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In this article, plasmonic characteristics of SiO,-Ag and hollow core Ag nanoparticles placed on
dielectric substrates are investigated and tuned to the NIR wavelength spectrum for biological ap-
plications. It is shown that by placing the core-shell Ag nanoparticles on a dielectric substrate and
exciting the normal plasmon mode of the nanoparticle, it is possible to obtain strong plasmon res-
onances at wavelengths as long as 4 = 700 nm which exhibits a red shift of more than 300 nm com-
pared to the resonance of freestanding pure Ag nanoparticles at which normal plasmon resonance
wavelength shows a sensitivity of approximately 100 nm/RIU in respect to the substrate refractive
index change. “Si0,-Ag and hollow core Ag nanoparticles on silicon” are optimized to exhibit
a strong normal plasmon resonance at A = 633 nm while preserving the plasmonic field enhance-
ment intact. Finally, a three dimensional substrate for surface-enhanced Raman spectroscopy (SERS)
is designed and numerically investigated. The substrate is composed of Si nanorod array decorated
with the designed nanoparticles which exhibits superior characteristics such as a uniform and gapless
field enhancement and an electromagnetic enhancement factor of more than 3 x 108, an order of mag-
nitude higher than the enhancement factor for a similar structure decorated with Au nanoparticles.
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1. Introduction

Excitation of conduction band electrons in metallic nanoparticles (NP) by an incident
electromagnetic radiation, known as localized surface plasmon resonance (LSPR) is
extensively studied in the past years [1] and it is shown that incoming photon can be
effectively captured by the nanoparticle when the frequency of the photon is in reso-
nance with the oscillation frequency of the electrons of the NP [2]. LSPR has found
applications in surface enhanced sensing such as surface-enhanced Raman spectros-
copy (SERS) [3, 4] and surface enhanced fluorescence [5], photothermal therapy [6],
metamaterials [7], light emitting devices [8] and for light harvesting in solar cells [9].
Among these applications, SERS is unique because of providing fingerprint spectra
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for various biological species. SERS applications include label-free detection of DNA
[10, 11], intracellular monitoring [12], detection of cancer markers [13, 14] and many
more. For biological applications such as SERS, plasmon resonance wavelength of NPs
must be tuned to the so-called biological window (4 = 600-1350 nm) [15].

Au NPs exhibit strong LSPR in the visible to near IR wavelength range and hence
are widely used to obtain electromagnetic enhancement for SERS applications [1], al-
though further tuning of these NPs to observe a significant Raman signal or perform
photothermal therapies is a crucial task. It is shown that Au nanostars have two distinct
surface plasmon bands at visible and near infrared frequencies [16]. Gold nanocube
dimers have been utilized for chemical sensing which show resonance at longer wave-
lengths than the Au nanospheres [17]. It is also shown that increasing the LSPR wave-
length can be performed by altering the core-to-shell ratio at silica-Au core-shell and
multilayer nanospheres [18]. It is generally known that Ag NPs have higher absorption
and scattering cross-sections than the Au NPs. However, the LSPR wavelength of
these NPs is shorter than the wavelength of interest for the analysis of biological sam-
ples. For a single Ag nanosphere in air, Apg is less than 400 nm and for silver clusters
another shoulder band appears at 500 nm [19]. Hence, SERS substrates utilizing Ag NPs
have generally lower enhancement factors (EFs) than the gold counterparts. For in-
stance, Ag NP decorated Si@SiO, nanowire array exhibits an enhancement factor of
EF = 6 x 10° [20], whereas a similar structure with Au NPs is demonstrated to have
an EF of more than 107 [21]. Application of Ag is mostly in bimetallic NPs or nanostruc-
ture assemblies such as Ag-Au normal and inverted core-shell nanospheres [22] and
nanocubes [23] or complex structures such as Au nanostar-Ag NP satellite [24] and
Au nanorod-Ag NP satellite [25] assemblies. Despite all the progress in the synthesis
of complex NPs and NP assemblies, Au and Ag nanospheres are most favorable due
to the simplicity of their fabrication process and their compatibility to various struc-
tures. Hence, tuning the plasmon characteristics of Ag NPs for biological applications
is a crucial task.

Pioneering investigations on the contribution of dielectric substrates on the LSPR
spectrum of Ag nanodiscs showed that LSPR wavelength experiences a red-shift by
increasing the substrate refractive index [26]. At 2009, a study performed on Au/silica
nanoshells and Au nanospheres showed that dielectric substrates lift the degeneracy
of'the dipole plasmon modes oriented parallel and normal to the substrate [27] at which
the energy due to the normal orientation of plasmon mode is lower than the other. Fano
resonances [28] induced by a dielectric substrate on the LSPR spectrum of a gold
nanocube are investigated at [29]. Mathematical treatment of substrate—particle inter-
action is also performed at [30]. At a recent study, the optical properties of pure Au
and Ag nanospheres above a dielectric substrate are investigated when there is a space
between the NP and the substrate [31]. However, obtaining a strong plasmon resonance
from tuned Ag NPs in the biological window has not been reported.

In this article, we investigate the optical properties of silica-silver and hollow core
silver spherical core-shell NPs placed on Si substrates to tune the LSPR spectrum of
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these NPs for biological applications. The impact of the structural parameters of the
NP such as the constituting materials, core and shell diameters as well as substrate
refractive index and incoming light polarization on the plasmonic characteristics of
the NP is investigated. Afterwards, SiO,-Ag and hollow core Ag spherical NPs are op-
timized to exhibit strong resonances at the popular SERS wavelength of 1 = 633 nm
when placed on silicon substrate and illuminated with a properly polarized light. Fi-
nally, a three dimensional SERS substrate composed of a silicon nanorod array func-
tionalized with aforementioned NPs is designed and numerically investigated with the
finite-difference time-domain (FDTD) method. In addition to the high electromagnetic
enhancement factor (EMEF) of more than 3 x 10°, which shows an improvement of
at least an order of magnitude higher than the EMEF of the Si nanorod array decorated
with Au NPs, the designed substrate provides uniform and gapless field enhancement
which is evidenced through extensive numerical simulations.

2. Theory and modeling

Raman effect is a result of inelastic scattering between a photon and vibrational or rota-
tional modes of a molecule. The power of the scattered Raman signal can be described by

Pg(vs) = NogsI(vy) (1

where N, org and I(v;) are the number of active scatters within the excitation spot,
scattering cross section and intensity of an incoming beam at a frequency of v; [32];
vg 1s the frequency of the scattered Raman signal. Here, only Stokes shift is considered
which means that the frequency of the Raman signal is less than the frequency of the
incoming light which occurs where the incoming photon interacts with the molecule
in its vibrational ground state.

In the presence of metallic nanostructures, this process can be enhanced which is
known as SERS, provided that the scatters are located at the vicinity of these metallic
nanostructures. In such cases, Eq. (1) is modified as

2
E1 (Vs) E1 (vp)
Pg(vg) = NJSERS( 0;50 0;50 = I(vy)

)

where E,,. and E are the local field amplitude and the field amplitude of the laser beam;
Oggrs 18 the scattering cross section which is different from opg due to the fact that the
presence of metallic nanostructures changes the environment of the molecule and
hence modifies the scattering cross section. In Eq. (2), the second power is because
the electromagnetic field intensity is proportional to the square of the field amplitude.

Enhancement of the Raman signal due to the increased scattering cross section
known as the chemical enhancement is on the order of 100 [32] much less than the
electromagnetic enhancement. As vg and vy are very close to each other, the electro-
magnetic enhancement factor is often written as
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4
E
EMEF = 1B (3)
4
|Eo

which is known as the 4th power or | E|* approximation.

Note that for practical situations and experiments, SERS enhancement factor is
usually defined as

ISERS /Nsurf (4)
Ixg/N. vol

EF =

where Igprg and Izg represent the Raman scattering intensities with and without the
SERS effect, and the Ny, and N, are the corresponding numbers of molecules on
the SERS-active surface and in the volume [33].

For numerical simulations, EMEF is much more appropriate than the EF presented
at Eq. (4) and is vastly utilized in the SERS context [34-36] which is also applied in
this article. All numerical simulations throughout the article are performed with the
FDTD method. For this analysis, perfectly matched layers (PML) are utilized along all
directions, except for the 3D SERS substrate which will be discussed later. FDTD mesh
side length is less than 2 nm. However, for the plasmonic NPs, it is found that 2 nm is
not enough as the electric field undergoes substantial variations near them. Hence the
mesh size is decreased to 0.5 nm for them.

3. Results and discussion

At the first part of this section, the plasmonic characteristics of SiO, and hollow core
Ag NPs on dielectric substrates are analyzed and the sensitivity of the normal plasmon
mode resonance on the dielectric refractive index is investigated to tune the NPs to the
SERS applications. At the second part, a three dimensional SERS substrate composed
of a silicon nanorod array functionalized with the designed NPs is presented and nu-
merically investigated.

3.1. Analysis of core-shell plasmonic nanospheres on dielectric substrates

To obtain plasmon resonance at the biological window from core-shell Ag nanospheres,
these nanoparticles are placed on a dielectric substrate with a refractive index of n;
and are illuminated with a light of arbitrary polarization as illustrated in Fig. 1. Particle
and core diameter are denoted by Dj, and D, and their corresponding refractive indices
are n, and n,, respectively. SiO, and air are utilized as the core dielectric materials be-
cause fabrication of both SiO,-Ag and hollow core Ag nanoparticles is previously re-
ported [37, 38].

Absorption cross section versus wavelength for a pure Ag NP with a diameter of
D,=20nm on asubstrate with a refractive index of ny=2.5 and with a light polarization
of =0, 40° and 60° is illustrated in Fig. 2. Two peaks are visible in the cross section



Tuning the localized surface plasmon resonance... 347

.
/

0
~
17
|
Kk |

Ag shell (ny) Dielectric core (n,)

E

|

| > |
i D¢
P

Dp

Dielectric substrate (ng)

Fig. 1. Dielectric core-Ag shell NP placed on the surface of a dielectric substrate under illumination of a
light source with polarization angle 6.
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Fig. 2. Absorption cross section versus wavelength for a pure Ag NP with D, =20 nm placed on a substrate
with ng = 2.5 for § = 0, 40°, and 60°. Two peaks at shorter and longer wavelengths in the spectrum cor-
respond to longitudinal (LPR) and normal (NPR) plasmon resonances, respectively.

spectrum for both cases. First peak at 1 = 370 nm is due to the light polarization com-
ponent parallel to the substrate surface which also polarizes the nanosphere in the same
direction and hence, the substrate has no impact on this component which is called lon-
gitudinal plasmon resonance (LPR) here after. However, the other peak at longer wave-
lengths which is due to the plasmon excitation by the light polarized normal to the
substrate surface has undergone a dramatic red shift. For the pure NP of Fig. 2, this
resonance takes place at Aypgr =460 nm at which the subscript NPR stands for normal
plasmon resonance. Red shift of NPR relative to LPR which is observed in various NP
on substrate experiments [26, 27], is due to the fact that for the component of light
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polarized normal to the substrate surface, charges are localized near the substrate sur-
face which results in a more pronounced interaction of them with the image charges
of the “NP image” due to the presence of the dielectric surface. The interaction of NP
with its image and the screening of electromagnetic fields is thoroughly discussed in [27].
Another interesting feature is that the wavelengths corresponding to LPR and NPR are
0 independent as can be seen from Fig. 2. Hence, one can employ a light completely
normal to the substrate surface to excite plasmons only at Aypg-

Absorption cross section of the same pure Ag NP versus wavelength for various
substrate refractive indices is illustrated in Fig. 3. For this analysis, light polarization
angle is 8 = 20° to excite NPR and LPR simultaneously. As expected, the shift of
the LPR wavelength is quite negligible. However, NPR wavelength (A\pr) experi-
ences a considerable red shift by increasing the substrate refractive index. For the case
of ng=2.5, Axypr = 460 nm shifts to Aypr = 560 nm for n, = 3.5. Hence the sensitivity
of Aypr to refractive index change is approximately 100 nm/RIU and is quite linear in
the range of n = 2.5-3.5.

Figure 3 indicates that A\pg = 560 nm for Ag NP on a substrate with n,=3.5. However,
this value is still lower than the wavelength range of interest for biological applications.
Here, to increase the NPR shift, dielectric core-Ag shell NPs are utilized and placed
on a substrate with high refractive index such as silicon. By employing Mie theory cal-
culations, it is shown that plasmon resonance wavelength of dielectric core-metal shell
NPs shift toward longer wavelengths by increasing the relative core diameter [39].
Hence, it is expected that NPR also experiences such a red shift by increasing D /D,,.
NPR wavelength and absorption efficiency for SiO, core and hollow core Ag NPs on
a silicon substrate versus D /D), are presented in Figs. 4a and 4b, respectively. As ex-
pected, Axpr can be shifted to wavelengths as high as 2 = 700 nm by increasing the
relative core diameter. Hollow-core Ag NPs have higher absorption efficiencies and
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Fig. 3. Absorption cross section versus wavelength for a pure Ag NP placed on a substrate with refractive
index ng as indicated in the figure.
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Fig. 4. Normal plasmon resonance and absorption efficiency versus relative core diameter D /D), for
SiO, core (a) and hollow core Ag NPs (b).

longer /ypg than the SiO, core case. Another point that must be noted is that as D,/D,
increases beyond a threshold value, absorption efficiency drops rapidly due to the low-
er plasmonic effects for very thin metallic shells. This threshold value is 0.6 and 0.7
for SiO, core and hollow core Ag NPs. Although this is not strict, D ./D,, can be in-
creased beyond this value resulting in higher resonance wavelengths and slightly com-
promised plasmonic enhancements. As can be seen from Fig. 4, Aypr can be tuned to
approximately 4 = 633 nm for “SiO, core and hollow core Ag NPs on Si substrate”
with D, =20 nm and D./D, = 0.7.

3.2. Design of the 3D SERS substrate

In the previous section, it was shown that core-shell Ag NPs with D, = 20 nm and
D./D,= 0.7 on a silicon substrate supports NPR wavelength at A\pg = 633 nm when
excited with a light polarized normal to the substrate surface. Based on these findings,
a three dimensional SERS substrate is proposed which is schematically illustrated in
Fig. 5. The structure incorporates silicon nanorods with a diameter of D, and a height
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Fig. 5. A perspective view of the presented 3D SERS substrate composed of a Si nanorod array decorated
with tuned Ag NPs. Similar structures with Au NPs are demonstrated previously [20].

of H, arranged in a periodic square lattice with a pitch of 4. Each nanorod is decorated
with NPs designed at the previous section. Totally, 80 NPs (20 NPs in four columns)
are utilized to decorate each silicon nanorod. Interparticle spacing of NPs in each
column is H, = 60 nm. Structural parameters for Si nanorod array are as follows:
D,=100nm, A, = 1.3 um, 4 = 500 nm. The pitch of 4 = 500 nm is chosen so that the
gapless electrical field enhancement can be obtained, whereas being large enough to cap-
ture long chain molecules. 3D full vectorial FDTD simulations are performed to obtain
the field enhancement characteristics of the presented SERS substrate. The simulation
domain is also shown in Fig. 5. A plane wave source is polarized along x direction and
placed 400 nm above the structure. As can be seen, input light has a polarization normal
to the nanorod axis and hence the requirement for successful excitation of NPR is ful-
filled. The light wavelength is chosen to be 4 = 633 nm matching the normal plasmon
resonance wavelength of NPs designed in the previous section. It is worth noting that
similar structures with pure Au NPs or untuned (pure) Ag NPs are previously demon-
strated [20, 21] and the proposed structure is completely feasible. Here, it is shown
that tuned Ag NPs in the previous section yield much higher enhancement factors and
hence are much more suitable for SERS applications.

It was shown in previous articles that Ag NPs lead to lower EFs [20] than Au NPs [21]
for a similar structure due to the mismatch between the plasmon resonance wavelength
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Fig. 6. Electric field magnitude at a unit cell of the structure at a wavelength of A = 633 nm.

ofuntuned Ag NPs with the laser light of =633 nm. In this article, a systematic approach
is presented to tune the LSPR resonance frequency of silver NPs to the desired wave-
length. Hence, it is expected to obtain higher field enhancement than the Au nanoparticle
decorated case. For comparison purposes, the structure presented in Fig. 5 is numeri-
cally simulated with pure Au NPs either. These NPs are considered to be nanospheres
with the same diameter of D, =20 nm which have strong LSPR at =633 nm [21]. Elec-
tric field amplitude along the structure cross-section for a unit cell of the SERS substrate
is presented in Fig. 6. For this figure, decorator NPs are hollow core Ag nanospheres
with D, =20 nm and D /D, = 0.7. As can be seen, the normalized electric field am-
plitude far from the NR reaches a value of approximately 2, hence providing the gapless
property. Although the color bar is fixed to a maximum value of 5, however, the max-
imum electric field amplitude is actually higher reaching to almost 12 times the input
source amplitude near the NP surfaces.

To better illustrate the advantage of the presented core-shell Ag NPs compared to
conventional Au NPS, the number of hotspots in the structure is counted. The electrical
field amplitude in a xz plane passing through the axis of the nanorod is recorded for
a unit cell of the structure. Each FDTD mesh at which the normalized electrical field
magnitude is higher than a threshold value | E}; | is considered as a hotspot. The number
of hotspots versus the threshold value is illustrated in Fig. 7 at which | £ | is the source
of electric field amplitude. As can be seen, for Si nanorods decorated with Au NPs,
less than 20 meshes reach an electric field amplitude 10 times of the source amplitude.
However, this value is more than 100 for SiO,@Ag and hollow core Ag NPs which
proves that tuning of these NPs to 4 = 633 nm has been performed successfully.

As discussed in Section 2, an electromagnetic enhancement factor (EMEF) can be
effectively utilized to compare the field enhancement of SERS substrates. Here, this
value is employed to compare the designed substrates utilizing core-shell AgNPs with
the substrate decorated with pure Au NPs. By utilizing Eq. (4) and considering each mesh
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Fig. 7. Number of hotspots in an xz plane passing through the axis of a Si nanorod at each unit cell of the
structure for three decorators (Au, SiO,@Ag and hollow core Ag NPs).

with a normalized electric field amplitude of at least 10 as a hotspot, the EMEF of the
Si nanorod array decorated with pure Au, SiO, core and hollow core Ag NPs are calcu-
lated to be 1.26 x 10, 1.83 x 106 and 3.04 x 10, respectively. The results indicate that
the EMEF is enhanced more than an order of magnitude in the designed substrates com-
pared to the same substrate covered with Au nanoparticles.

4. Conclusion

In this article, plasmonic characteristics of SiO,-Ag and hollow core Ag NPs placed
on dielectric substrates are investigated and it is shown that normal plasmon resonance
wavelength of the “NP on a dielectric substrate” which is excited by a light polarized
normal to the substrate surface, exhibits a strong sensitivity to the substrate refractive
index on the order of 100 nm/RIU which can be utilized to tune the resonance of these
NPs to the biological window. SiO,-Ag and hollow core Ag NPs are tuned to exhibit
a strong normal plasmon mode resonance at a wavelength of 4 = 633 nm (a popular
wavelength in SERS applications) when placed on a Si substrate. Geometrical param-
eters of the nanoparticles are a relative core diameter of D /D, = 0.7 and a particle size
of D, =20 nm. Finally, a three dimensional SERS substrate composed of a Si nanorod
array decorated with the designed NPs is presented and numerically investigated.
The SERS substrate shows superior characteristics such as uniform and gapless field
enhancement and an EMEF of larger than 3 x 10°, which is more than an order of mag-
nitude higher than similar structures with Au NPs or untuned Ag NPs. The systematic
approach taken in this article, makes it possible to extend the nanoparticle design strat-
egy to various nanoparticle shapes and substrates.
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