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With a view to biomedical and environmental applications, we investigate the plasmonic properties

of a rectangular gold nanodisk array in water to boost surface enhanced Raman scattering (SERS)

effects. To control the resonance wavelengths of the surface plasmon polariton and the localized

surface plasmon, their dependence on the array period and diameter in water is studied in detail

using a finite difference time domain method. A good agreement is obtained between calculated

resonant wavelengths and those of gold nanodisk arrays fabricated using electron beam

lithography. For the optimized structure, a SERS enhancement factor of 7.8� 107 is achieved in

water experimentally. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4883743]

Surface enhanced Raman scattering (SERS) is strongly

enhanced Raman scattering from molecules adsorbed on the

surface of metallic nanostructures that exhibit local surface

plasmon resonances. SERS has received considerable atten-

tions in recent years because of its high sensitivity down to

the single-molecule detection limit in specific molecules.1–3

The enhancement mainly arises from enhanced local electro-

magnetic (EM) fields due to surface plasmon resonances.4

Additionally, chemical interactions between adsorbed mole-

cules and metallic nanostructures may provide an additional

enhancement due to charge transfer between metal and mole-

cules. Because of its high sensitivity, SERS is a promising

powerful tool for biomedical and environmental sensing,

e.g., blood glucose detection,5 virus detection,6 arsenic

detection in contaminated water,7 and the detection of chem-

ical pollutants in sea-water such as polycyclic aromatic

hydrocarbon.8

The enhancement factor (EF) of SERS depends on EM-

field intensities at excitation and detection wavelengths.4,9

To maximize EFs, EM-field intensities at both excitation and

detection wavelengths should be strongly enhanced. A

double-resonance substrate has been proposed and demon-

strated as one of the most promising structures to achieve

maximized intensities at both excitation and Raman

wavelengths.10–14 In general, a double-resonance substrate

consists of an array of gold (Au) nanoparticles or nano-disks

and a continuous gold film separated by a dielectric spacer.

It supports surface plasmon polaritons (SPPs) and localized

surface plasmons (LSPs) simultaneously. SPPs and LSPs are

strongly coupled and two hybridized modes are observed.13

By tuning the structural parameters, a double-resonance sub-

strate provides a SERS EF of 8.4� 108 in air for a silver

arrays and 7.2� 107 in Au nano-disk arrays.13

For biomedical and environmental applications of

SERS, excitations in the near infrared (NIR) region are suita-

ble because of the smallness of the interaction of NIR light

with biological media.5,14–16 In many applications, e.g.,

in-situ detection of biomolecules,17,18 blood glucose meas-

urements,19 pharmaceutical chemicals detection in water,20

and aromatic chemical detection in sea water,21 SERS is

measured in water. In this Letter, we first calculate the elec-

tric field for a model representing double-resonance sub-

strates, based on Au nano-disk arrays placed in water, by a

finite-difference time-domain (FDTD) method to match the

grating constant of the nano-disks array to excite SPPs in

water and to tune the diameter of Au nano-disks for control-

ling the LSP resonance wavelength by taking into account

the refractive index of water. From calculation results, we

fabricated double-resonance substrates using electron beam

lithography. We show that tuning of the interaction between

SPPs and LSPs by controlling the pitch of the Au nano-disk

in the directions parallel and perpendicular to the polariza-

tion of the excitation light results in an EF as large as

7.8� 107 in the NIR region in water.

Figure 1(a) shows a schematic illustration of a double-

resonance substrate. An Au nano-disk array is formed on an

Au film with a SiO2 spacer. A thin titanium (Ti) film

between the Au film and a quartz substrate serves as adhe-

sion layer. For the preparation of the structure, a quartz sub-

strate was cleaned in a sulfuric acid/hydrogen peroxide

solution (H2SO4 (96%):H2O2 (30%)¼ 3:1) for 15 min fol-

lowed by an oxygen plasma treatment. Ti(10 nm),

Au(100 nm), and silicon dioxide (SiO2) (30 nm) layers were
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sputtered onto the cleaned substrate. A 200 nm polymethyl

methacrylate (PMMA) resist layer was then spin-coated onto

the substrate and nanodisk arrays were exposed by electron

beam lithography. Development of the PMMA resulted in

the formation of nanohole arrays in the PMMA layer. Au

(30 nm) was then deposited to form nanodisks inside the

holes. Finally, the PMMA layer was lifted off in acetone at

50 �C. Figure 1(b) shows a scanning electron microscope

image of an Au nanodisk array. The overall size of the gold

disk array is 100� 100 lm [Fig. 1(b)].

The optical response of the structure was calculated by a

FDTD method (FDTD solutions, Lumerical Solutions, Inc.,

Vancouver, Canada). A metallic nanodisk array was illumi-

nated with a plane wave at normal incidence, which propa-

gates in the k-direction [Fig. 1(a)]. The electric field E was

directed along the x-direction; see Fig. 1(a). Periodic bound-

ary condition was used. The simulation region was

Px�Py� 1920 nm3 with a non-uniform mesh, where Px and

Py were the nanodisk pitches in x- and y-directions, respec-

tively, in Fig. 1(a). For fine simulations around the nano-

disks, 200� 200� 1920 nm3 regions were calculated with a

mesh size of 2 nm. The thickness of the quartz substrate was

set to 2000 nm, and those of the SiO2, Ti, and Au films were

30, 10, and 100 nm, respectively. The height of the Au

nano-disk was 30 nm. Px and Py were changed from 540 to

630 nm and from 200 to 400 nm, respectively. The refractive

index of the background was set to 1.33 (water) and those of

other materials were obtained by fitting the empirical Au,22

SiO2,23 and Ti24 dispersion data with Lumerical’s

multi-coefficient model.25

To measure the reflectance and SERS in water, the

double-resonance substrates were mounted in a home-made

flow cell with a 1-mm-thick cavity. Water was sent into the

cell by a peristaltic pump. For reflectance measurements,

10� objective (numerical aperture (NA): 0.2) was used for

irradiation and detection. The polarization of the incident

light was set parallel to the x-direction in Fig. 1(a). An area

without nano-disks, i.e., a SiO2-coated Au film, was used as

a reference. For SERS measurements, 4-aminothiophenol

(4-ATP) was employed as a Raman probe. A monolayer of

4-ATP molecules was adsorbed onto nano-disks by soaking

in a 1 mM ethanol solution overnight. Raman spectra were

excited via 10� objective (NA¼ 0.2) using a 785-nm diode

laser (2.5 mW) and recorded by a LabRam HR 800 spec-

trometer (Horiba Jobin Yvon). Raman peaks in the

600–1800-cm�1 region, corresponding to wavelengths

824–915 nm, were studied.

Figure 2(a) presents a contour plot of calculated reflec-

tance as a function of Px and the wavelength. Py and the

nano-disk diameter are set to 300 nm and 130 nm, respec-

tively. Two modes corresponding to SPP and LSP can be

seen. SPP shifts to shorter wavelengths as Px decreases. This

occurs as a result of the matching of wave vectors for light

and SPP (kspp). In the double-resonance structure, kspp is

inversely proportional to Px, specifically 2p/Px.26 Fig. 2(a)

indicates that the largest enhancement of the excitation field

(785 nm) in water is achieved when Px is 580 nm. Similar

data, when Py is changed, are shown in Fig. 2(b). Px and the

nano-disk diameter are set to 580 nm and 130 nm, respec-

tively. The SPP resonant wavelength is almost independent

of Py, whereas that of the LSP moves to longer wavelength

FIG. 1. (a) Schematic illustration of double-resonance gold nano-disk array

substrate. (b) Scanning electron micrograph of a gold nano-disk array.

FIG. 2. Contour plots of calculated re-

flectance as functions of (a) Px and

wavelength (Py¼ 300 nm, diameter

¼ 130 nm), (b) Py and wavelength

(Px¼ 580 nm, diameter¼ 130 nm), and

(c) diameter and wavelength

(Px¼ 580 nm, Py¼ 300 nm). (d)

Contour plot of experimentally

obtained reflectance as a function of

diameter and wavelength (Px¼ 580 nm

and Py¼ 300 nm).
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and becomes broader as Py decreases. This is because of the

coupling between neighboring nano-disks in the y-direction,

and resultant damping of the LSP resonance.27

Figure 2(c) shows a contour plot of calculated reflec-

tance in water as a function of diameter (80–145 nm) and the

wavelength. Px and Py are set to 580 nm and 300 nm, respec-

tively. The anti-crossing behavior is clearly seen.12

Figure 2(d) shows experimentally obtained reflectance for

the structure in Fig. 1(b). The experimental and calculated

results agree very well except for a small reflection dip

around 820 nm in the experimental data. This is caused by a

SPP grating mode excited by z-polarization of the nano-disk

illuminated under angled incident light.12 A slight broaden-

ing of the experimental data compared with calculated values

is also caused by this angled illumination.13 The overall

agreement between experimental and calculated results indi-

cates that the double-resonance structure has been fabricated

as designed with high accuracy.

Figures 3(a) and 3(b) present cross-sectional images of

the electric field distribution at 785 and 879 nm, respectively.

For the calculation, Px and Py are set to 580 and 300 nm,

respectively, and the diameter and height of a nano-disk set

to 130 and 30 nm, respectively. For both resonances, the

electric field is significantly enhanced near the Au nano-disk.

Furthermore, over the nano-disk, a large extensive evanes-

cent field, which is a characteristic of SPP, is observed in

Fig. 3(a).13

Figure 3(c) shows a contour plot of the electric field in-

tensity at the position 2 nm above and 1 nm away from the

edge of Au nanodisk (inset) as a function of Py and the diam-

eter. The electric field at the SPP resonance wavelength

(�785 nm) and the LSP resonance one (�880 nm) is strongly

enhanced especially when Py is relatively large. When Py is

relatively small, e.g., smaller than �300 nm, the field

enhancement becomes small. This arises from the coupling

between neighboring nanodisks, which leads to damping of

surface plasmon resonances.28 Figure 4(a) shows SERS

spectra of 4-ATP on the double-resonance substrates with

Px¼ 580 nm and Py¼ 300 nm (upper part). The nano-disk di-

ameter is changed from 100 nm to 143 nm. For comparison,

a normal Raman spectrum of 100-lm-thick 4-ATP formed

by melting by heat and re-crystallizing by cooling is shown

FIG. 3. Simulated electric field distribu-

tions for the structure with Px¼ 580 nm,

Py¼ 300 nm, and d¼ 130 nm at (a)

785 nm (SPP resonance) and (b) 879 nm

(LSP resonance). (c) Contour plot of

electric field intensity as functions of Py

and wavelength (Px¼ 580 nm).

FIG. 4. (a) (Top panel) SERS spectra of

4-ATP on double-resonance nano-disk

array substrates (Px¼ 580 nm and

Py¼ 300 nm). For the spectra, the diam-

eter changes from 100 to 143 nm.

(Bottom panel) Normal Raman spec-

trum of 100 lm thick 4-ATP film. (b)

Reflectance spectra corresponding to

(a). (c) SERS spectra as Py changes

from 300 nm to 580 nm (Px¼ 580 nm

and diameter¼ 130 nm). (d) Reflectance

spectra corresponding to (c).
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at the bottom. The Raman signals at 1004, 1081, 1140, 1178,

1439, 1490, and 1589 cm�1 correspond to the vibration

modes of cCCþcCCC 18a(a1), �CS 7a(a1), dCH 9b(b2), dCH

9a(a1), �CCþdCH 19b(b2), �CCþdCH 19a(a1), and �CC 8a(a1),

respectively.29 The Raman signals are strongly enhanced on

the double-resonance substrates. As the diameter of

nano-disks increases, the Raman signal at 1589 cm�1 with

respect to that at 1080 cm�1 increases. This can be explained

by the red-shift of the LSP resonance as diameter increases,

as can be seen in the reflectance spectra in Fig. 4(b). The

Raman signal at 1080 cm�1 is strongest when the diameter is

130 nm, arising through the almost exact coincidence of SPP

and LSP resonance wavelengths with the excitation and

Raman wavelengths.

In Figure 4(c), SERS spectra when Py is changed from

300 nm to 580 nm and Px and the diameter are fixed to

580 nm and 130 nm, respectively, are presented. The reflec-

tance spectra of the same samples are shown in Fig. 4(d).

The SERS signals monotonically increase with decreasing

Py, which is accompanied by a deepening in the reflectance

dip in Fig. 4(d). These results indicate that the energy of the

incident light is more effectively confined when Py is

smaller. However, this is not consistent with the result of the

electric field simulation in Fig. 3(c). In the simulation, the

field enhancement is the largest when Py is 580 nm and

decreases as Py decreases. Since SERS EF is considered to

be proportional to the EF of the electric fields at the excita-

tion and Raman wavelengths,4,9 the simulation suggests the

largest Raman EF when Py is 580 nm. The reason for the dis-

crepancy is not very clear at present, but may be caused by

slightly different parameters between simulation and experi-

ment,30 e.g., incident angle and imperfection of the structure.

The SERS EF averaged over a laser spot is defined as

EF¼ (ISERS/NSERS)/(INR/NNR),4 where ISERS and INR are the

intensities of a specific Raman line for SERS and normal

Raman scattering, respectively. NSERS and NNR are the num-

ber of molecules in the laser spot for SERS and normal

Raman scattering, respectively. In the present structure,

NSERS is calculated as NSERS¼ qs SgoldA/(Px�Py), where qs

is the 4-ATP surface packing density, Sgold is the surface

area of one gold nanodisk, and A is the laser spot area.12

NNR is calculated using the volume density and molecular

weight of 4-ATP, and the laser illumination volume, which

is defined by the laser spot size and the penetration depth of

the spot.31 The volume density, molecular weight, and

surface packing density are 1180 kg/m3, 125.19, and

5� 1014/m2,31 respectively. The average EF obtained for the

optimized double-resonance substrate (Px: 580 nm, Py:

300 nm, diameter: 130 nm) in water is 7.8� 107. This value

is among the highest in SERS substrates intended for use in

biomedical and environmental applications.32

In conclusion, through FDTD simulations and experi-

ments, we have studied optimizing conditions to enhance

responses of a double-resonance nano-disk array for NIR

SERS in water. We showed high tunability of the SPP and

LSP resonance wavelengths by changing the pitch and diam-

eter of Au nano-disks. By the optimization of the SPP and

LSP resonance wavelengths, a maximum averaged NIR

SERS EF of 7.8� 107 can be achieved in water. We believe

that SERS substrates of double-resonance nanodisk arrays

can be used in biomedical or environmental applications that

require SERS measurements in water in the NIR region.
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