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Abstract: Surface-enhanced Raman scattering (SERS) as a high sensitivity analytical method for
molecule detection has attracted much attention in recent research. In this work, we demonstrated an
improved SERS substrate, which has the gold nanoparticles randomly distributed on a SiO, intercep-
tion layer over a gold thin film layer on the flat sapphire substrate (AuNP/SiO, / Au/Sapphire), over
the dispersed gold nanoparticles on a silicon substrate (AuNP/Si), for detection of R6G (1 x 10~ M)
in a Raman microscope. The fabrication of sandwich layers on top of the sapphire substrate involves
evaporation of a gold mirror as thick as 100 nm, plasma enhanced chemical vapor deposition of the
silica insulator layer 10 nm thick, and evaporation of a thin gold layer 10 nm thick for forming gold
nanoparticles. For comparison, a gold thin film with a thickness of 5 nm and 10 nm was evaporated
on a silicon substrate, respectively (AuNP/Si), as the reference SERS substrates in the experiment. The
AuNP/SiO, / Au/Sapphire substrate demonstrated improved sensitivity in detection of molecules
in Raman microscopy, which can enable the molecules to be recognizable at a low laser power as
8.5 x 1072 mW, 0.017 mW, 0.085 mW, and 0.17 mW for ultrashort exposure time. The simulation of
AuNP/SiO,/Au/Sapphire substrate and AuNP/Si substrate, based on the finite-difference time-
domain (FDTD) method, explained the improved sensitivity for detection of R6G molecules from the
view of classical electromagnetics, and it suggested the optimized size for the gold nanoparticles and
the optimized laser wavelength for Raman microscopy for further research.

Keywords: surface enhanced Raman scattering; gold nanoparticles; gold nanoparticles-insulator-
metal sandwich layers; finite-difference time-domain method

1. Introduction

Surface-enhanced Raman scattering (SERS) has attracted interest for its high sensitivity
in detection of molecules [1-3] since its discovery in 1974, in the testing of pyridine
adsorbed on the surface of a silver electrode [4,5]. It is widely accepted that the rough
gold (silver) thin film [6-8], gold (silver) nanoparticles [9-15], and nanopatterned gold
(silver) thin film [16-20], are the keys for enhancing the signatures of molecules in the
Raman microscopy, since there are highly localized electric fields, namely, the “hotspots”
formed close to these nanoscale metallic structures upon the incidence of light [21-23]. The
molecules adsorbed on the high density “hotspots” contribute most of the enhancement
for the surface enhanced Raman microscopy [22,24].

The chemical synthesized gold or silver colloids that are used as the substrate for en-
hancing the Raman scattering for detection of dyes started at least as early as the 1980s [13].
It was even reported to achieve single molecule level detection [25]. However, the produc-
tion of the gold and silver colloids involves the use of hazard aqueous chemicals, such
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as HAuCly and erosive acids [26], and it may give rise to the risk of causing health and
environmental problems [27,28]. The gold nanoparticles produced by evaporation and
thermal anneal need neither any complex chemical process or hazard aqueous solutions,
nor expensive facilities for pattern transfer, such as electron beam lithography [29]. Fur-
thermore, it also has the advantage of producing uniform gold nanoparticles on a wafer
scale, rather than an area as small as a few square millimeters through high resolution
lithography [9]. Combined with a gold mirror, the gold nanoparticles over a gold thin film
intercepted by a thin dielectric layer [9,30], or the gold nano dimers on the gold mirror [31],
reached an even higher sensitivity in SERS.

In this work, we presented gold nanoparticles-insulator-metal sandwich layers on the
flat sapphire substrate (AuNP/SiO, /Au/Sapphire) to improve the sensitivity of SERS. It
was combined of a flat sapphire substrate, a metal mirror made of a gold thin film with a
thickness of 100 nm, a SiO, dielectric thin film with a thickness of 10 nm, and randomly
distributed gold nanoparticles produced from a 10 nm thick gold thin film, sequentially. For
a comparison study, the samples with randomly distributed gold nanoparticles on a silicon
substrate (AuNP/Si) were also used in the Raman microscopy of R6G molecules with
a concentration of 1 x 10~ M. Our work presented that the AuNP/SiO,/Au/Sapphire
substrate improved the sensitivity of SERS for the detection of R6G more than the AuNP/Si
substrate. Meanwhile, the simulation based on FDTD method uncovered the physics
behind the experiment, and it concluded that the reason for the improvement was from a
higher enhancement of the scattered field with the AuNP/SiO,/Au/Sapphire substrate,
rather than randomly distributed gold nanoparticles on a silicon substrate.

2. Materials and Methods
2.1. Preparation of Materials

The gold mirror as thick as 100 nm was evaporated on the surface of a 2-inch sapphire
substrate with an adhesion layer of Cr as 2 nm at first, and then a 10 nm thick SiO, layer
was deposited on the surface of the gold mirror by plasma enhanced chemical vapor
deposition (PECVD). The second layer of gold thin film with a thickness of 10 nm was
evaporated on the surface of the 5iO; thin layer. The gold nanoparticles were formed
through a thermal process at 600 deg C for 30 min in a tube furnace. For comparison, two
other silicon substrates were evaporated of a gold thin film as 5 nm and 10 nm respectively,
and the gold nanoparticles were formed through thermal anneal in the tube furnace at the
same condition.

The target detection molecule R6G (1 x 10~® M) was prepared by dilution of R6G pow-
der in deionized water with a flask. After stabilization of the R6G solution, a small amount
of the solution was moved to a petri dish. The AuNP/SiO, /Au/Sapphire substrate and
AuNP/Si substrate were moved to the petri dish and immersed in the R6G (1 x 107° M)
solution for a whole night to allow the R6G molecules to adsorb on the surface.

2.2. Characterization Methods

The three types of substrates, gold nanoparticles formed by 5 nm gold thin film
on silicon substrate (AuNP/Si), gold nanoparticles formed by 10 nm gold thin film on
silicon substrate (AuNP/Si), and AuNP/SiO,/Au/Sapphire substrate were symbolized
as sample 51, sample S2, and sample S3, respectively, after their preparation. The surface
morphology of the gold nanoparticles on each substrate was first inspected by an atomic
force microscope (Bruker Dimension Icon, Bruker Corporation, Billerica, MA, USA). For
inspection of the layer structure of sample S3 (AuNP/S5iO, /Au/Sapphire), a small piece
was cut from the substrate for milling a tiny trench on its surface with a focused ion beam
miller (FEI Helios NanoLab 600 Dual Beam FIB SEM, Thermal Fisher Scientific, Waltham,
MA, USA) to expose its cross section. The gold nanoparticle distribution on the surface
of sample S3, and the tiny trench on its surface, were inspected by a scanning electron
microscope (FEI Helios NanoLab 600 Dual Beam FIB SEM, Thermal Fisher Scientific,
Waltham, MA, USA) in the same facility. Samples 51, S2, and S3 were immersed in the R6G
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(1 x 10~® M) as prepared, and they were dried for the Raman microscopy (Renishaw Invia,
Renishaw Corporation, Wotton-under-Edge, England) for inspection with an incident laser
wave set at 633 nm, at various injection laser powers and exposure times. A 50X objective
was used in the Raman measurement.

2.3. Calculation Based on Electromagnetics Theory

The computational electromagnetics theory was widely used to understand the
physics of plasmonics in various experiment works [32-34]. In order to understand the
enhancement of the Raman signatures by gold nanoparticles-based substrates, simulations
based on the finite-difference time-domain method were used to explore the physics behind
the phenomena. It was a numerical method used to discrete the Faraday equation and
Ampere equation from Maxwell’s equations group in the three-dimensional space and
time domain, and therefore the electric field and magnetic field at each Yee grid and time
step could be calculated with predefined injection light source [35]. The finite spatial
grid, named Yee cell, was connected with the finite time step with the Courant stability
condition to make sure the light velocity was a constant while transporting in various
media. The perfectly matched layers (PMLs) were defined to enclose the simulation object
and injection light source with a distance of one wavelength from the simulation object,
and therefore the light scattered by the simulation object could be absorbed fully at the
boundary with matched impedance [36]. In this work, the calculation was implemented
with FDTD solutions.

In our simulation model, the gold nanoparticle was assumed as a perfect nanosphere
for simplification of the calculation. The calculation was implemented on a single sphere
gold nanoparticle on a silicon substrate (AuNP/Si) and a single sphere gold nanoparticle
on a sapphire substrate with a silicon dioxide thin film (10 nm) as a spacer layer over a
gold mirror (AuNP/SiO,/Au/Sapphire) at first. A total field scattered field (TFSF) source,
with a broad wavelength range that covered the visible region from 400 nm to 800 nm, was
used as the incident light source, and the PMLs were used as the absorption boundary
for absorbing the scattered waves outside the simulation area. The n and k values of gold,
silicon dioxide, silicon, and sapphire were from references [37,38], and they were fitted
with the FDTD fitting tool with a RMS error less than or close to 0.1 before the running
of the simulation models. The scattered cross section was defined as the ratio between
the scattered power (with the unit as watt) over the injection light intensity (with the
unit as W/m?) in the simulation region. The enhancement factor of Raman scattering
was calculated as the fourth order of the ratio between the electric field (with a unit as
V/m) of the scattered light and the electric field (with a unit as V/m) of the incident
laser wavelength [39]. According to Yang’s research [22], the hotspots that had the largest
enhancement factor contributed most to the magnification of the Raman signatures, the
maximum enhancement factor that in a tiny cubic region that encloses the simulation
object (single or multiple sphere gold nanoparticles) was calculated to evaluate the model
for enhancing the Raman signatures of target molecules that adsorbed to the surface of
corresponding SERS substrates. A further simulation, that considered the distribution of
the gold nanoparticles and the distribution function extracted out from a tiny region of the
SEM image of sample S3, was used to generate the randomly distributed gold nanoparticles
for the model AuNP/Si and the model AuNP/SiO,/Au/Sapphire. A random function,
that was assigned by the standard deviation and mean diameter of gold nanoparticles
extracted out from a tiny region of the SEM image, was used to generate the size of each
gold nanoparticle in the simulation region. An amount of 30 simulations for each model,
with different distributions of gold nanoparticles for each running, were implemented to
calculate the maximum enhancement factor for a comparison of the model AuNP/Si and
the model AuNP/SiO;/Au/Sapphire.
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3. Results and Discussion
3.1. Surface Morphology of AuNP/Si and AuNP/SiO,/Au/Sapphire Substrates

The surface morphology of the gold nanoparticles on the three samples characterized
by AFM was presented in Figure 1a—d. The SEM images with an angled view of the surface
and cross section of sample S3 were shown in Figure 2a—d. The Raman microscopy of R6G
molecules on each substrate with an excitation laser wave as 633 nm was displayed in
Figures 3 and 4. The simulation result, based on FDTD method for a perfect single gold
nanoparticle and randomly distributed gold nanoparticles for each model (AuNP/Si and
AuNP/S5iO;/ Au/Sapphire), was displayed in Figures 5 and 6, respectively.
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Figure 1. AFM images of the gold nanoparticles on samples S1, S2, and S3. (a) Gold nanoparticles on the surface of sample
S1. (b) Gold nanoparticles on the surface of sample S2 (¢,d) Gold nanoparticles on the surface of sample S3.

From the AFM images shown in Figure 1, the sizes of the gold nanoparticles for
sample 52 and S3 were similar to each other, with a color bar scale the third dimension
among (—41.8 nm, 92 nm) and (—44.8 nm, 72.5 nm), respectively. For sample 51, the size
of the gold nanoparticles was much smaller than that of samples 52 and S3. It had an
average diameter of about 23 nm. The difference was from the thickness of the gold thin
film, in which the gold thin film that was evaporated on S1 was 5 nm and the gold thin
film that was evaporated on 52 and S3 was 10 nm, respectively. The cross section of the
gold nanoparticles-insulator-metal sandwich layers was shown in Figure 2a at a tilt view of
45° in the SEM, and a magnified SEM image was shown in Figure 2b. The layer structure



Nanomaterials 2021, 11, 2416

50f13

of gold nanoparticles on the SiO, interception layer over the gold mirror was quite clear.
Another magnified SEM image of the surface of the gold nanoparticles on sample S3 was
shown in Figure 2¢, also with a tilt view of 45°. The distribution of the diameter for the gold
nanoparticles in Figure 2c was given in Figure 2d, which gave an average diameter of about
129 nm with a standard deviation of about 38 in that area (mu = 128.581, sigma = 37.9788).
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Figure 2. SEM images of sample S3 and the gold nanoparticles distribution on the surface of S3. (a) Cross section of S3
after the focus ion beam cutting. (b) Cross section of S3 showed the gold nanoparticles-SiO,-gold thin film sandwich layers
structure. (c) Gold nanoparticles on the surface of SiO,. (d) Distribution of the gold nanoparticles on surface of S3 from

SEM image.

3.2. Raman Microscopy of R6G Molecules Adsorbed on AuNP/Si and AuNP/SiO,/Au/Sapphire
Substrates

In Figure 3, the diagrams presented the Raman scattering curves of R6G taken at
different laser powers of 0.17 mW, 0.85 mW, 1.7 mW, and 8.5 mW for samples S1 and S2
(Figure 3a,b). The Raman signatures of R6G on sample S3 taken at different laser powers of
8.5 x 1073 mW, 0.017 mW, 0.085 mW, and 0.17 mW shown in Figure 3c was much lower
than that for sample S1 and sample S2. For all three samples in this test, the exposure time
was 5 s, and the only difference was the laser power. All the signatures of R6G at 610 cm ™,
770 cm™!, 1124 cm ™!, 1180 em ™!, 1309 cm !, 1361 em ™!, 1502 em ™!, 1535 cm ™!, 1572 em ™!,
1599 cm ™!, and 1649 cm ™!, together with the signature from silicon between 939 cm™!
and 980 cm !, were clear for sample S1, taken at the laser powers of 0.85 mW, 1.7 mW,
and 8.5 mW. When the laser power decreased to 0.17 mW, only a few main signatures of
610cm~1, 770 cm~1, 1180 cm !, 1361 cm ™!, 1502 cm !, and 1649 cm ! can be recognized,
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while other signatures were lost in the noise. For sample S2, all the signatures for R6G were
clear when taken at the laser powers of 0.85 mW, 1.7 mW, and 8.5 mW, respectively, but
for the curves taken at the laser power of 0.17 mW, all the signatures for R6G were lost in
the noise, in which they became difficult to distinguish. However, for the measurement of
sample S3, the laser power was decreased to 8.5 x 10~3 mW, 0.017 mW, 0.085 mW, and
0.17 mW, respectively, in which the biggest laser power was equal to the smallest laser
power in the test of sample S1 and S2. However, all the signatures of the R6G could still be
recognized for the tests taken at the laser powers 8.5 x 10~3 mW, 0.017 mW, 0.085 mW, and
0.17 mW. Compared with sample S1 and sample S2, the noise in the diagram for sample
S3 was much lower. For a further comparison, the Raman curves for all three samples S1,
S2, and S3 taken at the laser power of 0.17 mW were put in the same diagram in Figure 3d,
and the Raman curve for sample S3 taken at the lowest laser power 8.5 x 1073 mW was
added in the same diagram. The Raman counts for sample S3 taken at 0.17 mW and
8.5 x 1073 mW were divided by 40 and 3, respectively, in Figure 3d for using a smaller
scale to show the curves for sample S1 and sample S2 clearly. The signatures of R6G for
sample S3 at 0.17 mW and 8.5 x 1072 mW were clear and easy to recognize, while the
signatures of R6G for sample S1 (only a few main signatures can be recognizable) and
sample S2 were difficult to distinguish in the noise. The result indicated that, with the help
of the gold mirror, the sensitivity of the S3 in SERS was much improved.
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P=0.A7mW (3) Sample S1 (b) Sample S2 P=0.17mW
P=0.85mW 1500 P=0.85mW 1
£ 1500 P=1.7mW P P=1 7mW
= P=8.5mW = P=8.5mW
o o
(¥ | ¢y 1000
- 1000 c
[ B
5 s
| WM =
o L : : . . s P . s . . .
600 BOO 1000 1200 1400 1600 1800 600 80O 1000 1200 1400 1600 1800
Raman Shift (1/cm) Raman Shift (1/cm)
4
10
=0 T T T T : 800 T T T T T T
P=8.5e-3ImW (g} Sample 53 S1:P=0.17mW (d) Sample
257 P=0.017mW S2:P=0.17TmW 51452453
1n P=0.085mW 1 so0 53:P=8.5e-3mW 1
E 2+ P=0.17mW E S3:P=0.17TmW
g 8 140
- 151 = 400 | a0
g g S\
E 1t E
[ T /3
1.4 o 200
0.571
. D e i P
T T el e s — et 1 1 1 1 1 1
0
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800

Raman Shift (1/cm) Raman Shift (1/cm)

Figure 3. SERS measurement of R6G with a concentration of 1 x 10~° M with different samples. The laser excitation was
633 nm, exposure time was 5 s for all measurements in (a—d), and the objective was 50X. For (a,b), the measurement taken at
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different laser powers of 0.17 mW, 0.85 mW, 1.7 mW, and 8.5 mW. (a) Sample S1 5 nm evaporated gold thin film on silicon
substrate annealed at 600 C for 30 min. (AuNP/Si) (b) Sample 52 10 nm evaporated gold thin film on silicon substrate
annealed at 600 C for 30 min (AuNP/Si). (c) Sample S3 10 nm evaporated gold thin film on SiO, (10 nm) Au (100 nm) Cr
(2 nm) on flat sapphire substrate annealed at 600 C for 30 min (AuNP/SiO;, /Au/Sapphire). The measurement taken at the
different laser powers of 8.5 X 1073 mW, 0.017 mW, 0.085 mW, and 0.17 mW. (d) Comparison of Samples S1, S2, and S3 at
different laser power in the test. Sample S1 and S2 at p = 0.17 mW, S3 at p = 0.17 mW and p = 8.5 x 10~3 mW. The curve for
sample S3 at the laser power of 0.17 mW and 8.5 x 10~3 mW was divided by 40 and 3, respectively, for combination of the

four curves in the same diagram.
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Figure 4. SERS measurement of R6G = 1 x 10~% M with sample S3 at different laser powers and different exposure times.
The laser excitation for all (a—d) were 633 nm, and objective was 50X. Different exposure times at1s,3s,5s,7s,and 10 s
were set for each test. (a) The laser power was 8.5 x 103 mW; (b) the laser power was 0.017 mW; (c) the laser power was
0.085 mW; (d) the laser power was 0.17 mW.

Further study of sample S3 taken at different exposure timesat1s,3s,5s,7 s, and
10 s, for each laser power, was displayed in Figure 4. It was obvious that for Raman curves
taken at laser power 0.085 mW and 0.17 mW for all different exposure times, from 1 s
to 10 s, the signatures of R6G were easy to distinguish. For the one taken at laser power
0.017 mW, the Raman signatures of R6G were still recognizable at 1 s. For the lowest laser
power 8.5 X 1073 mW, the R6G signatures were obvious for exposure times of 3s,5s, 7 s,
and 10 s. Even when the exposure time decreased to 1 s, some main signatures of R6G
were still recognizable.
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Figure 5. FDTD simulation of single sphere gold nanoparticle on a silicon substrate (AuNP/Si) and single sphere
gold nanoparticle on silicon dioxide interception layer (10 nm) over a gold mirror (100 nm) on a sapphire substrate
(AuNP/SiO;, / Au/Sapphire). (a) Scattering cross section of a single sphere gold nanoparticle for model (AuNP/Si) depends
on sphere diameter and incident wavelength. (b) Maximum enhancement factor (/E/\/Eq/)* of a single sphere gold
nanoparticle for model (AuNP/Si) depends on sphere diameter and incident wavelength. (c) Scattering cross section of a sin-
gle sphere gold nanoparticle for model (AuNP/SiO, / Au/Sapphire) depends on sphere diameter and incident wavelength.
(d) Maximum enhancement factor (/E/\ /Eq/ Y ofa single sphere gold nanoparticle for model (AuNP/SiO,/Au/Sapphire)
depends on sphere diameter and incident wavelength. (e) Scattering cross section of a single sphere gold nanoparticle
for model (AuNP/Si) and model (AuNP/SiO;,/Au/Sapphire) depends on sphere diameter at an incident wavelength of
633 nm. (f) Maximum enhancement factor (/E/\ /Ey/)* of a single sphere gold nanoparticle for model AuNP/Si and model
AuNP/SiO; / Au/Sapphire depends on sphere diameter at an incident wavelength of 633 nm.
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Figure 6. FDTD simulation of randomly distributed gold nanoparticles on silicon substrate (AuNP/Si) and ran-
domly distributed gold nanoparticles on a silicon dioxide interception layer over a gold mirror on sapphire substrate
(AuNP/SiO,/Au/Sapphire). (a) Maximum enhancement factor (\E\ /\Eg\)* at incident wavelength 633 nm for each run
of model AuNP/Si and model AuNP/SiO,/Au/sapphire over an amount of 30 simulations, respectively. (b) Average
value of the maximum enhancement factor (\E\ /\Eg\)* depends on the incident wavelength over an amount of 30 sim-
ulations for model AuNP/Si and model AuNP/SiO;/Au/Sapphire, respectively. (c¢) Randomly selected enhancement
factor (\E\ /\Eg\)* at the foot of randomly distributed gold nanoparticles on the surface of a silicon substrate (at XY plane)
for model AuNP/Si with an incident wavelength of 633 nm. The color bar of the enhancement factor was in log scale
(log{ (\E\/\Eg\)*}). (d) Randomly selected enhancement factor (\E\/\Eq\)* image at the foot of randomly distributed
gold nanoparticles on the surface of the SiO, interception layer (at XY plane) for model AuNP/SiO,/Au/Sapphire with an
incident wavelength of 633 nm. The color bar of the enhancement factor was in log scale (log{(\E\ /\Eo\)*}).

3.3. FDTD Simulation Results for Modeling AuNP/Si and AuNP/SiO,/Au/Sapphire

The simulation result of a perfect single sphere gold nanoparticle for model AuNP/Si
and AuNP/SiO,/Au/Sapphire was displayed in Figure 5. The scattered cross section
for AuNP/Si and AuNP/SiO,/Au/Sapphire depended on the incident wavelength and
the diameter of the gold nanosphere, as shown in Figure 5a,c, respectively. The two
models showed a similar trend of the variation of the scattered cross section, depending on
nanosphere diameter and incident wavelength, but the detail distribution of the scattered
cross section was different to each other. It was observed that the gold nanospheres with
smaller diameters (almost under 100 nm) showed a smaller scattered cross section that was
lower than 1 x 10* nm? over the whole visible range. With the increase of the diameter,
the scattered cross section improved much, in that a large area in the image owned the
scattered cross section value approached or above 1 x 10* nm?. The maximum value of the
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scattered cross section at around 1 x 10° nm? was achieved in a small region with a larger
diameter and longer wavelength. The scattered cross section curve at incident wavelength
633 nm for the model AuNP/Si and AuNP/SiO;/Au/Sapphire was extracted out from
Figure 5a,c, and displayed in Figure 5e. The curve for the model AuNP/5iO,/Au/Sapphire
showed a larger scattered cross section over the model AuNP/Si among 100 nm to 150 nm,
which means that more light power was scattered by the gold sphere nanoparticle, and it
therefore contributed to the enhancement of Raman signatures, rather than being absorbed
by the metallic nanostructure on the substrate. The maximum enhancement factor of the
scattered field depended on the diameter of the gold sphere nanoparticle, and the incident
wavelength for the model AuNP/Si and model AuNP/SiO,/Au/Sapphire was displayed
in Figure 5b,d, respectively. The highest maximum enhancement factor for the model
AuNP/Si happened in a small region that, with a long incident wavelength and a big
diameter, covered the diameter range from 150 nm to 350 nm and the incident wavelength
range from 680 nm to 800 nm. By contrast, for model AuNP/SiO,/Au/Sapphire, the
highest maximum enhancement factor was located in a triangle region in the image that
covered the diameter range from 75 nm to 350 nm and the incident wavelength from
700 nm to 800 nm. The maximum enhancement factor value at an incident wavelength of
633 nm was extracted from Figure 5b,d and displayed in Figure 5f. It was evident that the
maximum enhancement factor for model AuNP/SiO,/Au/Sapphire (8.3 x 10°) was about
5.7 times of that for model AuNP/Si (1.444 x 10°) in case the diameter was 114 nm. In the
diameter range between 99 nm and 139 nm, the maximum enhancement factor for model
AuNP/SiO2/Au/Sapphire was higher than that of model AuNP/Si. The peak value of the
maximum enhancement factor 4.238 x 10° for model AuNP/Si at an incident wavelength
of 633 nm appeared at a diameter of 78 nm, and it quickly decreased one order in the case
of the diameter smaller than 66 nm or larger than 139 nm. The simulation result of models
AuNP/Si and AuNP/SiO,/Au/Sapphire can support the performance of sample S1, S2,
and S3 in Raman microscopy.

For a calculation to be closer to practical distribution of the gold nanoparticles on a
silicon substrate and on the SiO, spacer over an Au mirror sitting on a sapphire substrate,
a further simulation used the Gaussian function (mu = 128.581 nm, sigma = 37.9788) ex-
tracted out from Figure 2¢,d to describe the distribution of gold nanoparticles for model
AuNP/Si and model AuNP/SiO,/Au/Sapphire in a small area of 1.6 pmx1.2pm. The
PML boundaries of six planes vertical to the X, Y, and Z axis, respectively, were kept
at a distance of one wavelength from the edge of the simulation objects. An amount
of 30 simulations for both model AuNP/Si and model AuNP/SiO,/Au/Sapphire were
implemented, and for each simulation, the distribution of the gold nanoparticles was
generated randomly with the same statistic function, where the result was displayed in
Figure 6. The bar diagram in Figure 6a presented the maximum enhancement factor for
each simulation, corresponding to model AuNP/Si and model AuNP/SiO,/Au/Sapphire
with an incident wavelength of 633 nm, while the average value of the maximum en-
hancement factor, that dependent on the incident wavelength for model AuNP/Si and
model AuNP/SiO;/Au/Sapphire, was displayed in Figure 6b. Though the maximum
enhancement factor at an incident laser wavelength of 633 nm for each simulation of
model AuNP/Si and AuNP/SiO,/Au/Sapphire was quite different to each other for a
randomly generated distribution of gold nanoparticles, over a large amount of the simula-
tions implemented for both models, model AuNP/SiO,/Au/Sapphire showed a higher
maximum enhancement factor than that of model AuNP/Si from Figure 6a. It was obvious
in Figure 6b that model AuNP/SiO,/Au/Sapphire had an advantage on the enhancement
of the scattered field over model AuNP/Si among the visible range between 400 nm and
800 nm. Additionally, model AuNP/SiO;/Au/Sapphire (the average maximum enhance-
ment factor was 2.37 x 10° at 633 nm) had an average maximum enhancement factor that
was 12 times over that of model AuNP/Si (the average maximum enhancement factor
was 1.968 x 10° at 633 nm) at an incident wavelength of 633 nm, which supported the test
result with the Raman microscopy in Figure 3. Further, a randomly selected enhancement
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factor (\E/E0\*) image at the XY plane located at the foot of randomly distributed gold
nanoparticles with an incident wavelength of 633 nm among the 30 simulations for model
AuNP/Si and model AuNP/SiO,/Au/Sapphire was displayed in Figure 6¢,d respectively.
The incident light was injected toward the substrate (-Z axis) that was vertical to the XY
plane, with a polarization direction parallel to the X axis. The color bar in Figure 6¢, d
was in log scale. From both images, the higher enhancement factor of the scattered field
happened at the points that were close to the gold nanoparticles (or named as “hotspots”),
and it decayed rapidly with the distance from the gold nanoparticles, thus a high density
of gold nanoparticles, especially with more nanoparticles at an optimized size and illumi-
nated under optimized incident laser wave, was critical for a higher enhancement of the
scattered field.

4. Conclusions

We demonstrated that the gold nanoparticles-insulator-metal sandwich layers struc-
ture on the sapphire substrate had the advantage over the gold nanoparticles on the surface
of silicon substrate for high sensitivity detection of R6G molecules in Raman microscopy,
experimentally. The combination of the local surface plasmonic resonance from the gold
nanoparticles and the surface Plasmon Polariton from the gold mirror led to further en-
hancement of the signatures from the molecules, thus resulting in an improved sensitivity
in detection of molecules. Our simulation work based on the FDTD method calculated
the scattered cross section, the maximum enhancement factor of a single nanosphere gold
nanoparticle on a silicon substrate (AuNP/Si), and a single nanosphere gold nanopar-
ticle on a silicon dioxide spacer (10 nm) over a gold mirror on a sapphire substrate
(AuNP/SiO,/ Au/Sapphire), and the result showed that model AuNP/5iO,/Au/Sapphire
had an advantage on enhancing the scattered field more than AuNP/Si at an incident
wavelength of 633 nm. Considering the influence of the distribution of gold nanoparticles,
the Gaussian distribution extracted from an SEM image was used to generate the randomly
distributed gold nanoparticles, and it implemented the simulation over 30 times for model
AuNP/Si and model AuNP/SiO;,/Au/Sapphire, respectively. In each simulation, the
distribution of the gold nanoparticles was different from the others, but they followed the
same statistic law. The result showed that model AuNP/SiO,/Au/Sapphire was better
for magnification of the scattered field than model AuNP/Si among the visible region
(400~800 nm), with a higher average maximum enhancement factor. With an incident
wavelength of 633 nm that was used in the Raman microscopy in this experiment, the
model AuNP/SiO,/Au/Sapphire showed an average maximum enhancement factor that
was 12 times over the model AuNP/Si, which supported our experiments for the Raman
microscopy of R6G on corresponding substrates.
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