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With the exhaustion of world energy, new energy has become the most important content
of each country’s development strategy. How to efficiently use solar energy has become a
research hotspot in current scientific research. Based on surface plasmon resonance and
Fabry-Perot (FP) cavity, this paper proposes a design method of asymmetric silicon grating
absorber, and uses finite difference time domain (FDTD) method for simulation calculation.
By adjusting the geometric parameters, the asymmetric silicon grating absorber realizes
two narrow-band absorption peaks with absorption greater than 99% in the optical
wavelength range of 3,000-5,000 nm, and the absorption peak wavelengths are 14 =
3,780 nm and A, = 4,135 nm, respectively. When the electromagnetic wave is incident on
the surface of the metamaterial, it will excite the plasmon resonance of the metal to form a
surface plasmon (SP) wave. When the SP wave propagates along the x axis, the silicon
grating can reflect the SP wave back and forth. When the frequency of the SP wave and the
incident light are equal, it will cause horizontal FP coupling resonance, resulting in different
resonance wavelengths. This paper also discusses the influence of geometric parameters,
incident angle and polarization angle on the performance of silicon grating absorbers.
Finally, the sensing performance of the structure as a refractive index sensor is studied. The
absorber can be used for various spectral applications such as photon detection, optical
filtering and spectral sensing.

Keywords: surface plasmon resonance, fabry-perot resonance, asymmetric silicon grating, dual-narrow-band,
perfect absorption

INTRODUCTION

Surface plasmon resonance (SPR) is a non-radiative electromagnetic mode formed by the coupling of
incident photons and free electrons on the metal surface (Cao et al., 2014). It is an excited state that
locally propagates on the medium and metal surface. It is limited to the surface of the medium and
metal, where the surface intensity is the highest, and it gradually attenuates to both sides in the
direction perpendicular to the surface (Deng et al., 2015; Chen et al., 2021a; Li-Ying et al., 2021). Its
propagation characteristics are related to the incident light source, the metal medium material and
the surrounding refractive index (Jiang et al., 2021a). SPR provides a foundation for micro-nano
applications due to its unique advantages, including biosensing, light field enhancement, solar cells,
photocatalysis, Raman enhanced detection, and photodetectors (Liu et al., 2017; Xiao et al., 2017; Li
et al., 2018; Chen et al., 2019; Li et al., 2020a; Zhao et al., 2021).
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FIGURE 1 | Three-dimensional structure diagram of asymmetric silicon
grating.

Resonance in subwavelength periodic structures has been
studied extensively in the last decade. The resonance mode
can be excited by the plasmon to affect the transmission,
reflection and absorption characteristics of the structure (Ding
and Magnusson, 2004; Deng et al., 2018; Jiang et al., 2021b). The
near unit absorption of waves is called perfect absorption, and
researchers have carried out many studies on perfect
metamaterial absorbers (Cheng and Du, 2019; Cheng et al,
2019; Cheng et al,, 2020; Cheng et al., 2021). They have many
potential applications. Perfect absorbers with wide operating
bandwidth are conducive to the application in photon
detection, solar energy collection and other fields (Zhu et al,
2014; Rosenberg et al., 2019; Li et al., 2020b; Li et al., 2021a; Li
et al., 2021b; Zhou et al., 2021), while perfect absorbers with
narrow operating bandwidth have great advantages in sensing,
filtering and selective thermal emission (Liu et al., 2010; Mason
et al,, 2011; Yi et al,, 2020; Chen et al., 2021b; Wang et al., 2021).
In addition, the ultra-narrow bandwidth refractive index sensor
based on the perfect absorber has large figure of merit (FOM),
and many researchers have proposed such a sensor with good
performance (Vafapour and Ghahraloud, 2018; Keshavarz and
Vafapour, 2019; Vafapour, 2019; Zhang et al., 2021). Usually, an
all-metal structure or a three-layer or multi-layer metal insulator
metal (MIM) structure is used to achieve perfect absorption in a
narrow band (El-Gohary et al., 2014; Long et al., 2015; Zhang
et al.,, 2015; Long et al.,, 2016; Elshorbagy et al., 2017). However,
due to the incompatibility of these structures with
complementary metal oxide semiconductor (CMOS)
manufacturing processes, the manufacturing costs are high
(Kuznetsov et al., 2016). Therefore, people are paying more
and more attention to the realization of narrow-band perfect
absorber through the dielectric structure on the metal system
(Sharon et al.,, 1997; Liao and Zhao, 2017; Ren et al., 2019).
Compared with the perfect metal absorber, this absorber can save
manufacturing costs (Cui et al,, 2014). This type of absorber
usually has a dielectric waveguide layer. They can produce ultra-
narrow absorption, but the structures are complex. Therefore, in
order to optimize the structure, we can place the dielectric
waveguide layer on the metal substrate or metal base film. For
example, in 2016, Callewaert et al. proposed a narrow-band
absorber based on a silver film dielectric nanodisk array
(Callewaert et al., 2016).
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FIGURE 2 | Spectra of reflection (R), transmission (T) and absorption (A)
under normal incidence of TM polarized light.

In this paper, an asymmetric silicon grating absorber is
designed based on the medium-metal-medium structure.
Through the adjustment of geometric parameters, the dual-
narrow-band  perfect absorption is finally achieved.
Asymmetric silicon grating is designed by using three
unevenly spaced silicon strips in each cell. This asymmetric
structure makes the absorber support horizontal FP resonance.
The plane plasmon wave excited by the TM polarization (incident
electric field polarized along the x-axis) incident can produce
different FP coupling resonances with the incident light, resulting
in two absorption peaks. When the incident angle is changed, the
two absorption peaks show insensitive characteristics in the range
of 0°-20°. In addition, the influence of geometric parameters and
polarization angle on the performance of the absorber are briefly
discussed. Finally, when this structure is used as a sensor, it has
high sensitivity and quasi-linear response. It can be used in a
variety of multi-spectral applications, such as filtering, photon
detection, and spectral sensing.

MATERIALS AND METHODS

Figure 1 shows the structure of the dual-narrow-band grating
absorber we designed. It is made of a quartz substrate and a
silicon grating on the surface of a gold film. Incident light source
is TM plane light wave, and the direction of light source is
perpendicular to grating plane. The period of the grating is A,
and there are three silicon gratings with unequal spacing in each
period. The three silicon grating structures in a unit period make
the grating as a whole asymmetrical structure. h; represents the
height of the silicon grating, h, represents the height of the gold
thin layer, w represents the width of the silicon grating, and d,
and d, represent the center spacing of adjacent silicon gratings.
The parameters of gold and silicon come from Palik (Palik, 1998),
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FIGURE 3 | (A) and (B) represent the electric and magnetic field diagrams at Ay = 3780 nm, respectively. (C) and (D) represent the electric and magnetic field
diagrams at A, = 4135 nm, respectively.

and the refractive index of quartz is 1.45. In the case of normal
light wave incidence, we calculate the reflection (R), transmission
(T) and absorption (A) as shown in Figure 2. The geometric
parameters of the structure are A = 3,000 nm, h; = 630 nm, h, =
90 nm, w = 300 nm, d, = 560 nm, and d, = 880 nm, respectively.
We can notice from Figure 2 that the range of the light waveband
is 3,000-5,000 nm, where the T is basically zero. The first
absorption peak that appears is named A; (A, = 3,780 nm),
and its full width at half maximum (FWHM) is 40 nm. The
second absorption peak, we named A, (1, = 4,135 nm, FWHM =
39 nm). The absorption of the two resonance peak wavelengths
exceeds 99%.

RESULTS AND DISCUSSION

In order to analyze the physical mechanism of resonance, we
simulated and calculated the electric and magnetic field

distributions at A; = 3,780 nm and A, = 4,135 nm on the XOZ
plane. Figures 3A,B respectively show the electric field and
magnetic field distribution at A;. We have observed that the
electric field is distributed at the top corners of the slits with small
silicon grating spacing, and the magnetic field is mainly
distributed between the slits with small silicon grating spacing.
Figures 3C,D respectively show the electric field and magnetic
field distribution at A,. The difference from A; is that the electric
field is distributed on the surface of the three silicon gratings, and
the magnetic field is mainly distributed in the slits of the two
silicon gratings with a larger silicon grating spacing. This
indicates that these two resonance peaks are derived from the
coupling between the SPR of the metal and the resonance of the
FP cavity (Cheng et al., 2015; Lv et al., 2018; He et al., 2020). The
resonant peak at \; is mainly related to the FP resonance between
gratings with a short pitch (d;), and the resonant peak at A, is
mainly derived from the FP resonance between gratings with a
large pitch (d,).
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FIGURE 4 | (A) The effect of changing the grating period on the absorption spectrum. (B) The effect of changing the smaller silicon pitch of the grating on the
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FIGURE 5 | (A) The effect of changing the thickness of the grating silicon on the absorption spectrum. (B) The effect of changing the silicon width of the grating on

Then in order to explore the influence of the asymmetric
silicon grating structure on the absorption performance, we used
the controlled variable method to change the geometric
parameters. Figures 4A,B respectively show the influence of
the change of the period and the geometric parameters of the
silicon grating pitch on the absorption performance of the silicon
grating. From Figure 4A, we can observe that as the period length
increases, the first absorption peak (\;) of the silicon grating
gradually increases. With the increase of the period length, the
two absorption peaks show red shift, and the longer the period
length is, the farther the wavelength distance of the two
absorption peaks is. At the same time, we noticed that the
FWHM slowly decreases with the increase of the period.
Figure 5B shows that we change the smaller silicon pitch of
the asymmetric silicon grating (d;) as the geometric parameter
variable. Through Figure 4B, we found that when the silicon
grating pitch is 60 nm, the absorption of the two absorption peaks
is not high, and the FWHM is large. As the spacing of the silicon
grating increases, the absorption gradually increases, the FWHM
gradually decreases, and the two absorption peaks appear blue
shift. At the same time, we can observe that the change of the

silicon grating pitch has a greater influence on the first absorption
peak, indicating that the \; peak is sensitive to the change of the
grating pitch, that is, the absorption peak is sensitive to the cavity
length change.

Figures 5A,B respectively show the influence of asymmetric
silicon grating thickness and silicon grating width geometric
parameters (d,) on the absorption performance of the silicon
grating. From Figure 5A, we can observe that as the thickness of
the silicon grating increases, the absorption of the two absorption
peaks shows a trend of first increasing and then decreasing. This
is because when the thickness of the silicon grating is small, it
weakens the FP resonance and reduces the absorption of light.
When the thickness increases to a certain size (630 nm), that is,
when the thickness reaches the critical value, the absorption will
no longer increase. At the same time, both absorption peaks
appear red shift. And the distance between the two absorption
peaks gradually increases, because each silicon grating plays a
different role in the FP cavity. From Figure 5B, we also found that
as the width of the silicon grating increases, the two absorption
peaks first increase and then decrease, the resonance wavelength
appears red-shifted, and the FWHM gradually increases.
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FIGURE 6 | (A) The relation between resonance wavelength and incident angle under TM polarization. (B) The effect of changing the polarization angle of incident
light on the reflection spectrum.
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FIGURE 7 | (A) When changing the environmental background refractive index, the absorption spectrum of the grating. (B) For the wavelength A4, the peak
wavelength relationship diagram corresponding to the refractive index change. (C) For the wavelength \,, the peak wavelength relationship diagram corresponding to
the refractive index change.

However, unlike the trend of silicon grating thickness changes, as  angles and polarization angles, and the results are shown in
the silicon thickness changes, the distance between the two  Figure 6. It can be seen that the intensity and position of the
absorption peaks becomes smaller and smaller. The reason is  absorption peaks in the range of 0°-20° incident angle do not
the same as the thickness of the silicon grating: each silicon  change, which indicates that the absorber is not sensitive to the
grating acts as a mirror, and their role is different. incident angle in this range. When the incident angle exceeds 20°,

In addition, we also studied the spectral response of the  the absorption will be greatly reduced due to the wave vector
asymmetric silicon grating structure under different incident  mismatch. When changing the polarization angle of the beam
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from 0°(TM polarization) to 90° (TE polarization), the results are
shown in Figure 6B. It can be clearly found that the extinction
intensity of the two peaks decreases with the increase of the
polarization angle. At the same time, we also noticed that when
the incident plane wave is TE polarization, two new resonance
peaks appear, which are caused by phase resonance (Qin et al,
2020; Su et al., 2021). The electric field generated at this time has a
phase difference of m, which causes the far field to produce
coherent cancellation, thereby generating two new peaks.

Finally, in order to explore the performance of asymmetric silicon
grating as a refractive index sensor, we conduct research by changing
its environmental refractive index. Figure 7A shows the absorption
spectrum of the silicon grating when the refractive index of the
surrounding environment changes. Since our silicon grating structure
belongs to narrow-band absorption, we set the refractive index to
change from 1.0 to 1.1 with a gradient of 0.02. From the figure, we can
observe that as the refractive index of the environment increases, the
two absorption peaks appear red-shifted, but the peaks of the two
absorption peaks remain basically stable. At the same time, we found
that the FWHM of the two absorption peaks did not change much,
the change range was between 1 and 2nm, and we took the average
value of the FWHM. Figures 7B,C show the corresponding
absorption peak wavelengths of the two absorption peaks of A,
and A, under the change of refractive index. The oblique line data
is obtained by our linear fitting process. According to the formula S =
ANAn and FOM = S/FWHM, the sensitivity (S) and FOM of the
silicon grating can be calculated (Chen et al., 2013; Cai et al., 2014;
Tang et al., 2018; Wu et al,, 2020; Chen et al,, 2021c). According to the
formula, we can find that the slope of the straight line is the S. The S of
the absorption peaks at A; and A, are 2,500 nm/RIU and 3,000 nm/
RIU. The FWHM are 40 nm and 39 nm. FOM are 62.5 and 76.9. It
can be found that this structure has high sensitivity, so it can be
applied in the field of refractive index sensors.

CONCLUSION

In conclusion, we fully demonstrate the absorption of dielectric
structures on metal systems, based on the gold mold. By adjusting
the geometric parameters, the asymmetric silicon grating
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