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ABSTRACT: The interaction between plasmonic nanoparticle and
substrate is of utmost importance for optimal design of surfaceenhanced Raman spectroscopy (SERS) substrates. Substrates can
either quench or enhance the strength of the localized plasmon
resonance of nanoparticles depending on the optical properties. The
substrate optical properties were modiﬁed by introducing diﬀerent
dielectric ﬁlms between silver nanoparticle and silicon base
substrates. The thickness of the ﬁlms was varied over a large
range (5−200 nm) to observe SERS enhancement because of
nonradiative and radiative interactions of the plasmons and the
substrate. Energy transfer between the plasmons and the polarization charges in Si was observed for a ﬁlm thickness of less than 10
nm where SERS intensity followed the permittivity trend of the spacer ﬁlm. As the spacer thickness increases beyond 40 nm, the
eﬀect of Si base substrate subsides and the enhancement/quenching of the SERS signals exhibit an oscillatory behavior with the
thickness of the ﬁlm. The extent of enhancement and quenching can be tuned by optical property of substrate and the excitation
wavelength of choice.

1. INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) is a sensitive
technique for the detection of trace levels of analytes with a
unique spectral signature. The method involves near-ﬁeld
enhancement from a metal nanostructure, thereby amplifying
the typical normal Raman signal of analyte molecule adsorbed
on the metal surface by millions of orders of magnitude.1 This
near-ﬁeld enhancement arises because of collective oscillation
of the free surface electrons of metal which is termed as
localized surface plasmon resonance (LSPR). A signiﬁcant
contribution to the strength and position of the LSPR mode
comes from the media surrounding the nanoparticle. LSPR of
nanoparticle in a homogenous medium has been modeled and
the results are well-established with respect to SERS.2,3
However, modeling a nanoparticle in heterogeneous media
(nanoparticle on a substrate) has been a challenge. Several
reports have highlighted various substrate-associated eﬀects that
inﬂuence LSPR enhancement. In general, there are two types of
eﬀects of substrates, namely, nonradiative and radiative. To
achieve maximum enhancement, it is important to understand
these eﬀects by experiments and numerical calculations.
Establishing the substrate eﬀects on LSPR because of
nonradiative and radiative interactions has led to intricate
numerical models and computationally expensive simulations.4−10 Plasmon resonance mode of the metal nanoparticle
on a substrate may shift and split depending on the substrate
optical property.9,11,12 This is due to the nonradiative
© 2018 American Chemical Society

interaction between the nanoparticle and the substrate. For
example, oscillating plasmons induce an image on the substrate.
The image couples to the plasmons causing signiﬁcant shift in
the resonance mode energy compared with their free-space
energy. Such image charge formation has been reported to be
proportional to the permittivity of the substrate.13 Interestingly,
previous reports have correlated the permittivity of the
substrate with the resonance strength of plasmonic nanoparticles.9,14−17 Some of the reports discuss image charge
coupling between the metal/semiconducting substrate and
plasmonic nanoparticle separated by a thin spacer ﬁlm.15,18−23
In most of the studies, spacer layer permittivity is not
accounted for.
It is also known that the radiative eﬀect from the substrate
can either enhance or quench the resonance strength.14,24−26
This eﬀect originates because of the change in the electric ﬁeld
amplitude of the incident wave after reﬂection or refraction at a
surface. Hence, the nanoparticle experiences electric ﬁeld
amplitude which is either higher or lower than the amplitude
of the wave originating from the source. The quenching, in this
report, refers to the decrease in electric ﬁeld amplitude due to
electric ﬁeld superposition rather than quenching of ﬂuorescence signal in SERS due to the adsorption of ﬂuorescent
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Figure 1. Schematic (a,b) represent the substrates with 5 and 25 nm Si3N4 spacers. Dotted lines in the schematic represent the surfaces for which
electric ﬁeld enhancement and polarization have been plotted in the ﬁgures (c−f,c′−f′). Field enhancement at the (c) Si3N4−Si interface and (d) 5
nm below the interface for substrate with 5 nm Si3N4 spacer layer. Panels (e,f) correspond to the same with 25 nm Si3N4 spacer layer. Polarization
proﬁle at the (a′) Si3N4−Si interface and (b′) 5 nm below the interface for substrate with 5 nm Si3N4 spacer layer. Panels (c′,d′) correspond to the
same with 25 nm Si3N4 spacer layer.

analytical model is formulated to decouple diﬀerent substrate
eﬀects which is otherwise not possible using numerical tools.
The following discussion pertains to a simple model of a
nanoparticle on a substrate separated by a spacer ﬁlm of varying
thickness (refer Supporting Information for detailed description). The shape of the nanoparticles on the substrates is
approximated as a hemisphere, which has three LSPR modes
when excited with a plane-wave polarized along the plane
(Figure S3). These modes undergo shift because of the
substrate eﬀect (Figure S5). The lowest energy dipolar mode
has been modeled for enhancement calculation.
Computation was carried out using COMSOL Multiphysics
4.4 (FEM based solver). The details of the simulation domain
and equations are provided in the Supporting Information.
COMSOL simulations have been carried out for two models, a
substrate with a 5 nm spacer (Figure 1a) and a substrate with a
25 nm spacer (Figure 1b). It is observed that the enhanced
electric ﬁeld of the nanoparticle extends through the spacer till
the spacer−Si interface (Figure 1c). The ﬁeld still remains
relatively intense till 5 nm deep into the volume of the base Si
substrate (Figure 1d). Hence, it can be inferred that the
incident electromagnetic wave completely polarizes the metal
nanoparticle which in turn polarizes the base Si substrate. The
polarization not only happens at the spacer−Si interface
(Figure 1c′) but also deep into the volume (Figure 1d′). This
phenomenon is absent in the case of 25 nm spacer layer. It is
intuitive that the spacer−Si interface is at a distance of 25 nm
which is far away from the near-ﬁeld zone of the nanoparticle
and does not experience the enhanced ﬁeld (Figure 1e,f) and
thus does not promote any polarization in the Si substrate
(Figure 1e′,f′).
Therefore, the magnitude of polarization in the Si volume
greatly depends on the spacer ﬁlm thickness (d). The coupling
between the oscillating plasmons and the polarization charges
in the semiconducting substrate is termed as energy transfer.
The eﬀect is also observed in Figure 2 (left axis) from the shift
in the LSPR peak position with respect to the spacer thickness.
There is a deﬁnite coupling involved between the nanoparticle
and Si substrate for the thinner ﬁlm which causes red shift in
LSPR compared with the nanoparticle on a bulk ﬁlm
(equivalent to spacer thickness > ∼10 nm). For the thicker
ﬁlm, however, the eﬀect vanishes and the LSPR shift depends
only on the permittivity of the ﬁlm. In the simulation, ﬁlm

molecules on the metal. The radiative eﬀect has direct
implication on the SERS activity.25−30 However, more complex
eﬀects are expected when an insulating spacer ﬁlm is inserted
between the nanoparticles and the base substrate. The eﬀect
from the substrate (base substrate and spacer combined) is a
function of the thickness and permittivity of the spacer ﬁlm
which dictates the relative contribution from both nonradiative
and radiative interactions. Modulating these interactions
between the nanoparticle and the substrate has direct inﬂuence
on the LSPR and thus on the SERS activity of the substrates.
Radiative interaction has been studied independently.15,31−34
Although these reports are comprehensive, the radiative eﬀect
with respect to substrates and ﬁlms of diﬀerent permittivity has
not been taken into account. These aspects are necessary as the
permittivity-dependent image charge (nonradiative part) would
also contribute to the total enhancement.
Our earlier report has established a correlation between the
SERS enhancement and LSPR peak shift due to energy
transfer.35 Energy transfer occurs between the plasmons and
the polarization charges in the silicon base substrate, when an
interleaving ultrathin dielectric ﬁlm (<∼10 nm) produces a
layer of large polarization at the ﬁlm-substrate boundary. With
the increasing spacer thickness (>10 nm), the LSPR strength
and positions are modulated only by the permittivity of the
spacer layer with little inﬂuence from the substrate. Here, we
observe that the radiative eﬀect becomes dominant as the
thickness increases beyond ∼40 nm. We propose a model in
conjunction with the experimental data and predict gain in
SERS substrates by taking energy transfer and nonradiative and
radiative interactions into account. The analytical model is
computationally inexpensive and provides additional insights
into the physics by decoupling the substrate eﬀects into
diﬀerent regimes. To the best of our knowledge, it is the ﬁrst
report which brings all possible substrate eﬀects in a simple
analytical model and thus demonstrates the multiple regimes of
enhancement facilitating the control of wavelength tunability
and intensity enhancement. This would provide deep insights
into the plasmonic enhancement in stacked plasmonic
substrates for various applications.36−38

2. THEORETICAL METHODS
In this section, the simulation results along with the
assumptions in the analytical model have been discussed. An
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The ﬁlling factor ( f) ranges from 0 to 1 corresponding to
pure Si permittivity to pure spacer ﬁlm permittivity.
Interestingly, the trend of the ﬁlling factor matches the LSPR
shift when the integration is carried out over the sixth power of
distance (Figure 2, right-axis). Such coupling, which depends
on the sixth power of distance, is observed in the case of
dipole−dipole coupling indicating energy transfer. The energytransfer process is prominent for thin spacer layers and falls as
1/d6 as the spacer thickness (d) increases.
The absorption cross section (Cabs) from polarizability (α)
for a hemisphere on substrate has been modeled earlier4,5 and it
has been modiﬁed in our previous work.35 The formulation
takes into account the permittivities of the metal nanoparticle
(εAg), medium (εm) and eﬀective substrate permittivity (εeffs) to
calculate B11. The size factor (sf, eq 4) has been introduced in
eq 3 to account for red shift due to the increase in the size of
the nanoparticle.43 Volume polarizability (eq 5) is used for the
calculation of absorption cross section in eq 6. It is imperative
to note that the model predicts only the nonradiative nature of
interaction of nanoparticle with the substrate for relatively
thicker ﬁlm (as εeffs = εf when f = 1).

Figure 2. Comparison of ﬁlling factor (eq 1) and LSPR peak position
of 14 nm Ag on varying Si3N4 spacer thickness.

permittivity has been kept constant to bring out the eﬀect of
thickness alone. The description of energy transfer here is
purely based on the extent of enhanced near ﬁeld which is
diﬀerent from the explanation based on band structures of
material as reported elsewhere.39,40
It is evident that the LSPR peak position is solely modulated
by the coupling between the plasmon and its image on the
spacer−substrate (Si3N4−Si) interface for thin spacers. This
calls for an eﬀective permittivity model which reduces the
problem from nanoparticle−spacer−Si to nanoparticle-eﬀective
substrate. The eﬀective substrate optical property would consist
of both the permittivity of the spacer and a fraction of the
permittivity of the base substrate (Si). Later, the nanoparticleeﬀective substrate problem is solved by image charge model.
2.1. Energy Transfer and Nonradiative Model. The
eﬀective substrate model in eq 1 has been adapted from the
Maxwell Garnett’s eﬀective medium approximation.41 Eﬀective
medium approximation has been modiﬁed to take inclusions
into account which are ﬁnite in two or three dimensions (e.g.,
cylinder and sphere).42 This model is approximated for the
spacer ﬁlm which is ﬁnite in one dimension. The equation
incorporates permittivity of the spacer ﬁlm (εf) and Si (εSi) to
calculate eﬀective substrate permittivity (εeffs).
The ﬁlling factor (eq 2), in essence, deﬁnes the ratio of the
volume of the spacer and the base Si substrate. Because the
elements are optically inﬁnite in two dimensions, the thickness
ratio is an appropriate measure of the ﬁlling factor. The
numerator of eq 2 takes into account the thickness of the
spacer, and the denominator represents the thickness of the
base substrate. The thickness of the base substrate does not
represent the physical thickness (thickness of a Si wafer) but
the extent of near-ﬁeld radiation of the plasmonic nanoparticle
in the substrate. The radiation is modeled by a power function.
The term l−6 represents the decay of near ﬁeld from the
plasmonic nanoparticle as a function of distance (l). The
integration assumes that the dipole is placed at the centre of the
nanoparticle (a/2, where a is the radius) to avoid singularity. A
schematic of the integration method is provided in the
Supporting Information (Figure S6) for clarity.
⎛ ε (λ) − εSi(λ) ⎞
εeffs(λ) − εSi(λ)
= f⎜ f
⎟
εeffs(λ)
εf (λ)
⎠
⎝

f=

d + a /2 1
dl
l6
∞ 1
dl
a /2 l 6

B11 =

2εm(sf × 2εm + sf × 3εeffs + εAg)

sf = 0.83 +

12 2
x ;
5

x = k × 2a ;

(3)

k=

2π
λ

(4)

α = −4πεeffsa3B11

(5)

Cabs = k Im[α]

(6)

2.2. Radiative Model. In the energy transfer and
nonradiative regime, the ﬁlm thickness is optically small to
contribute any considerable phase change in the reﬂected
electric ﬁeld. The phase change becomes more prominent for
thicker ﬁlms where the radiative eﬀect prevails. The radiative
part does not result in peak shift of the LSPR modes but
contributes to the amplitude, whereas nonradiative interactions
causes peak shift and amplitude modulation. Hence, the Fresnel
coeﬃcient was calculated for the substrates to account for
radiative interaction based on thin ﬁlm interference. Fresnel
equations predict an enhancement of the electric ﬁeld
amplitude when an electromagnetic wave passes from a
medium with high refractive index to a medium with low
refractive index. Fresnel coeﬃcients have been formulated for
multilayered ﬁlms case by taking the superposition of the
incident and reﬂected waves.44 In the discussed experiments,
the excitation is perpendicular to the substrate surface and
polarization parallel to it. The Fresnel reﬂection coeﬃcient (R)
for the said conditions reduces to eq 7. The reﬂection
coeﬃcients at the interface of the medium and ﬁlm (r12) and
at the interface of the ﬁlm and Si (r23) with phase factor (δ) are
used for the calculations (eq 8). The refractive index of the
medium (nm), ﬁlm (nf), and Si (ns) are used to calculate the
reﬂection coeﬃcients and phase factors.

(1)

∫a /2
∫

(εm + εeffs)(εm − εAg)

R=
(2)

r12 + r23 exp( −2iδ)
;
1 + r12r23 exp( −2iδ)

intensity = (1 + R )2
(7)
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nm − n f
;
nm + n f
2π
δ=
nf d
λ

r12 =

r23 =

n f − ns
;
n f + ns

to formulate eq 9 as (1 + R)2 is a dimensionless quantity, and
both factors in the equation represent second power of the
electric ﬁeld.
The relative gain for the substrates is formulated as the ratio
of the resonance strength of the substrates to a speciﬁc
(reference) substrate.

(8)

The nanoparticles experience electric ﬁeld which is 1 + R
factor of the incident ﬁeld. Thus, the enhancement of the
substrates gets modulated by (1 + R)2 which represents the
intensity. One of such results is provided in Figure 3 for the

Resonance strength = Cabs(1 + R )2
Relative gain =

(9)

[Cabs(1 + R )2 ]substrate
[Cabs(1 + R )2 ]reference

(10)

Individual contribution from nonradiative and radiative parts
can be calculated by using the equations given below
(Relative gain)non‐radiative =

(Relative gain)radiative =

[Cabs]substrate
[Cabs]reference

(11)

[(1 + R )2 ]substrate
[(1 + R )2 ]reference

(12)

Formulation of analytical models has aided in decoupling the
substrate eﬀects more eﬃciently through eqs 11 and 12 without
resorting to computationally expensive numerical tools. The
subsequent section will focus on veriﬁcation of the analysis
through experiments. For clarity, the equations presented above
have been grouped according to their contribution to diﬀerent
eﬀects in Figure S7.

3. EXPERIMENTAL METHODS
Diﬀerent thicknesses of SiO2 ﬁlms were thermally grown (ET6000, FirstNano oxidation furnace) and Si3N4 ﬁlms were
deposited by low-pressure chemical vapor deposition (ET6000, FirstNano LPCVD furnace) process on a pristine Si⟨100⟩
wafer. The refractive index and thickness of the ﬁlms were
measured by spectroscopic ellipsometry (M200U, J.A. Woollam
Co.) with the models and methods described in the Supporting
Information. Validation for the thickness for few of the ﬁlms
was done using scanning electron microscopy (SEM) (Figure
S9). SERS substrates were fabricated by the deposition of ∼5
nm of the silver ﬁlm on the prefabricated substrates by dc
magnetron sputtering (Tecport). Sputtering parameters were
controlled to obtain similar (11 ± 4 nm) nanoparticle
distribution on all substrates.
SERS characterization was carried out with 100 mM pyridine
solution with 532 nm excitation using LabRAM HR800
equipped with 1800 grooves/mm grating. Spectra were
acquired for 1 s acquisition using 50× (0.5 NA) objective
with ∼5 mW power at the sample. All SERS spectra were
collected by focusing the laser on the substrate through the
analyte solution.

Figure 3. (a) Intensity enhancement at the water−spacer interface for
substrates with 105 nm SiO2 and 112 nm Si3N4 spacer. Intensity
calculated from COMSOL and the analytical model have been
compared. (b,c) Schematic of the substrates and the interface in
discussion. (b′,c′) Surface plot of intensity at the interfaces.

demonstration of the eﬀect. Substrates with 105 nm SiO2 and
112 nm Si3N4 spacers have been opted because of the stark
diﬀerence in their enhancement and quenching property,
respectively. Figure 3a compares the intensity enhancement (Eﬁeld2) at the water−spacer interface for both substrates using
COMSOL and the analytical model (eq 7). The schematic of
the substrate and the corresponding interface is shown in
Figure 3b,c. It is evident that the substrate with SiO2 enhances
(Figure 3b′), whereas the substrate with Si3N4 quenches
(Figure 3c′) at 532 nm. It is evident from this example that the
radiative and nonradiative eﬀects can be opposite in nature.
Si3N4 has higher permittivity than SiO2 which results in a
stronger image charge formation (strong enhancement) but the
thickness of the ﬁlm results in quenching.
2.3. Complete Analytical Model. The total resonance
strength can be expressed as in eq 9 which incorporates both
nonradiative and radiative eﬀects. The nonradiative eﬀect
captures the red shift and amplitude modulation in LSPR
(Figure S5) with increasing permittivity.12 The radiative eﬀect
captures the amount of near-ﬁeld enhancement due to the total
electric ﬁeld at the nanoparticle−dielectric interface. It is valid

4. RESULTS AND DISCUSSION
To verify the analytical and numerical models, SERS substrates
were fabricated by depositing diﬀerent thickness of SiO2 and
Si3N4 ﬁlm on Si and subsequently sputtering Silver. The thin
silver ﬁlm formed islands because of the Volmer−Weber
growth mode.45 The dispersion curves (Figure S8) for the
dielectric ﬁlms were obtained from ellipsometry and the
method of calculation is provided in the Supporting
Information. Representative nanoparticle distribution on the
substrate with SiO2 and Si3N4 ﬁlms are shown in Figure 4. The
nanoparticle distribution remains same irrespective of the ﬁlm
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thickness for all the substrates with SiO2 spacers. The same has
also been observed for Si3N4.

Figure 4. SEM images of substrates with (a) SiO2 and (b) Si3N4 ﬁlms
and the corresponding nanoparticle distribution in (a′,b′).

Pyridine was chosen as the test analyte on all substrates. The
Raman peaks at 1007 and 1036 cm−1 correspond to ring
breathing and symmetric ring deformation modes, respectively.46 Multiple SERS spectra were recorded for each
substrate and the baseline correction was carried out. The
spectra were averaged and the intensity for 1036 cm−1 peak
with standard error has been plotted in Figure 5a
corresponding to the substrates with Si3N4 and SiO2 ﬁlms.
An example of the processing method with the raw data is
provided in Figure S10.
The experimental relative gain for diﬀerent SiO2 substrates
was calculated by taking the ratio of the SERS intensity of a
substrate to that of the substrate with the 150 nm SiO2 ﬁlm.
The experimental and analytical gains (eq 10) have been
plotted in the Figure 5b for substrates with the SiO2 spacer ﬁlm.
Similarly, the gains for the substrates with Si3N4 have been
plotted in Figure 5c. The enhancement trends observed in the
substrates with the SiO2 and Si3N4 spacer are reasonably
predicted by the analytical model (eq 10).
The individual contributions from the nonradiative and
radiative eﬀects, using eqs 11 and 12, have been plotted in
Figure 5b′,c′. Figure 5b′,c′ correspond to the substrates with
SiO2 and Si3N4 spacers, respectively. The substrate with a 150
nm spacer was taken as the reference substrate in all
calculations. This is in good agreement with the assumptions
made in formulating the analytical models. It is clearly observed
that the radiative eﬀect modulates the SERS intensity for
thicker ﬁlm whereas the nonradiative part remains nearly
constant. The constant nonradiative eﬀect is due to the similar
permittivity value for thicker ﬁlms (Figure S8).
The above discussions point the complexity involved in
predicting eﬃcacy of the SERS substrates which strongly
depend on the permittivity and spacer thickness. These eﬀects
can also be demonstrated across substrates with diﬀerent
spacers. The SERS intensity obtained from the 150 nm Si3N4
spacer substrate was scaled with respect to the 150 nm SiO2
spacer substrate. The factor was used to scale the gain plot in
Figure 5c to obtain Figure 6 which represents the performance
of the Si3N4 spacer substrate.

Figure 5. (a) Experimental SERS intensity from substrates with
various spacers. Experimental and computational gain obtained from
substrates with (b) SiO2 and (c) Si3N4 ﬁlms. The gains are calculated
relative to the substrate with a 150 nm spacer substrate. Eﬀects of
radiative and nonradiative interactions have been plotted separately for
substrates with (b′) SiO2 and (c′) Si3N4 ﬁlms corresponding to the
result from the analytical model in (bc) *(I/I150nm).

Figure 6. Enhancement observed in the substrates with Si3N4 ﬁlms
with respect to the substrates with SiO2. Green dotted line indicates
the boundary between substrate’s enhancing or quenching property.
Three diﬀerent regimes (A-energy transfer, B-intermediate nonradiative, and C-radiative) of substrate eﬀects are approximately
marked with diﬀerent color shades.

The oscillations around the dotted line in Figure 6 suggest
that the Si3N4 spacer substrates enhance (>1) as well as quench
(<1) for various thicknesses with respect to the SiO2 spacer
substrate. As per the trend, the total nanoparticle−substrate
interaction can be divided into three important regimes. The
energy-transfer regime (A) always enhances with respect to the
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permittivity of the spacer layer. Energy transfer screened by the
permittivity of the spacer layer is suﬃcient to explain the
phenomenon. An intermediate nonradiative regime (B) exists
below ∼40 nm because of the Coulombic interaction of NP
with the ﬁlm and changes with the changing permittivity of the
ﬁlm. As the thickness increases, the ﬁlling factor (eq 2)
approaches 1, signifying no contribution from the Si base
substrate. The results obtained from eq 6 are only dependent
on the experimental permittivity values of the spacers (Figure
S8). In the higher thickness regime (C), permittivity does not
vary with respect to the thickness of spacers resulting in similar
coulombic interaction among substrates. The only factor
responsible for modulating the intensity is the radiative eﬀect
as described in eq 7 and observed from Figure 5b′,c′.
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Tomašiu̅nas, R. A Systematic Study of Light Extraction Efficiency
Enhancement Depended on Sapphire Flipside Surface Patterning by
Femtosecond Laser. J. Phys. D: Appl. Phys. 2015, 48, 285104.
(28) Woods, D. A.; Bain, C. D. Total Internal Reflection Raman
Spectroscopy. Analyst 2012, 137, 35−48.
(29) Bottomley, A.; Ianoul, A. Reflection and Absorption Spectra of
Silver Nanocubes on a Dielectric Substrate: Anisotropy, Angle, and
Polarization Dependencies. J. Phys. Chem. C 2014, 118, 27509−27515.
(30) Chou, A.; Jaatinen, E.; Buividas, R.; Seniutinas, G.; Juodkazis, S.;
Izake, E. L.; Fredericks, P. M. SERS Substrate for Detection of
Explosives. Nanoscale 2012, 4, 7419−7424.
(31) Jayawardhana, S.; Rosa, L.; Buividas, R.; Stoddart, P. R.;
Juodkazis, S. Light Enhancement in Surface-enhanced Raman
Scattering at Oblique Incidence. Photonic Sens. 2012, 2, 283−288.
(32) Terekhov, S. N.; Kachan, S. M.; Panarin, A. Y.; Mojzes, P.
Surface-enhanced Raman Scattering on Silvered Porous Alumina
Templates: Role of Multipolar Surface Plasmon Resonant Modes.
Phys. Chem. Chem. Phys. 2015, 17, 31780−31789.
(33) Kang, M.; Zhang, X.; Liu, L.; Zhou, Q.; Jin, M.; Zhou, G.; Gao,
X.; Lu, X.; Zhang, Z.; Liu, J. High-Density Ordered Ag@Al2O3
Nanobowl Arrays in Applications of Surface-enhanced Raman
Spectroscopy. Nanotechnology 2016, 27, 165304.
(34) Shoute, L. C. T.; Bergren, A. J.; Mahmoud, A. M.; Harris, K. D.;
McCreery, R. L. Optical Interference Effects in the Design of
Substrates for Surface-enhanced Raman Spectroscopy. Appl. Spectrosc.
2009, 63, 133−140.
(35) Nayak, D. R.; Bhat, N.; Venkatapathi, M.; Umapathy, S. Impact
of Ultrathin Dielectric Spacers on SERS: Energy Transfer between
Polarized Charges and Plasmons. J. Mater. Chem. C 2017, 5, 2123−
2129.
(36) Ko, C.-T.; Han, Y.-Y.; Chen, C.-H.; Shieh, J.; Chen, M.-J.
Enormous Plasmonic Enhancement and Suppressed Quenching of
Luminescence from Nanoscale ZnO Films by Uniformly Dispersed
Atomic-layer-deposited Platinum with Optimized Spacer Thickness. J.
Phys. Chem. C 2013, 117, 26204−26212.
(37) Morawiec, S.; Mendes, M. J.; Filonovich, S. A.; Mateus, T.;
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