water and PVP surrounding media are shown in Fig.
3. In the case of CW illumination, Fig 3 (a,e)
showed that the temperature elevated and the radial
thermal profile broadened with the increment of Au
core diameter, while Fig. 3 (c,g) showed that the
elevated temperature inversely proportional to the
increase in SiO, shell thickness depending on their
absorption cross section behavior. The temperature
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rise in the cases of Fig. 2 (b,d,f,h) is not considered
because small absorption cross section at the
expatiation wavelength.

In the case of fs laser pulse illumination, the
generated temperature for the proposed core shell
structure in both surrounding media get much
enhanced by increasing the particle core diameter as
shown in Fig. 3 (b,f) with high radial heat
confinement, while Fig. 3 (d,h) revealed clear
decreasing with the increase of SiO, shell thickness.
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Figure 3 Heat dissipation as a function of distance from the NP center of a-Au at SiO, in water (CW)
b- Au at SiO, in water(fs) c-20nm Au at different radius of SiO, in water(CW) d- 20nm Au at different
radius of SiO, in water(fs) e- Au at SiO, in PVP(CW) f- Au at SiO, in PVP(fs) g-20nm Au at different
radius of SiO; in PVP(CW) h-20nm Au at different radius of SiO; in PVP(fs)

Different SiO, shell thicknesses have a
clear effect on the maximum temperature elevation
of NPs, but does not affect the temperature
distribution to the surrounding media as shown in
Fig. 3 (c,d,g,h). The same behavior could be seen in
the result of G.Baffou (24). The fs-laser
illumination  provided  higher radial heat
confinement compared to CW radiation, (more than
50 nm) as shown in Fig 3 (ab,e,f). This heat
confinement is due to the short pulse duration which
does not give enough time to the heat to be
dissipated (27).

Conclusions:

In conclusion, the simulated results of CW
and pulse thermo-plasmonic response is perform for
a single gold-silica core shell NP with different
relative volume fraction of the core and the shell
parts using finite element method by COMSOL
multiphysics. In the case of CW laser illumination
of Au @ SiO,, the elevated temperature is
proportional to the increase of the core radius. In
contrast, the temperature decreased in the fs laser.
The generated temperature of NP decreases with
increases the thickness of SiO, shell in both lasers at
fixed core radius (20 nm).
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