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We propose a two-dimensional metal grating with rhombus particles on a gold film structure for refractive index
sensing due to its perfect absorption at near-infrared wavelength. Via two-dimensional metal grating coupling, the incident
light energy is effectively transformed into the surface plasmons which propagate along the upper surface of the gold film
and interact with the surrounding environment in a wide range. The plasmonic resonance mechanism of the structure
is discussed in detail by theoretical analysis and finite-difference time-domain method. After optimizing the geometrical
parameters, the designed structure shows the sensing performance with a refractive index sensitivity of 1006 nm/RIU. More
importantly, this plasmonic refractive index sensor achieves an ultra wide refractive index sensing range from 1.0 to 2.4
with a stable sensing performance. The promising simulation results of the structure show that the sensor has a broad

application prospect in the field of biology and chemistry.

Keywords: plasmonic sensor, refractive index, sensitivity, figure of merit (FOM)

PACS: 42.25.Bs, 42.25.—p, 42.79.—¢

1. Introduction

In the last decade, the rapid development of vari-
ous micro-nano processing technologies, including physi-
cal and chemical methods, has made increasingly com-
plex micro-nano structures a reality.  Concurrently, it
lays a solid foundation for the wide application of micro-
nano structures such as in solar absorption,!'* photonic
crystal,’7 optical waveguides,!®?! electrode material,!'%!1]

12-16] and other applications.!!7-??] Generally,

photocatalysis, !
the designed micro-nano structures have a very attractive ap-
plication prospect in the optical field due to their ability to
control the diffraction and propagation of light to a certain
extent. When the metal containing a large number of free
electrons is involved in the micro-nano structure, the sur-
face plasmon phenomenon can be produced under the exci-
tation of external electromagnetic wave. Surface plasmon on
metal micro-nano structure is an important research field of
micro-nano optics. Its applications include but are not limited
to photolithography,?*>*! absorber,>>-?"! filter, [*3-3% surface
enhanced Raman,3!*] and photonic crystal fibers.>3=37] Op-
tical sensor based on surface plasmon resonance (SPR) is a

38421 due to the advan-

strongly active field in recent years!
tages of high-sensitivity, rapid, specific, and real-time com-
pare with traditional biological/chemical sensors. Especially
the SPR sensor has the advantages of miniaturization and

integration,*3] which make it pretty consistent with the con-
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cept of portable devices in the future.

SPR is usually subdivided into propagation surface plas-
mon (PSP) resonance and localized surface plasmon (LSP)
resonance, and they both can be used for refractive index (RI)
sensing. The RI sensor based on PSP resonance usually has
higher sensitivity and figure of merit (FOM), but its excita-
tion often needs an additional prism structure, which makes
integration difficult. LSP resonance can be excited directly by
electromagnetic wave, but the wider full width at half maxi-
mum (FWHM) results in lower FOM and spectral resolution
of the RI sensor. In order to solve the above contradiction,
the integrated nano-grating can be used instead of the prism
to excite the PSP of the metal film. In fact, numerous re-
search works on the SPR-based RI sensor in recent years are
related to the nano-grating.[38%1 In 2019, Sun er al. pro-
posed a plasmonic perfect absorber based on two-dimensional
dielectric—metal grating and applied as a RI sensor,!*! which
is able to achieve the RI sensitivity of 526 nm/RIU and a
FOM of 73.1 RTU™!. At the same year, a plasmonic RI sen-
sor only based on gold/silicon Schottky junction (also a one-
dimensional grating) was designed with a RI sensitivity of over
1000 nm/RIU after parameter optimization.!*>! Nevertheless,
the sensing range in many works was mostly considered near
the liquid (the RI is around 1.33), or they could not maintain a
good sensing performance in a wide range of RI.

In our previous work, we proposed a composite struc-
ture of a gold nanocube array coupled to a gold mirror for RI
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sensing.[*®l However, the sensing limit of the composite struc-
ture requires the RI of the analyte to be less than 1.8 due to
the anticrossing behavior between different resonance modes.
In this work, we further optimize the unit of two-dimensional
(2D) grating and directly located the 2D grating on the gold
film without any spacers. Hence, a plasmonic RI sensor with
high sensitivity, high FOM, wider sensing range (the RI of an-
alyte can even exceed 2.4), and simpler fabrication process is
realized. The simulation results show that the structure we de-
signed can effectively couple the energy of incident light to the
interface between analyte and metal (formed PSP). The reso-
nance peak with narrow FWHM observed in the absorption
spectrum makes it very suitable for RI sensing. The geomet-
ric parameters of the structure most helpful for RI sensing are
also discussed. Finally, we describe the sensing performance
of the structure via important physical parameters including
sensitivity, FOM, and sensing range.

2. Structure and materials

The considered structure based on 2D metal grating is
illustrated in Fig. 1, which consists of periodic arrays of gold
particles and a gold film on the glass substrate. The periodic
array is situated directly on the gold film. Here, we assume
that the periods in X and Y directions are equal, which is the
distance between the nearest two particle centers. The units
that make up the 2D grating are the rhombus particles. As
shown in the enlarged view in Fig. 1, the main geometric pa-
rameters of the rhombus particles are the internal angle 6 and
side length w of rhombus and the height &; of the particle.
For simplicity, the 6 of the rhombus and the thickness /4, of
the gold film are set at 60° and 100 nm, respectively. In the
practical structure fabrication, a layer of gold film is first de-
posited on a glass substrate by magnetron sputtering. Then, a
photoresist is coated on the gold film and rhombus holes are
fabricated by electron beam lithography. After that, gold is de-
posited again by magnetron sputtering. Finally, the photoresist
is removed by the lift-off process, leaving 2D gold grating on a
gold film. It should be pointed out that due to the existence of
gold film reflector, the transmittance of the structure is almost
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Fig. 1. Schematic view of the proposed plasmonic structure. From top to
bottom, the components consist of 2D gold periodic arrays, gold film, and
glass substrate. The black and blue arrows represent the propagation direc-
tion and polarization direction of the incident light, respectively. Inside the
dotted circle shows the enlarged view of the rhombus particles.

eliminated in the whole near-infrared band. The dielectric con-
stant of gold is selected from the experimental data supported
by the Drude model.[*”! The surrounding RI is assumed to be
1 unless indicated. The surface plasmons of the structure are
excited vertically by linearly polarized light with the direction
of polarization along the periodic direction, as shown by the
black and blue arrows in the figure.

3. Plasmonic response of the structure

Before applying the structure to the SPR sensor, it is
necessary to discuss the plasmonic responses of the designed
structure. Figure 2 illustrates the absorption spectrum of the
structure in the near-infrared waveband when w = 380 nm,
h; = 80 nm, and the 2D grating period is 1000 nm. Two main
SPR modes can be observed clearly and mode 2 shows a per-
fect absorption at the wavelength of ~ 1007 nm. It should be
noted that mode 2 is very suitable for RI sensing due to its
narrow FHWM and high peak strength (the peak strength is
defined as the difference between the highest and lowest ab-
sorptivity of the resonance peak as shown by the red dotted
line in Fig. 2), which means good performance in FOM and
therefor better spectral resolution. Considering the periodic
array in the structure, modes 1 and 2 can be attributed to the
compensation of optical momentum via 2D metal grating with
different diffraction orders.
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Fig. 2. The absorption spectrum of the structure in the near-infrared
range, where w = 380 nm, /#; = 80 nm, and the period is 1000 nm.

In order to better explain the two modes, we give the
electric field distribution of the structure under the resonance
wavelengths of modes 1 and 2 respectively. Figures 3(a)
and 3(b) respectively show the electric field distributions of
modes 1 and 2 in the X—Z plane along the center of the gold
rhombus particles. It can be seen that the effective conver-
sion of energy between the incident light and surface plas-
mons caused by grating coupling is the forming reason of the
two modes. Simultaneously, the electric field enhancement of
mode 2 is substantially stronger than that of mode 1, which
explains the higher absorptivity of mode 2 in Fig. 2. In ad-
dition, it can also be seen from the electric field distribution
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that the range of interaction between mode 2 and surround-
ing dielectric is wider than that of mode 1, which potentially
indicates higher sensing sensitivity. Figures 3(c) and 3(d) re-
spectively show the electric field distributions of the modes 1
and 2 on the upper surface of the gold film. It can be clearly
observed that the energy of the incident light is transformed
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into the PSP propagating along the upper surface of the gold
film. Different propagation patterns of PSP in the two modes
correspond to two different diffraction orders of 2D grating.
All the electric field distributions of the two modes show the
characteristics of the PSP resonance, which fully confirms that

the two modes are excited by 2D grating.

—200
—500 —300 —100 100 300 500

z/nm

15

500
—500 —300 —100 100 300 500
z/nm

Fig. 3. Electric field distribution at the resonance wavelength of (a) mode 1 and (b) mode 2 in the X—Z plane along the center of the gold
rhombus particles. Electric field distribution at the resonance wavelength of (c) mode 1 and (d) mode 2 on the upper surface of the gold film.

To further reveal the resonance mechanism caused by
2D grating coupling, we calculate the resonance wavelengths
from the momentum matching equation at the interface be-
tween dielectric and metal. The momentum matching equation
is given as

ky tight + Kgrating = Ksp» (D

where k, jign is the k-vector of the incident light in x-direction,
kgrating 18 the additional momentum compensated by 2D grat-
ing, and kg, is the k-vector of the surface plasmon. Specifi-
cally, we have

Re(en) - n
Re(em) +n2

konsing + — \/ Pr+q ()

As shown in Eq. (2), ko
in free space, n, is the RI of the analyte, &, is the complex

=2m/A is the propagation constant

dielectric constant of the gold, ¢ is the incident angle, P is
the 2D grating period, p and ¢ are the diffraction orders of
2D gratings and are integers. In the case of normal incidence,
equation (2) can be reduced to

P Re(gy) - n2

1/p +q Re Sm +n2’

where A is the resonance wavelength. Two conclusions can

)Lres

3)

be drawn from Eq. (3): (i) the resonance wavelength moves

to the short wavelength with the increase of diffraction orders;
(ii) the resonance wavelength red shifts linearly with the in-
crease of the 2D grating period. Therefore, modes 1 and 2
correspond to diffraction orders (p, ¢) = (1, 1) and (1, 0), re-
spectively.

Figure 4(a) shows the structure absorption spectra of dif-
ferent 2D grating periods with a step interval of 100 nm when
w and h; are 380 nm and 80 nm, respectively. It can be ob-
served that with the increase of the period of the 2D grat-
ing, the resonance wavelength of mode 2 shows a good linear
shift to the long wavelength direction. This is consistent with
the prediction of Eq. (3). Figure 4(b) shows a comparison of
simulation results and theoretical analysis about the resonance
wavelengths of mode 2 (first-order diffraction) for different 2D
grating periods. The simulation results of resonance wave-
lengths are from Fig. 4(a). One can see that the simulation
results are almost identical with the theoretical analysis. The
differences of several wavelengths in simulation and analysis
are caused by the n in Eq. (3). Due to the existence of 2D
grating units, the n in Eq. (3) should actually be the effective
refractive index of the arrays and analyte. Obviously, such an
error can be seen as a perturbation in our structure. It is note-
worthy that the discussion above of the plasmonic responses is
based on the polarization direction of the incident light along
the short diagonal direction of the rhombus. However, the ex-
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citation along the long diagonal direction has little effect on
the position of the resonance wavelengths since the periods of
the 2D grating are equal in the X and Y directions.
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Fig. 4. (a) Absorption spectra of the structure with different 2D grat-
ing periods when w and h; are 380 nm and 80 nm, respectively. (b)
Comparison between simulation results and theoretical analysis about
the resonance wavelengths of mode 2 for different 2D grating periods.

4. Sensing performance of the structure

For the purpose of using this structure for RI sensing,
mode 2 with perfect absorption and narrow FWHM is mainly
discussed below. We firstly optimize the geometric parame-
ters of the structure, the tolerance for geometric parameters
suitable for RI sensing can be understood. Figure 5 illustrates
the influence of the geometric parameters of the rhombus par-
ticles on mode 2 when the 2D grating period is 1000 nm. It
can be clearly observed that the resonance wavelengths remain
unchanged with the increase of the height of 2D grating units,
while FWHM becomes wider. It is also observed that the ab-
sorptivity increases first and then decreases with the increase
of hj. Similar phenomena can also be seen from the change
of the side length of the thombus particles, where w changes
from 200 nm to 500 nm with a step interval of 60 nm as shown
in Fig. 5(b). The above phenomena are apparent, since too
small 2D grating particles will lose the function of composing
2D grating, and too large particles will affect the propagation
of PSP on the upper surface of the gold film. Therefore, when
the period of 2D grating is 1000 nm, the most suitable geomet-
ric parameters for RI sensing are #; = 80 nm and w = 380 nm.
It should be pointed out that the size of 2D grating units needs

to be optimized under different period conditions. For exam-
ple, figure 4(a) shows the absorption spectra of the structure
when /; and w are 80 nm and 380 nm, respectively. Obvi-
ously, with the increasing 2D grating period, the absorptivity
increases to the maximum value and then decreases, which can
not be stabilized at a higher value in a wide period range.

(a)

Absorption

Absorption

Fig. 5. (a) The absorption spectra of the structure when the period and
w are 1000 nm and 380 nm, respectively, where A; varies from 80 nm
to 140 nm in step of 20 nm. (b) The absorption spectra of the structure
when the period and /; are 1000 nm and 80 nm, respectively, where w
varies from 200 nm to 500 nm in step of 60 nm.

The RI sensing based on SPR is realized by establish-
ing the corresponding relationship between the resonance peak
position and the analyte RI. Therefore, the sensitivity (S) can
be defined as the change of the resonance peak position un-
der the change of unit RI of analyte, i.e., S = AA/An. The
narrower the FWHM of the resonance peak used for sensing,
the higher the spectral resolution can be obtained, and then
the figure of merit, FOM = S/FWHM, can be derived. The S
and FOM are two important physical parameters to describe
the SPR-based RI sensing performance. The higher the values
of S and FOM, the better the sensing performance of the RI
Sensor.

The changes in resonance wavelength corresponding to
the analyte RI from 1.33 to 1.40 with a step interval of 0.01
are shown in Fig. 6(a), with the optimized geometrical param-
eters as already discussed above. It can be clearly observed
that there is a good linear relationship between the resonance
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peak position and the analyte RI. Meanwhile, the absorptiv-
ity at resonance wavelength remains at a high value (~ 0.98)
and the FWHM is almost unchanged. Figure 6(b) is a good
description of the above characteristics, which shows the res-
onance wavelength and peak strength versus the analyte RI.
The corresponding slope of the curve (shown in Fig. 6(b)
by the black line) represents the S of 1006 nm/RIU, and the
FOM of 212.6 RIU~! can be achieved considering its FWHM
~4.73 nm. Compared with the plasmonic RI sensors in recent
reports, the FOM of this plasmonic sensor is quite high in the
sensing range of near liquid RI.[39?1

1.0 :
(a)
0.8

0.6

Absorption

0.4

1350 1390 1430 1470

Wavelength/nm

1310

—
W~
)
=)

T T T T T T T ™ 1.0

[ ]
(b) /'
1400} —m=—resonance Wavelength/. 0.8

—e—peak strength

1380} / 10-6 2

104
1360} /
1340 d

1 1 1 1 1 1 1 1 (J
1.331.34 1.35 1.36 1.37 1.38 1.39 1.40
Refractive index

Peak strength

Resonance wavelength/nm

Fig. 6. (a) The absorption spectra of the structure with optimized geo-
metrical parameters for different analyte RI. (b) Resonance wavelength
and peak strength versus the RI of analyte.

The advantages of this plasmonic RI sensor are not only
reflected in the high S and FOM, but also in the ultra wide
RI sensing range. Figure 7(a) shows the absorption spectra
of the structure when the analyte RI varies from 1.0 to 2.4 in
step interval of 0.2 under the optimized geometric parameters.
It can be observed that even in such a wide range of analyte
RI changes, mode 2 does not lose its ability for RI sensing
(still maintaining a narrow FWHM and a high peak strength).
Although the peak strength of mode 2 decreases when the an-
alyte RI exceeds 1.8, mode 2 is still capable of sensing when
the analyte RI exceeds 2.4. A good linear relationship between
resonance wavelength and analyte RI in an ultra wide sensing
range keeps the sensitivity at a high value of 1006 nm/RIU.
In addition, it can also be observed from Fig. 7(a) that mode
1 also has certain sensing capability, but obviously mode 1

shows lower S and FOM than mode 2. The RI sensing of mode
1 can be combined with mode 2 to improve the sensing accu-
racy. Figure 7(b) shows the FOM and FWHM of mode 2 cor-
responding to Fig. 7(a) as a function of the analyte RI. It can be
seen that with the increase of the analyte RI, FOM gradually
decreases due to the increase of FWHM. Here, the maximum
FOM that mode 2 can achieve is 305.7 RIU!, which is nearly
within the RI sensing range of the analyte being gas.
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Fig. 7. (a) The absorption spectra of the structure when the analyte RI
varies from 1.0 to 2.4 in step interval of 0.2. (b) The FOM and FWHM
of mode 2 in the ultra wide analyte RI range.

5. Conclusion

In summary, a plasmonic RI sensor based on 2D metal
grating composed of rhombus particles on a gold film is pre-
sented. The detailed discussion of structure plasmonic re-
sponse, including simulation and theoretical analysis, fully
demonstrates the effective energy coupling between the sur-
face plasmons and incident light. A perfect absorption occurs
via the first-order diffraction of the 2D mental grating, and
the extremely narrow FWHM and high peak strength make it
very suitable for RI sensing. After optimizing the geometri-
cal parameters of the absorption spectra, the S and the highest
FOM of the structure are 1006 nm/RIU and 305.7 RIU"!, re-
spectively. Moreover, a 1.0 to 2.4 ultra wide RI sensing range
is one of the promising advantages of this plasmonic sensor,
which fully covers the analyte of gas and liquid. This plas-
monic RI sensor can be widely used in biological and chemi-
cal fields due to its stable sensing performance in an ultra wide
RI sensing range.
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