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Abstract. A new type of sensing structure which is composed of a Gaussian-shaped and
double-side unsymmetrical metallic nano-grating is presented.The reflectance spectra as
functions of incident wavelengths in various refrective index conditions are analyzed by means
of multiple multipole program (MMP) method. Our numerical simulation results show that the
refractive index sensitivity (RIS) ~680 nm/RIU and the full-width at half-maximum
(FWHM) ~3.5 nm can be obtained. The figure of merit (FOM) is over 190 RIU™. The resonant
wavelength increases almost linearly with increasing of the refractive index of samples. These
reflection properties not only give an insight into the physical mechanisms of the double-side
unsymmetrical gratings, but also make this kind of nano-gratings more suitable to be used in
the surface plasmon resonance (SPR) sensors.

1. Introduction

Free electron charges on the boundary of a metallic nanostructure can perform coherent fluctuations
which are called surface plasmon resonance (SPR).For a certain frequency range of the exciting field,
a complex resonant behavior can occur with strongly enhanced near-field and strong absorption of the
electromagnetic waves [1-2]. SPR is highly sensitive to refractive index variation of the surrounding
materials. These properties of SPR make the metallic nanostructures very popular for the application
of sensing [3].

An approach with metallic nano-gratings incorporated into the SPR sensors has been proposed in
recent years[4]. Use of metallic nano-gratings can enhance the refractive index sensitivity (RIS) by
spectrum shifting of the peak resonant wavelength. Fortunately, focused ion beam milling (FIBM)
technique provides a practical approach for fabrication of the nano-gratings [5-7]. The FIBM can
realize one step direct fabrication of the nanostructures with finely controlled accuracy. However, a
Gaussian profile-like shape instead of vertical sidewall of the structures in cross-section will be
formed after the FIBM fabrication due to a Gaussian distribution of ion energy of the focused ion
beam [8-9]. Sensing performances of metallic nano-gratings with single-side and double-side
symmetrical Gaussian-shaped had been researched and reported by our group[10-11]. For obtaining
higher RIS and larger FOM of the sensors, we put forth the investigation of sensing performances of
the Gaussian-shaped and double-side unsymmetrical metallic nano-gratings in this paper. To our
knowledge, it is first time to report the sensing performances of this type of gratings. Reflectance spectra of
the sensing structure in various refractive index of the sample are calculated by multiple multipole
program (MMP) method[12].
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2. Modeling and Simulation Setup

There are three factors to determine the overall performance of the nano-gratings being used as an
optical sensing chip. The first one is refractive index sensitivity(RIS), which is slope of the resonant
wavelength over the refractive index. The second one is the full-width at half-maximum (FWHM) of
the reflection curve, and The figure of merit (FOM), as the last one, is defined in reference[13] as
follows:

__ RIS(nm/RIU)
FOM = FWHM(nm) @)

The overall performance of the optical sensors is affected by the FWHM. A wide FWHM makes it
difficult to distinguish minor changes in the peak value. The depth of the resonance reflectance spectra
can also affect sensitivity of the sensors.

A schematic diagram of the proposed metallic nano-grating is shown in Figurel. The model
adopted in our work is a thin gold film with the unsymmetrical Gaussian-shaped grooves on both
surfaces. The structure in a period is described mathematically as

209 = ~Hyexpl~ (5222) ] - Hyexpl- (*222) ], top @

z(x) = —(H; +t) + Hyexp [— (%)2] + Hyexp[— (%)2], bottom (3

Here H; and H, represent the deeper groove depth and the shallower groove depth. W, andW, denote
the deeper groove width and the shallower groove width respectively. P is the period of the metallic
nano-gratings. The incomplete perforated film thickness t>0. The sample is on top surface of the gold
MNG with supported glass substrate.
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Figurel. Schematic diagram of MNG with Gaussian-shaped and double-side unsymmetrical grooves.

The reflection spectra were investigated using the MMP method[14]. The corresponding
computational software is known as Max-1,which has first been proposed and developed in 1980 by
Christian Hafner. MMP is a semi-analytic method for numerical field computations that has been
applied to electromagnetic fields. Because of its close relations to analytic solutions, MMP is very
useful and efficient when accurate and reliable solutions are desired.

3. Computational Results and Analyses

The optical constants of gold were taken from the experimental measurement [15]. Sample materials
on the thin film have a refractive index ranging from 1.0 to 1.25. The substrate is SF10 glass with 1.72
refractive index. For TE polarization, surface oscillations do not exist because the electric field vector

Eis parallel to the interface at which E is continuous across the boundary, and thus no surface charge
is induced [16]. In our computational numerical simulation, a TM-polarized with a normal incidence
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of light from the sample side is assumed, and the bandwidth of the incident light is set from 600 nm to
900 nm.

Influences of grating period P on reflectance and transmission spectra are investigated, which are
shown in figure2(a) and figure2(b) respectively. Here the surface profile is defined by
t=15nm,H;=40nm, H,=20nm, W;=W,=50nm, as P ranges from 600 nm to 800 nm.The sample is
assumed to be air and its refractive index is 1.006. As can be seen from figure 2(b) , when P=600 nm,
there is only one main peak at wavelength A = 638nm. With the increasing of grating period the
transmission peak becomes weaker, and its position moves to longer wavelength, which are 638nm,
729nm and 823nm respectively. From the dispersion relation of SPR, the resonant wavelength
depends strongly on the structure period and the incident transverse wave vector. This can be
expressed as equation (4):

kep = kosinB +n- 2" ~ (ﬁ)l/z ko 4)

Where kg, and ko represent the wave vector of surface plasmons and wave vector in free space
respectively, 8, is the incident angle, P is grating period. The SPR wavelengthes can be calculated
from equation (4), which are 626nm, 720nm and 816nmcorresponding to period of 600, 700, 800nm
respectively. With the comparison of the resonant positions, the narrow transmission peaks in Fig.2(b)
can be identified as SPR wavelength, and the deviations may result from the incomplete perforated
film thickness t. As expected, Fig. 2 shows that a peak in a transmission curve always corresponds to a
minimum in the reflection curve at the same wavelength. SPR can form very deep and narrow
reflection bands when grating period is 700nm. We find that the reflection curve can be deeper with a
change of the groove width W;. In our following calculations, the optimized structure parameter is
defined by P=700nm, t=15nm, H;=40nm, H,=20nm, W;=90nm,W,=50nm.
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Figure2. Reflectance(a) and transmission(b) spectra as a function of incident wavelength for gold
MNG with different periods as marked(t=15nm, H;=40nm, H,=20nm, W;=W,=50nm).

The relationship between the reflection spectra and incident wavelength with 0.05 interval steps of
refractive index of the sample was calculated, which can be seen infigure 3. With the increase of the
sample refractive index , the resonant wavelength removes to longer wavelength. RIS of the structure
can be obtained by the shift factor of the resonant wavelength. In order to compare the theoretical RIS
and the calculated RIS, the relationship between resonant wavelength and sample refractive index is
extracted from the data of figure 3, as shown in figure 4(a). The resonant wavelengths increase almost
linearly with increasing of the sample refractive index. The theoretical results are obtained by
equation(4). When the refractive index of sample increases from 1.0 to 1.25, the corresponding
calculated resonant wavelength increases from 725.8nm to 896.8nm, and the theoretical resonant
wavelength increases from 719.9nm to 896.5nm. So the theoretical RIS, i.e. the slope of the red ling, is
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~706.4 nm/RIU (RIU denotes refractive index unit). The calculated RIS, i.e. the slope of the black line,
is ~684.0 nm/RIU, which is close to the theoretical results. FWHM of the reflection curve, which is
extracted from the data of figure 3, is ~3.5 nm, as shown in figure 4 (b). The FOM is over 190RIU™
while the refractive index value varies from 1.0 to 1.25.
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Figure3. Reflection spectra as a function of wavelength in various refractive index
condition of sample (P=700nm, t=15nm, H;=40nm, H,=20nm, W;=90nm,W,=50nm) .

Previously reported value of the RIS from literature is 490 nm/RIU for the one-side gaussian-
shaped metallic nano-gratings[10],420 nm/RIU for the double-side symmetrical metallic nano-
gratings[11],400 nm/RIU for the gold nanohole arrays [17], 328.5 nm/RIU for the gold nanoshells [18],
and 150nm/RIU for LSPR sensors [19], respectively. The reported nanoparticles-based refractive
index biosensors have a FOM value less than 10 due to a wide FWHM of the extinction spectrum [20].
Recently, a silver-coated side-polished fiber based SPR sensor was reported[21]. It has a higher RIS,
but due to the wider FWHM,the FOM is less than 52 RIU™. Sensing performances of the optimized
Gaussian-shaped and double-Side unsymmetrical metallic nano-Gratings are superior to the
performances of previously reported SPR sensors. Therefore, this type of the nano-grating based
structure is more suitable to be used as a sensing chip because it can generate larger FOM.
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Figure4. (a) The relationship between resonant wavelength and refractive index of the sample; (b) The

relationship between FWHM of reflective curve and sample refractive index which is extracted from
the data of figure 3.



IWMSE2017 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 250 (2017) 012053 doi:10.1088/1757-899X/250/1/012053

4. Conclusions

In summary, this paper puts forward a special type of metallic nano-Grating structure with Gaussian-
shaped and double-Side unsymmetrical grooves. On the basis of the MMP method, reflection spectra
as functions of wavelengths in various refractive index condition of the sample are theoretically
analyzed by means of computational calculation and numerical simulation in nanofabrication point of
view. For sensing application, two important factors, RIS=684nm/RIUand FOM=195RIU™, can be
achieved with the optimized structure. Therefore, it is reasonable to believe that these properties make
this kind of nano-gratings more suitable to be used as a SPR-based sensing chip.
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