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Abstract
The effect ofmaterial selection on the plasmonic response and local absorption are evaluated for core–
shell nanoparticles placed over a BK7 glass substrate. Eight different core–shell pairs are studied using
the vectorized version of discrete dipole approximationwith surface interactions (DDA-SI). Two
classes of dielectric core-metallic shell andmetallic core-dielectric shell particles are considered. It is
shown that core–shell structures with dielectricmaterials can have absorption enhancement
compared to the baremetallic nanoparticles.Moreover, it is observed that core–shell pairs yield
multipeak localized surface plasmon resonance (LSPR) response due to their hybrid structure.
Absorption enhancement and LSPR tuning ranges are shownwith different dielectricmaterials that
can be used in localized heating of designated core–shell NPs placed over a surface for
nanomanufacturing purposes. In order to determine the optimum size configurations, a number of
core–shell pairs are exploredwith specified volumetric filling ratio of corematerials.

1. Introduction

Noblemetals such as gold, silver, and copper, have always been the center of interest due to their unique
plasmonic response. At nanoscales, after a critical length scale (i.e. Fermiwavelength,λf) is exceeded, oscillating
charges on the surface of the nanoparticle are forced to resonate with the incident light frequency generating
evanescent waves localized in the near-field. If an object is placedwithin few hundred nanometers, they engage
in a near-field coupling resulting in EMfield enhancement and increased absorptionwith localized heating. This
phenomenon takes place where the resonance occurs at the highest level offield intensity and it is called as the
localized surface plasmon resonance (LSPR) [1, 2].

There are numerous applications based on the optical response of the nanoparticles with their spectral
absorption, scattering and extinction behavior at the LSPRwavelengths, including sensingwith surface
enhanced Raman spectroscopy (SERS) [3], nearfield opticalmicroscopy (SNOM) [4], tip-enhanced Raman
spectroscopy (TERS) [5], cancer therapies with photothermal ablation and targeted drug delivery [6, 7], imaging
systemswith contrast agents [8], and nano-manufacturing technologies [9, 10]. Selective and localized heating of
nanoparticles are essential in both biomedical and nano-scalemanufacturing applications.When the plasmonic
particles are illuminated by an EMwave at awavelength close to their LSPRwavelength, particles are heated.
Then, they can be used not only to ablate the tumor tissue for photothermal therapies but also to tailor the
surface by creating a deposit ofmolten nanoparticles for nano-manufacturing [6, 10, 11].

Hawes et al [12] analyzed the scattering and absorption profiles of nanosized particles on different substrates
numerically and experimentally and determined the excitation behavior of particles with various particle
separation distances. Their computational study showed that gold and silver nanocylinders placed on different
surfaces such as glass, silver, and gold films have alternating absorption profiles under the illumination by total
internal reflection (TIR) that creates surface decaying evanescent waves. The cases with themetalfilms resulted
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in less absorption by nanoparticles than the ones with the glass substrate. These results show the possibility of an
effective design to heat the particles at their specific resonancewavelength [12].

Further studies show that local heating of gold nanoparticles on a dielectric glass substrate can be
implementedwith the exploitation of the surface plasmon resonance and near-field coupling of an atomic force
microscope (AFM) positioned over the nanoparticles. In this configuration, transversemagnetic (TM)wave
illumination is preferred for enhanced absorption efficiency due to additional perpendicular component of the
evanescent wave fromTM [2, 10, 13]. A numerical study for an array of gold nanoparticles on a glass substrate
under anAFM tip shows that redshift of the plasmon resonancewavelength is observedwith enhanced
absorptionwhen the separation distance of the particles were increased to an optimal value [13]. The study of
complex nanostructures on a BK7 substrate also showed that gold arraywith combinations of cubical and
spherical geometries can also provide a redshift of the plasmon resonance wavelength and greater absorption
efficiency [14].

While these studies demonstrate the effects of near-field coupling and surface interactions on the field
enhancement, other studies also report that hybrid structures ofmetal nanoparticles can have distinct optical
responses than the baremetal nanoparticles [15]. Especially for selective heating applications, dielectric core
with large refractive index can be used to alter the plasmonic response of themetallic particles [7, 11]. Other
numerical and experimental studies also show that silica core with gold shell nanostructures can increase
absorptionwith uniformheating [16] and have LSPR response in a range of visible (vis) to near-infrared (NIR)
region of the spectrum [17].

The core–shell nanostructures have various advantages: the plasmonic response of the nanoparticles can be
tuned and/or hybridized by changing thematerial composition, core/shell size ratio, and the surrounding
medium.Core–shell nanoparticles can be classified as dielectric-metal, metal-dielectric, andmetal-metal
according to theirmaterial compositions for the core and shell, respectively. Such nanoparticles can have
unprecedentedways to exploit their optical properties with optimum field enhancement and tunable LSPR
response [8]. The hybrid structure of core–shell nanoparticles is promising for local heating applications that
necessitate a detailed study of absorptionmechanismswithmaterial and size combinations.

One of the first experimental studies on core–shell nanoparticles was carried out by Zhou et al [15]with
dielectric core-metal shell NPs. It was observed that shifting of the plasmon resonance to longerwavelengths was
possible by varying gold shell thickness. Dielectric core-metal shell NPs are studied in optical contrast agents,
targeted heat delivery, and photothermal ablationwith their tunable LSPRwavelengths. Themost advantageous
optical response of the dielectric-metal core–shell nanoparticles is the redshift of plasmon peakswhen themetal
shell thickness is decreased. Therefore, dielectric-metal core–shell nanoparticles are good candidates for in vivo
diagnosis of cancer tissues due to their optimumoptical transmission through tissuewithinNIR region [17, 18].
Oldenburg et al [19] also showed that the optical resonance of silica core and gold shell NPs can be easily tuned
fromvisible tomid-infraredwavelengths by increasing the core/shell ratio. Through numerical and
experimental studies, similar conclusions have been reachedwith the dielectric core and noblemetal shell
nanoparticles [19, 20]. Dielectric-metal core–shell nanoparticles are also sensitive to the changes in the
surroundingmedium,where an increase of refractive index of themedium results in both redshift and increased
intensity, facilitating their use in refractive index sensing applications [18, 21].

Dielectric coating ofmetal core provides chemical and physical stability of both the plasmonic core and the
environment, while it can also prevent agglomeration of the particles [22, 23].Metal-dielectric NPs can be used
in photothermal therapy, biosensors, and solar cells with their enhanced plasmon resonance due to stronger
Coulombic interactions between polarization charges of the dielectric shell and the free electrons in the
plasmonic core as a result of the dielectric shell having larger refractive index than the core. This phenomenon
has also been studied experimentally with gold core-silica shell for photothermal ablation techniques [24]. The
numerical comparison of dielectric-metal andmetal-dielectric core–shell nanoparticles has shown that gold
corewith silica shell has higher scattering/absorption ratio inNIR region, which is preferred in solar cell
applications [23].Moreover, studies have shown that contrary to dielectric-metal core–shell NPs,metal-
dielectric ones have redshifted plasmon as the shell thickness increases while their absorption efficiency
responsesmostly depend on the volume of theNP and shielding effect of the dielectric shell [23].

Electromagnetic wave interactionswithNPs and their resulting optical response can be studied numerically
with the computational electromagneticmethods (CEM) through the solutions ofMaxwell’s equations. The
discrete dipole approximation (DDA) is one of the semi-analytical CEM forwhich the nanoparticle is
represented by a number of dipoles. Since the general formulation ofDDA, developed by Purcell and
Pennypacker [25], many open sourceDDAmethods have been implemented such asDDSCATwritten in
FORTRAN [26, 27], andADDAwritten in C++ [28]. Another open sourceMATLAB™ toolbox,DDAwith
surface interactions (DDA-SI), was developed by Loke andMengüç [29] for the objects placed on a dielectric
surface. The toolbox is validated againstmicrowave analog experiments, and other discretizationmethods for
particles on a surface [30, 31]. Thismethodwas then further improvedwith the vectorized version ofDDA-SI
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(DDA-SI-v) by Talebi-Moghaddam et al [16]. Recently, for an accelerated calculationwithmore accuracy,
Rostampour-Fathi et al developed the third version ofDDA-SI toolbox (zDDA-SI) [14].

Although there are numerous numerical studies based onNPs and their LSPR response,most of themwere
analyzedwithin a free space without surface interactions or in an aggregate form.As stated earlier, numerical
study of silica core-gold shell NP being placed on a BK7 substrate showed that enhanced absorption efficiency
and a redshift of the plasmon response can be achieved for selective heating and nano-manufacturing purposes
[16]. There are, however, limited number of studies onmaterial comparisons that will guide the experimentalists
to the optimumconfigurations for the enhanced effects. The objective of the present paper is to focus on the
spectral absorption profiles of core–shell nanoparticles with various core–shellmaterial and size configurations
accompaniedwith surface interactions. Current study is the follow-up investigation of [16]with single core–
shell nanoparticle placed on a semi-infinite BK7 glass substrate being illuminated by an EM light frombottom
with total internal reflection. The spectral absorption behavior of core–shell nanoparticle is numerically studied
with selectedmetal-dielectric, and dielectric-metal pairs for core and shellmaterials, respectively.

In this study, volumetric filling ratio of corematerial to thewhole nanoparticle will be utilized to be able to
set standards for size configurations. This ratiowill be used for the comparisons ofmetal and dielectric pairs with
their LSPR response and absorption efficiency. In this comparison study, numerical simulations are performed
withDDA-SI-v for absorption efficiency calculations of core–shell NPswith atmost 50 nm in diameter. This
extensive study is expected to shed light on thematerial selections with their effects on the absorption efficiencies
that can be useful for localized heating applications and nano-scalemanufacturing.

2. Problem statement

The system consists of single core–shell NP, which is placed on a semi-infinite BK7 glass substrate in vacuum
(n=1). As shown infigure 1, an incident wave is illuminated frombelow the dielectric surface with an incident
angle greater than the critical angle for total internal reflection (TIR) that results in surface evanescent waves
interactingwith the nanoparticle. Unlike the study in [16], TE-polarized (rather thanTM-polarized)EMwave
illumination in thewavelength range from300 nm to 800 nm is considered. Sincewe do not consider any
vertically placedAFMprobe, it is not required to use TMwave forfield enhancement.Moreover, the simulations
with TM-polarization have the same LSPRwavelength responses with slight decrease in absorption efficiency
values. Therefore, the results presented for TEwaves are also representative of TMpolarization cases. In the
analysis, dielectric-metallic andmetallic-dielectric core–shell pairs are used.Materials chosen include gold (Au)
and silver (Ag) formetals, andGalliumphosphide (GaP) and Silicon dioxide (SiO2) for dielectrics. GaP is chosen
due to its imaginary part of the refractive index, k, being nonzero for thewavelengths smaller than 490 nm.
Unlike in the case of SiO2, GaPhas real part of the refractive index, n, greater than 3 that can create field
confinement in subwavelength volumes and broadband near-field response [32, 33].

Figure 1.A schematic view of the configuration for single core–shell systembeing represented with core radius (Rc) and outer shell
radius (Rs). TE-polarized wave is incident with an angle greater than the critical angle (θc) for TIRunder the BK7 substrate that creates
surface evanescent wave propagating and decaying in y- and z-directions, respectively.
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The absorption efficiency calculations are carried out for both varying shell thickness withfixed core
diameter (Dc=20 nm) and varying core size withfixedNPdiameter (Ds=50 nm). LSPR response of the
particle is investigated through bothfixed core (FC) andfixed nanoparticle (FNP) sizes. Size configurations are
then used for the comparisons based on the volumetric filling ratio ( fr), which is defined as the ratio of the core
volumewith radius (Rc) to the nanoparticle volume defined based on shell radius (Rs), fr=(Rc/Rs)

3. The
summary of size configurations are tabulated in table 1with the corresponding fr ranges.

For the simulations, refractive index of the core–shell nanoparticlematerials are obtained from
experimentalmeasurements of [34] for Au andAgwhile the data forGaP is used from [35]. For the optical
properties of BK7 substrate and SiO2, an empirical relation of refractive index andwavelength is usedwith
Sellmeier equation.

3.Methodology

The spectral absorption efficiency calculations are carried out by usingDDAwith surface interactions (DDA-SI).
Asmentioned above, this toolbox is well established and further developedwith the vectorized version of it
(DDA-SI-v) [16]. Since themodel is explained in detail in [29], themathematical formulation ofDDA-SI is not
discussed here.

TheDDA analysis throughDDA-SI-v requires the use of adequate number of dipoles (N) for an accurate
representation of each nanoparticle. The optimumdipole number is identified as 1472, where the predicted
absorption efficiency values converge. The lattice spacing (d) criterion is also considered especially for themetals
that have large imaginary part of the refractive index at longwavelengths after 500 nm [26]. The lattice spacings
of eachmaterial being used for the simulations show that theminimum lattice spacing is dmin=5.57 nm for
GaPwith refractive index of 3.75+2.06i at 300 nmwavelength. The number of dipoles is selected larger than
the one required for theminimum lattice spacing. Corresponding lattice spacings of the nanoparticles are then
calculated based on nanoparticle volume (V ) as, d=(V/N)1/3. For the selected number of dipoles (N=1472),
the calculated lattice spacings are dmin=1.06 nmand dmax=3.54 nm for the limiting values ofminimumcore
size (Rc=7.5 nm) andmaximumNP size (Rs=25 nm), respectively. Hence, the nanoparticle representation
with 1472 number of dipoles is enough for the lattice spacing criterion.

4. Results and discussions

The absorption efficiency (Qabs) is defined as the ratio of absorption cross-section to geometrical cross-section of
the targetedNP. Accurate calculation ofQabs requires adequate number of dipoles. Hence, the spectral
absorption behaviour of specified core–shell nanoparticle being placed onBK7 glass substrate is studiedwith
DDA-SI-v by using optimumnumber of dipoles (N=1472) that is identified based on the converged
maximumabsorption efficiency values having less than 5% relative error with respect to the predicted values
usingN=7208 dipoles.Moreover, DDA-SI-v simulations for a singleNP in free space is comparedwith the
analytical solution ofMie theory and the otherDDAmethod, DDSCAT. The relative errors for the simulations
are estimated as 6.3%and 4.1%when themaximumabsorption efficiency values are compared against
DDSCAT and theMie theory, respectively. In both validation and verification studies ofDDA-SI-v, the LSPR
peakwavelengths are estimatedwith a relative error less than 5%.

After identifying the adequate number of dipoles, TE polarization of an EMwave is studied to identify the
highest absorption efficiency value. The simulations are carried out based on the specified light spectrum range
(300–800 nm). For each dielectric-metal andmetal-dielectric core–shell NPs, there are two cases considered,
onewithfixed core (FC) and varying shell thickness, and onewith fixedNP (FNP) sizewith varying core
diameter. For both cases, a commonmetric is defined as volumetric filling ratio, fr, as stated in section 2. This
dimensionless ratio is in the range of 0–1 and it represents the core occupancywith respect to the overall NP
volume. As thefilling ratio increases in the FC case, the thickness of the shellmaterial is decreasedwith

Table 1.Core and shell sizes for FC and FNP cases with corresponding volumetric filling ratio ( fr) ranges.

NP type Core diameter,Dc (nm) Shell diameter,Ds (nm) frRange

FixedCore (FC) 20 22–50 0.751–0.064

20 20 1

FixedNP (FNP) 15–45 50 0.027–0.729

50 50 1
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decreasingNP size. Similarly, an increase in core size results in increasing filling ratio, while theNP size isfixed in
the FNP case.

The following two sections are the results of dielectric-metal andmetal-dielectric core–shell pairs and their
spectral LSPR response with respect to size configurations. The scatter plots are designated to label the first
maximumLSPRpeakwavelengths with corresponding absorption efficiency values,Qabs, as a function of fr. The
contour plots of absorption efficiencies with respect to size andwavelength are only shown for the FC case. The
effect of the core size on the range of the LSPRwavelengths is also discussed in the sections in order to compare
the range of tunability of the dielectric-metal pairs. Further analysis is carried out for selected core–shell NPs,
which are SiO2 core-Au shell andAu core-GaP shell, with their normalized field intensities for different core
diameters. The effect of core size on the EM field localizations is shown for these selected core–shell NPs, while
the overall NP diameter is kept at 50 nm.

4.1.Dielectric corewithmetal shell
For this case, the results are depicted fromfigures 2–4. The absorption profiles of GaP core-Ag shell for both FC
and FNP cases show a linear relationwith respect to fr of theGaP core. Figure 2(a) shows themaximum
absorption efficiency values located near the LSPRwavelength of the bare AgNP,which is around 365 nm. In
this contour plot, apart from the first absorptionmaxima locations, the secondary peaks of LSPR response can
be seen in cases with the outer shell diameter between 30–40 nm. In this range, hybridmodeswithmultipeak
LSPRwavelengths are observed. Similarmultipeak response is observed for the FNP casewhen the core diameter
is between 25–35 nm. In this scenario, the primary LSPRwavelength supports EMfield localizations both at the
GaP core and the outer shell surface. Since theGaP has only the real part of the refractive index for the
wavelengths longer than 490 nm, the secondary plasmonicmode causesfield localizations at core–shell interface
and onAg shell surfacewhen the LSPRwavelength exceeds 490 nm.

As shown infigure 2(b) for thefixedGaP core size, decreasing the fr by increasing the Ag shell thickness
results in a significant increase in the absorption efficiency from0.83 to 3.77, while the corresponding LSPR
wavelengths redshift from335 nm to 360 nm. Similar response is observed in the FNP casewith the increase of
absorption efficiency from1.95 to 4.09 and the total redshift from335 nm to 365 nmwhen theGaP core size is
decreased. It can be deduced that for both FC and FNP cases, increasing the fr of theGaP core results in
decreasingQabswith a blueshift of LSPRwavelength.When the fr of theGaP core is increased, the field
localization takes place on the outer surface of the Ag shell. Therefore, theNPwith dielectric GaP corewith
relatively thinner absorbing shellmaterial has smallermaximumabsorption efficiency values.

The second case of the Ag shell is presented infigures 2(c) and (d)with SiO2 corematerial, which has larger
redshift than the case withGaP core. Infigure 2(d), an increase of fr of the SiO2 core is shownwith total redshifts
by 355 nmand 180 nm for FC and FNP cases, respectively. Silica core having fr greater than 30% results in
decreasing absorptionwith a redshift in LSPR response. However, the absorption efficiencies and the LSPR
wavelengths have no linear relationwith the fr.Moreover, comparison of the absorption efficiency valueswith
the bare AgNPwith 50 nmdiameter, which hasmaximumQabs value of 4.54 at 365 nm, showed that absorption

Figure 2.Ag shell withGaP (a), (b) and SiO2 (c), (d) core: contour plots of absorption efficiency as a function ofwavelength for FC (a),
(c).MaximumQabs and LSPRwavelengths,λmax, as function of fr for FC and FNP (b), (d).
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enhancement of 8.81% is possible. Themaximumabsorption efficiency is found as 4.94 at 375 nmwhen the fr of
SiO2 core is 12.5%with 10 nmAg shell as can be seen infigure 2(d). For theNPdiameter between 40–50 nmas
shown infigure 2(c), secondary peak regions can be observed because the shell thickness starts exceeding the skin
depth (12 nm).Moreover, in these ranges, where the fr of the dielectric core is below 20%,most of the absorption
takes place within the shellmaterial. In the figures 2(b) and (d), both core–shell structures have LSPRwavelength
patterns converging to 365 nmas the fr of the dielectric core decreases, andAg shell starts to dominate the
plasmon response. Comparing Ag shell with dielectric core cases showed that wide tunability can be achieved
with SiO2 core, which redshifts the LSPRwavelength from the ultraviolet (UV) to the near-infrared (NIR) region
of the light spectrum.However, wide tunability of LSPR response is not achievedwhen the core is GaP due to its
non-zero imaginary part of refractive index, k, for thewavelengths smaller than 490 nm.

Figure 3.Au shell withGaP (a), (b) and SiO2 (c), (d) core: contour plots of absorption efficiency as a function ofwavelength for FC (a),
(c).MaximumQabs and LSPRwavelengths,λmax, as function of fr for FC and FNP (b), (d).

Figure 4.Normalized field intensity plots for SiO2 core/Au shell (a)–(c) andAu core/GaP shell (d)–(f)NPswith a cut on x=0 plane
andDs=50 nm. Each case is shownwith respect to k-vector direction. (a)Dc=15 nm,λmax=515 nm,maximumQabs=1.04. (b)
Dc=33 nm,λmax=535 nm,maximumQabs=1.34. (c)Dc=45 nm,λmax=640 nm,maximumQabs=1.06. (d)Dc=15 nm,
λmax=300 nm,maximumQabs=0.58. (e)Dc=27 nm,λmax=705 nm,maximumQabs=1.12. (f)Dc=33 nm,
λmax=660 nm,maximumQabs=1.61.
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The absorption efficiency patterns for FC and FNP cases of the Au shell withGaP are presented infigures 3(a)
and (b), which show awide range of tunability with small secondary peak regions.We observe that the LSPR
wavelength values stay constant with decreasing absorption efficiencywhen the fr of theGaP core increases up to
15%, for both FC and FNP cases. As shown infigure 3(a), further increase of the fr shows thatfirst peak values of
LSPRwavelength redshift to 570 nmwhilst the non-absorbing core reduces the absorption efficiency of theNP.
There is a limiting fr value for the core resulting in blueshift of the first LSPRwavelengthwhen it is greater
than 50%.

From thefigures 2(b) and 3(b), it can be observed that GaP core with the Au shell has large tunability with the
range of 400–640 nmwhere the LSPRwavelength of the bare AuNP stays in between.On the contrary, the
tunability of GaP corewithAg shell has narrower range of 335–365 nm that cannot go beyond the LSPR
wavelength of the bare AgNP (365 nm). AlthoughGaP core withAu shell provides larger tunability of the LSPR
wavelength, its absorption efficiency values are below the ones with the Ag shell.

The absorption profiles of SiO2 corewithAu andAg shell cases shown infigures 2(d) and 3(d) reveal that
increasing fr of the core after 0.2 results in a redshift of LSPRwavelength. Figure 3(d) depicts total redshift of
LSPRwavelengths of 195 nmand 125 nm for FC and FNP cases, respectively. Due to the hybrid structure of the
NP, secondary peaks similar to the case of GaP core-Au shell can be observed infigure 3(c) for SiO2 core-Au
shell. Contrary to SiO2 core-Ag shell case,maximumabsorption efficiency values of SiO2 core-Au shell has a
smoother trendwith respect to the fr, as shown infigure 3(d). For the FC case infigure 3(d), decreasing theAu
shell thickness decreases the absorption of theNP,while the LSPRwavelengths increase. Similar LSPR shift is
observed in the FNP casewith themaximumabsorption efficiency values being enhanced to 1.34 at 535 nm
wavelengthwhen the fr of the core is 30%.

As shown infigures 4(a)–(c), the EMfield localizations takes place between the core–shell interface and the
outer surface of themetal shell. The case infigure 4(b) shows thefield intensity localizations in detail. Increasing
the SiO2 core size results in high energy confinements distributed evenly in thin shell structure while the LSPR
wavelength of theNP redshifts from515 nm to 640 nm.Moreover, compared to bare AuNP,maximum
absorption efficiency is enhanced by 30%with SiO2 core-Au shell case. Further increase of dielectric core
volume for FNP case shows decreasingmaximumQabs values, which are still larger than the absorption
efficiency of bare AuNPwith 50 nmdiameter.

It is observed that SiO2 corewithAu andAg shell cases have greatermaximumabsorption efficiencies due to
the evenly distributed field localizations in themetal shells by comparing dielectric core/metal shell cases in
figures 2 and 3.However, whenGaP is used at core,field localizations can be shifted to the corewith a reduction
of absorption efficiency of theNP.

Moreover,metal shell domination is observed for dielectric cores with fr values smaller than 0.2 that results
in LSPRwavelengths to be located around the LSPRwavelength of the baremetallic NP. For dielectric core-
metal shell pairs, it is found that increasing fr of the corematerial results in a redshift of the LSPRwavelength
except inGaP core-Ag shell case, which can be attributed to nonzero imaginary part of the refractive index of the
GaP for thewavelength range given for this pair. Therefore, the effect of dielectric cores on the plasmonic
response of these core–shell pairs cannot be generalized and these pairs should be considered individually in
order to study their absorption behavior and LSPR response.

4.2.Metallic corewith dielectric shell
Contrary to dielectric core-metallic shell pairs in the previous section,metallic core-dielectric shell NPs have
opposite LSPR response especially for their tunability range. Comparing the figures 2(a), (b) and 5(a), (b), the
total LSPR shift of theGaP/Agpairs is observed to be greater for Ag core-GaP shell. As the fr of Ag core decreases,
LSPRwavelength of the Ag core-GaP shell shifts from465 nm to 620 nm for FC case, and from445 nm to
630 nm for FNP case, as shown infigure 5(b). Compared to the LSPRwavelength of the bare AgNP, redshift of
LSPRwavelength is observed for both FC and FNP cases of Ag core-GaP shell NP.Moreover, absorption
enhancement of 4% can be achieved if Ag is at core rather than being at shell when it is pairedwithGaP. For both
FC and FNP cases, almost 60% fr of the Ag core leads to the highest absorption efficiency values.While the
maximumabsorption efficiency of single AgNPwith 50 nmdiameter is 4.54 at 365 nm, themaximum
absorption efficiency is found to be 4.74 at 510 nm for the Ag core-GaP shell with FNP case infigure 5(b). Hence
it is possible to use Ag core-GaP shell for enhanced absorptionwith a redshifted LSPRwavelength. The
absorption profiles of Ag core-GaP shell infigure 5(b) for both FC and FNP cases exhibit similar patternwith
respect to fr. Decreasing the fr of the Ag core results in LSPRwavelength shifting from365 nm to longer
wavelengths. Contrary toGaP core-Ag shell case, where increasing theGaP core results in blueshift of LSPR
wavelengths, increasing theGaP shell volume relative to the Ag core provides a redshift of LSPR. This opposite
LSPR response is due to the increasing dielectric constant of the surroundingmediumof Agwith the
introduction of GaP shell.

7

Mater. Res. Express 6 (2019) 065006 DAvşar et al



Similar to theGaP/Ag pairs, the LSPR responses of SiO2/Ag pairs showdifferent phenomenon, when the
core and shellmaterials are switched. As shown infigures 5(c) and (d) the range of LSPRwavelengths of Ag
core-SiO2 shell is narrower as compared to the ones in SiO2 core-Ag shell case being presented infigures 2(c) and
(d). For both FC and FNP cases, changing the fr of Ag core results in only 40 nm change of LSPRwavelength.
There is an obvious trade-off between the absorption enhancement and LSPRwavelengthwith the tunability of
theNP.

As stated in dielectric core-metal shell section, SiO2 core-Ag shell can have absorption enhancement of
8.81%with 355 nmof LSPRwavelength shift in FC case.However, when the core and shell are switched toAg
and SiO2, respectively, absorption enhancement of 19% is obtainedwith an absorption efficiency of 5.40 and
25 nm redshift of LSPRwavelength.

As shown infigures 5(c) and (d), decreasing the fr of the Ag to 30% results in a redshift of LSPR peak
wavelengths. Further decrease in the fr of theAg corewith bothGaP and SiO2 dielectric shell cases, shell starts to
dominate over the plasmon responsewith damping of absorption and fluctuating LSPRwavelengths.

For theGaP core-Au shell being shown infigures 3(a) and (b), maximumabsorption efficiency of theNP is
below 1with LSPRwavelength at 515 nm.However, whenAu core-GaP shell pair is investigated,maximum
absorption efficiency is obtained as 1.61 at 660 nmof LSPRwavelengthwith 30% fr of the Au core in the FNP
case, as shown infigures 4(f) and 6(b). Considering bare AuNPhavingmaximumabsorption efficiency of 1.03 at
515 nmwavelength, GaP shell withAu core can both enhance the absorption up to 56%and redshift the LSPR
wavelength by 145 nm.Moreover, tunability of LSPRwavelength is greater than the case withGaP core-Au shell.
As shown infigures 6(a) and (b), decreasing Au core fr results in LSPRwavelengths being shifted from550 nm to
705 nm. Similar redshift effect of the increasing dielectric shell was observedwith theAg core-dielectric shell
cases as the dielectric constant of the surroundingmedium is increased due to the introduction of shell. As
shown infigure 6(b), decreasing the fr of the core below 30%drastically decreases the absorption efficiency as the
GaP shell dominates the plasmon response of the core–shell at lowerwavelengths.

As discussed in sections 2 and 4.1, thewavelengths smaller than 490 nmcan induce absorption inGaP
material due to its nonzero imaginary part of the refractive index, k. Hence,most of thefield localization takes
place on theGaP shell with LSPRwavelength of 300 nm, as shown infigure 4(d). Figures 4(e) and (f) depict
increasing the Au core size, while keeping theNPdiameter at 50 nm, shifts themaximumfield intensity regions
towards the Au core with greater absorption efficiency values. Since the LSPRwavelengths are greater than
490 nm infigures 4(e) and (f), GaP shell can act as a perfectly dielectricmaterial, which can induce a redshift of
LSPRwavelengths with an increasing shell thickness.

As shown infigure 6(a), for the FC casewith the outer shell diameter between 40–50 nm, primary and
secondary LSPR regions exist although the absorption is observed to be relatively low. Further decrease in the
shell diameter prevents formation of themultiple peaks of the LSPR response as the Au core starts to dominate
overGaP shell. Au core domination is also observed infigures 4(d)–(f) and 6(b), where the LSPRwavelengths
also blueshift towards the LSPRwavelength of the bare AuNP.

Figure 5.Ag corewithGaP (a), (b) and SiO2 (c), (d) shell: contour plots of absorption efficiency as a function ofwavelength for FC (a),
(c).MaximumQabs and LSPRwavelengths,λmax, as function of fr for FC and FNP (b), (d).
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TheGaP shell extends the range of LSPRwavelengths for bothmetallic cores. On the other hand, the SiO2

shell restricts the range of LSPR shifts. Comparing the figures 3(d) and 6(d) for SiO2/Aupairs, it is observed that
the shifting range of LSPRwavelengths narrows down from195 nm to 20 nmwhen SiO2 shell is used.Moreover,
shielding of SiO2 shell leads to the lower absorption efficiency values with decreasing fr of the Au core, as shown
infigure 6(d). Hence, the absorption enhancement with respect to the bare AuNP cannot be achievedwith this
core–shell structure.

Allmetallic core-dielectric shell pairs show that dielectric shell can redshift the LSPRwavelength of theNPs
compared to ones for the bare Ag andAuNPs. Besides a redshift of the LSPRwavelength, there is an absorption
enhancementwith the introduction of dielectric shell except for the case of Au core- SiO2 shell NPs. It is useful to
choose silica shell withAg core for selective heating applications ofNPs that have enhanced absorption and
chemically stable surface. The other case with Au core-GaP shell can be used for nanomanufacturing
applications as they have 56%more absorption at wavelengths such as 660 nm.

5. Conclusion

Localized surface plasmon resonance (LSPR) of core–shell nanoparticle pairs are studied for their potential use
in localized heating applications. Numerical analyses of core–shell pairs are carried out by using vectorized
version ofDDA-SI (DDA-SI-v). Optical tunability of the hybrid structures is investigatedwith dielectric-metal
andmetal-dielectric pairs.Moreover, LSPRwavelength and absorption efficiency patterns are studied through
various size configurations of the core–shell structure.

When the dielectric core-metal shell cases are examined, themaximumabsorption enhancement is observed
in SiO2 core-Au shell which is preferably used as local heat sources in photothermal therapies. Although the
maximumabsorption enhancement of the SiO2 core is observedwithAu shell case, the greatest redshift of the
LSPRwavelength occurs for the Ag shell case. Contrary to SiO2 core cases, it is shown that decreasing themetal
shell thickness results in both redshift and blueshift of the LSPRwavelength forGaP core-metal shell pairs. Since
there is no general conclusion for the effect of dielectric core on the LSPRwavelength response, each dielectric
corematerial needs to be evaluated individually.

Themetal core-dielectric shell cases are also good candidates for optical tuning and field enhancement. It is
found thatmaximumLSPRwavelength shift withmaximumabsorption enhancement can be obtainedwithAu
core-GaP shell.Moreover, usingGaP at shell rather than at core results in both redshift of the LSPRwavelength
and enhanced absorption for bothAu andAgmetallic core cases. For the SiO2 shell,maximumabsorption
efficiency increase is observed inAg core case. If the shell is dielectric, then it redshifts the LSPRwavelengths
since they act as a dielectricmedium for themetallic cores. Hence, the hybrid structures ofmetal core-dielectric
shell NPs can be utilized bothwith its enhanced absorption efficiency andwith awide range of optical tunability
as compared to the baremetallic NPs.

Figure 6.Au corewithGaP (a), (b) and SiO2 (c), (d) shell: contour plots of absorption efficiency as a function ofwavelength for FC (a),
(c).MaximumQabs and LSPRwavelengths,λmax, as function of fr for FC and FNP (b), (d).
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