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We demonstrate a surface enhanced Raman scattering (SERS) substrate by integrating plasmonic-

active SiO2 nanotubes into Si3N4 gratings. First, the dielectric grating that is working under guided

mode resonance (GMR) provides enhanced electric field for localized surface plasmon polaritons

on the surface of metallic nanoparticles. Second, we use SiO2 nanotubes with densely assembled

silver nanoparticles to provide a large amount of “hot spots” without significantly damping the

GMR mode of the grating. Experimental measurement on Rhodamine-6G shows a constant

enhancement factor of 8� 10 in addition to the existing SERS effect across the entire surface of

the SiO2 nanotubes. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4714710]

Surface enhanced Raman scattering (SERS), which was

discovered 35 years ago,1,2 has demonstrated single-mole-

cule-detection capability3–5 and is becoming intensively

investigated6–10 due to its significant potential in chemical

and medical applications. Although a peak enhancement fac-

tor (EF) as large as 1014 can be generated from the random

“hot spots” that are created on metallic nanoentities,3 the

density of such “hot spots” is extremely low, and this makes

the single-molecule-detection event unpredictable. There-

fore, a comprehensive enhancement mechanism that can pro-

vide a universal increase of the Raman signal intensity

across the entire substrate is highly desirable for biomolecule

detection. In recent years, innovative approaches using

guided mode resonance (GMR)11–14 to enhance the already

strong localized surface plasmon polaritons (LSPPs) of the

metallic nanoparticles were proposed and demonstrated to

further increase the SERS signals. However, it requires pre-

cise placement of rationally designed metallic nanoentities

onto the dielectric gratings, either by e-beam lithography11

or by the separation of SiO2 nanopillars.13 The reason for

these costly processes is that directly dispensing a large

amount of metallic nanoparticles on top of dielectric grating

will damp the resonant mode and inherently weaken the

SERS EFs. Using e-beam lithography to create a rationally

designed metallic structure with finite size, or using SiO2

nanopillars to spatially separate the metallic nanoparticles

with the GMR grating, will balance the optical coupling and

the energy consumption between the GMR and the LSPP

modes.

In this work, we design and fabricate a Si3N4 grating on

SiO2 substrate providing a low quality (Q)-factor GMR

enhancement of 3� 4 over 15 nm bandwidth centered at

532 nm wavelength, which can effectively compensate the

device fabrication variations and ease the precise require-

ment for the excitation wavelength due to its low sensitivity

to phase change. In order to maintain a good coupling

between the GMR and the LSPP modes, SiO2 nanotubes

with densely assembled silver nanoparticles are sparsely

coated on the Si3N4 grating. Because of the small diameter

of 450 nm, the SiO2 nanotubes only deliver a limited amount

of silver nanoparticles that are closely coupled to the grating,

thus minimizing the metal absorption to the GMR mode

while still providing sufficient amount of “hot spots” for

SERS sensing. Compared with e-beam lithography or glanc-

ing-angle-deposition patterned substrate, these plasmonic-

active SiO2 nanotubes can be chemically synthesized in large

quantity with low cost, and directly coated on the grating

surface. Here each individual SiO2 nanotube is an assembly

of densely packed “hot spots,” which can provide a constant

and stable enhancement in addition to existing SERS effect.

As shown in the inset picture of Fig. 1, the GMR grating

consists of a thin layer of Si3N4 grating with thickness of

t¼ 300 nm, which is deposited on a SiO2 substrate. The gra-

ting period is P¼ 340 nm and the grating width is

w¼ 185 nm. Neglecting the material dispersion, the refrac-

tive indices of Si3N4 and SiO2 are 2.03 and 1.461 at 532 nm

wavelength, respectively. The electric field distribution of a

normal incident transverse-magnetic (TM) wave at 532 nm

wavelength is calculated by rigorous coupled wave analysis

(RCWA) method.15 The maximum electric field is 4-times

the intensity of the incident light and concentrates in the

upper area of the air gaps between the Si3N4 waveguides.
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To investigate how the resonant mode interacts with me-

tallic LSPPs, we use the RF module from COMSOL 3.5a to

numerically compare different SERS substrates. A surface

normal constant wave (CW) laser with 2 lm Gaussian width

is used as the excitation light. The first SERS substrate is

based on a GMR grating with the aforementioned parameters

but without any metallic nanoparticles. We choose the maxi-

mum electric field point as the monitoring site. For the sec-

ond SERS substrate, we use a flat Si3N4 substrate and place a

silver nanoparticle dimer on top of it. The diameter of the sil-

ver particles is 25 nm and the gap between them is 1 nm. The

maximum electric field is in the center of the gap. The last

SERS substrate is designed by placing the same silver nano-

particle dimer on top of the GMR grating with the lower sur-

face of the dimer aligned to the top surface of the Si3N4

waveguides. This position configuration is very similar to

our experimental setup with SiO2 nanotubes being placed on

top of the GMR grating. However, there is a misalignment

between the peak electric field positions of these two struc-

tures due to geometric conflict. Again, the maximum electric

field is found to be in the gap of the dimer. Fig. 2 shows the

electric field enhancement (E/E0, where E0 is the peak elec-

tric field of the incident light) as a function of wavelength

for the three SERS substrates. The enlarged view of the elec-

tric field distribution of the silver dimer on top of the GMR

grating is shown in the inset picture as well. The peak EFs

are found to be 35.

The effect of the distribution and the number of nano-

particles to SERS EFs on a flat substrate has been investi-

gated.16,17 However, the actual interaction between the LSPP

and the GMR modes and the impact to SERS EFs are not

reported yet. Comparing with nanoparticles on a flat sub-

strate, the electric field enhancement of nanoparticles on

GMR grating is more complex. On one hand, having more

plasmonic nanoparticles on the grating not only creates more

“hot spots,” but also enhances the LSPPs due to the near field

coupled plasmon resonance of the chain,18 which results in

the enhancement of the total Raman signals. On the other

hand, plasmonic nanoparticles can absorb photon energy and

damp the coupling between the LSPP and the GMR modes,

which is detrimental to SERS signals. In this paper, we quan-

titatively investigate interactions between these two optical

modes via numerical simulation, which can guide our experi-

mental research. Our simulation is based on a simplified

model of one-dimensional silver nanoparticle chain

assembled on the surface of the GMR grating, and the SERE

EF is calculated based on the well-known electromagnetic

model: the SERS enhancement is proportional to jEj4.6 We

need to consider two extreme cases for the actual SERS mea-

surement. In the first case, the molecule concentration is

extremely low. Within the laser spot, there is only one mole-

cule and multiple hot spots. Hence, the SERS EFs are deter-

mined by the electric field in a single hot spot assuming that

the molecule can be trapped in that specific gap. In the sec-

ond case, the molecule concentration is relatively high.

Within the laser spot, there are multiple hot spots and each

hot spot has attracted one molecule. Therefore the total

SERS signals are determined by
P
jEij4, where Ei is the

electric field in each hot spot. Assuming that we can collect

all the Raman signals from every hot spot, we are actually

using the total Raman signals to evaluate the SERS substrate.

We plot both the peak electric field in the gap (corresponding

to the first case) and the total Raman signals (corresponding

to the second case) with respect to the number of silver nano-

particles as shown in Fig. 3, which indicates that there is an

optimal number for the silver nanoparticles which can pro-

vide the strongest SERS signals. We can see that as the num-

ber of nanoparticles increases from 1 to the optimal number

(for maximum electric field, the optimal number is 6; and for

maximum Raman signals, the optimal number is 7), both the

peak electric field and the total Raman signals increase. For

example, E/E0 increases from 35 for a dimer with 2 silver

nanoparticles to 80 for an array with 6 silver nanoparticles.

One key point here is that the electric field distribution in the

gaps of the nanoparticle chain is not uniform. The central

gap has higher electric field than the edged gaps, as the top

inset pictures of Fig. 3 show. This simulation results agree

with those for silver nanoparticles in free space.18 In the

meanwhile, adding more nanoparticles will create more hot

spots, and the total SERS signals will increase even faster

than jEj4. However, after reaching the optimal number of 6,

the electric field starts to decrease. Although the number of

hot spots keeps increasing, the total Raman signals quickly

starts to drop as it is proportional to jEj4.

Two major fabrication steps are required for the

designed SERS substrate. The SiO2 nanotubes with densely

assembled silver nanoparticles are fabricated via rational

FIG. 1. Schematic of the proposed GMR grating and the simulated TM

mode electric field distribution at the 532 nm resonant wavelength.

FIG. 2. Electric field enhancement of different SERS substrate at the wave-

length range from 500-600 nm.
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chemical synthesis and the process is briefly discussed here.

First, silver nanowires with controlled diameters and lengths

are fabricated via electro-deposition into nanoporous tem-

plates;19 Second, the nanowires are used as templates for the

synthesis of SiO2 nanotubes; Then, a layer of SiO2 with con-

trolled thickness is uniformly coated on the outside surface

of the nanowires; Next, the silver segments are selectively

etched by nitric acid (8M), resulting in the hollow SiO2

nanotubes; Finally, a large amount of silver nanoparticles are

uniformly synthesized on the entire surface of the SiO2 nano-

tubes with controlled sizes and gaps for SERS sensing.

Detailed fabrication procedures of the plasmonic-active SiO2

nanotubes will be given in Ref. 20. These nanotubes are

inspected by scanning electron microscopy (SEM). On the

outer surface of the nanotubes, high density silver nanopar-

ticles are found to be uniformly coated as shown in Fig. 4(a).

The SiO2 nanotubes have average diameters of 450 nm and

lengths of 8 lm. The silver nanoparticles are semi-spherical

with diameters of 24.9 6 7.7 nm, and the mean gap sizes

between the neighboring nanoparticles are controlled to be

less than 1 nm. Although the nanoparticles are densely

arranged, overlap among nanoparticles is rarely found. As a

result, the entire surfaces of the nanotubes are active for

SERS sensing due to the large amount of “hot spots” from

the densely arranged silver nanoparticles. In the next step,

we fabricate the GMR Si3N4 grating by e-beam lithography

and ion etching. A 300 nm silicon nitride layer is grown by

low pressure chemical vapor deposition (LPCVD) on a

1.5 lm field silicon oxide layer on top of a silicon wafer. The

pattern of the GMR grating is written by e-beam photolithog-

raphy. Then a 20 nm thick nickel layer is deposited by evap-

oration, and followed by a lift-off process. The nickel pattern

is used as a hard mask to etch the nitride layer down to the

buried oxide by reactive ion etching (RIE). Finally, the

nickel residue is removed by chemical wet etching. Fig. 4(b)

shows the SEM picture of the fabricated Si3N4 grating.

Rhodamine 6G (R6G), a standard SERS characterization

dye, is selected as the detection probe. In the first experi-

ment, we only use the GMR grating (without any plasmonic

nanotube) to evaluate the grating effect. The R6G molecules

are dispersed in ethanol with a very high concentration of

5 mM. A confocal Raman microscope equipped with a 532

nm laser is used for Raman spectroscopy measurement. The

integration time is set at 1 s. Raman signals of 5 mM R6G

from the flat Si3N4 substrate (blue) and the Si3N4 GMR gra-

ting (green) are plotted in Fig. 5. Although the measured

Raman spectrums are quite noisy due to the extremely weak

FIG. 3. Total Raman signals and peak electric field

in the gap as a function of the number of the

nanoparticle.

FIG. 4. (a) SEM picture of the plasmonic-active SiO2 nanotubes with

densely assembled silver nanoparticles. (b) SEM picture of the Si3N4 GMR

grating.
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signals, the peak Raman shift at 1370 cm�1 is enhanced by

3.2 times, which clearly proves the electric field enhance-

ment of the GMR grating.

In the second testing, we include the plasmonic-active

SiO2 nanotubes for SERS characterization. The R6G concen-

tration is reduced to 1 lM, which can still form a monolayer

that has enough concentration for molecule trapping in every

hot spot. The laser spot size is 2 lm, which can be focused

on any specific position of a single nanotube along its longi-

tudinal direction. Within the laser spots, there are approxi-

mated 1000 hot spots that can contribute to Raman sensing.

In each measurement, there is only one plasmonic-active

SiO2 nanotube within the range of the laser spot. Fig. 6

shows the measured 1 lM R6G SERS signals from a SiO2

nanotube on the flat Si3N4 substrate (blue) and from a SiO2

nanotube on the Si3N4 GMR grating (green), respectively.

The inset picture shows the 1000� optical microscope image

of the Si3N4 grating with sparsely dispersed plasmonic-

active SiO2 nanotubes. For various signature Raman shift

peaks between 500/cm�1 to 1800/cm�1, the absolute inten-

sity of the Raman signals is simultaneously enhanced by

8� 10 times. Since GMR grating increases the local electric

field of the excitation light, it is not surprising to find that the

noise signals that contain fluorescence and Raman spectra of

various trace amounts of chemicals also increase with the

electric field,21 and thus be amplified. Here, we note that the

noise from fluorescence is proportional to E2 and the noise

from Raman signals is approximately proportional to E4. As

a result, both Raman signals from R6G and their noises can

be enhanced by the GMR grating. Also, our further charac-

terization shows that EFs are constant and stable across the

whole surface of the plasmonic-active SiO2 nanotube. The

absolute SERS EFs from the combined GMR grating and

SiO2 nanotubes are majorly determined by the plasmonic

enhancement from the nanoparticles, which can be tuned by

their diameters and gap sizes, as the LSPPs can provide a

much stronger electric field enhancement than the GMR gra-

ting does.20 The interesting phenomenon we observe here is

that the GMR grating can provide 3.2�EFs on a pure dielec-

tric substrate as shown in Fig. 5, while 8� 10�SERS EFs

with plasmonic nanotubes in Fig. 6. This difference is possi-

bly due to the measurement errors of extremely weak Raman

signals without plasmonic nanotubes.

In conclusion, we have numerically investigated and

experimentally demonstrated a SERS substrate comprised of

Si3N4 GMR grating with plasmonic-active SiO2 nanotubes,

where densely grown silver nanoparticles provide a large

number of “hot spots” for SERS sensing. Such rationally

designed SiO2 nanotubes can deliver an optimal amount of

metallic nanoparticles to the Si3N4 grating to achieve suffi-

cient LSPPs without significantly damping the GMR modes.

Experimental measurement of R6G confirms that the SERS

substrate can provide a constant and stable EFs of 8� 10

across the entire nanotube surface in addition to the existing

SERS effect. As a new enhancement mechanism to SERS

technology, the GMR grating coupled surface plasmonic

resonance (SPR)-active nanotubes demonstrated in this paper

proves that resonant photonic devices can indeed serve as an

effective substrate to increase the sensitivity of Raman spec-

troscopy. Such highly sensitive SERS substrate will have

significant potentials in early disease diagnostics, chemical

detection and environmental protection.22,23
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