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Abstract: The traditional minus filter is composed of many layers of thin films, which makes it
difficult and complicated to manufacture. It is sensitive to incident light angle and polarization.
Here, we propose a near-infrared narrow-band minus filter with a full width at half maximum
around 5 nm made of all-dielectric Si-SiO2 structures without any ohmic loss. The stop band
transmittance of the proposed filter is close to 0, while its broad pass band transmittance is as
high as 90% in the work wavelength range. Theoretical analysis shows that the transmission dip
originated from magnetic dipole resonance: Its position can be tuned from 1.3 µm to 1.8 µm
by changing the thickness of Si structure, and the proposed structure is insensitive to changes
in incident light angle and polarization angle. We further studied its potential applications as
a refractive index sensor. The sensitivity of dip1 and dip2 are as high as 953.53 nm/RIU and
691.09 nm/RIU, while their figure of merit is almost unchanged: 59.59 and 115.18, respectively.
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1. Introduction

Minus filters, also called notch filters, pass most wavelengths almost lossless while attenuating
the specified wavelength band (stop band) [1]. Minus filters are applied in various fields [2]
including image processing [2], data transmission, seismology [3], biomedical engineering [4,5],
Raman spectroscopy, and laser protective coatings [6–9]. High and low refractive index film
stacks with refractive index differences are a traditional way to design minus filters. The width
of the stop band depends on the ratio of the refractive indices and thickness of the high and
low index layers [1]. The width of the stop band is controlled by choosing a relatively small
difference of index refraction between two materials. However, it is still difficult to identify two
materials with appropriate high and low indexes and then precisely control their thickness for a
narrow-band minus filter. Additionally, traditional filters are sensitive to changes in incident light
angle and polarization angle.

Metamaterials [10–14] are artificial materials gaining significant attention due to their small
volume, simple fabrication, and low losses. Plasmonic-based metamaterials including nano-holes
[15–19] and metal-insulator-metal arrays [20–22] have been demonstrated as color filters and
infrared filter devices. However, the metals used in plasmonic structures have intrinsic loss
that leads to lower efficiency at optical frequencies. All dielectric-based structures are favored
because of their low losses in compared to plasmonic structures. Recently, various all-dielectric
optical filters [23–25] have been widely studied including color filters and reflection filters based
on silicon, germanium, and other high refractive index materials. However, a minus filter with
low sideband and narrow high-efficiency blocking at the stop-band are still expected [26].
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Here, we propose a narrowband minus filter with high-efficiency blocking in the near-infrared
region made of all dielectric metamaterials. The system was designed using a two-layer structure
of Si-SiO2. The Si-layer is composed of clusters containing four identical subwavelength
high-index dielectric nanoblocks, i.e., diamond in cross-section with rhombic shapes. A full
width at half maximum (FWHM) of this filter is as low as 5 nm. The position of the stop band of
the minus filter does not change with the angle of the incident light and polarization. By changing
the thickness of the Si structure, the position of stop band can be tuned from 1.3 µm to 1.8 µm,
which facilitates the design of the narrow minus filter in the near-infrared. This structure can also
be used to design near-infrared reflection filters and maintain the same excellent performance.
The refractive index (RI) can be used for high sensitivity sensor applications.

2. Simulations

A schematic of the proposed minus filter based on dielectric metamaterials is shown in Fig. 1.
This minus filter is designed by a two-layer structure of Si-SiO2. The bottom left of Fig. 1 shows
details of the unit cell. The unit of minus filter is composed of clusters containing four identical
subwavelength high-index dielectric nanoblocks that are diamond-shaped in cross-section with
rhombic shapes. The period p is 1.1 µm. the length a and l are 0.21 µm and 0.55 µm. The thickness
of the nanoblocks is 0.5 µm. We used a finite difference time-domain (FDTD) algorithm to
analyze the optical proprieties of proposed minus filter and set periodic boundary conditions along
x and y directions; perfectly matched layers were selected in the z direction. The permittivity
values of Si and SiO2 in the analysis were derived from Palik [27]. In the simulation, the proposed
negative filter is illuminated by the normal incident plane wave with electric field amplitude E0
and magnetic field amplitude H0 along the negative direction of Z axis, and the polarization
direction of plane wave is along the X axis. The mesh accuracy was set to 5 nm to ensure
simulation precision.

Fig. 1. Proposed structure based on dielectric metamaterials. The illustration and geometric
of a unit cell in the lower left corner light with x-polarization is normally incident along the
negative direction of the z-axis.

At the same time, we also analyze the feasibility of the experimental manufacture of the
proposed minus filter. The manufacturing process of the proposed minus filter is well compatible
with the traditional complementary metal-oxide-semiconductor (CMOS) technology. Firstly,
silicon thin films are deposited on silica structure by plasma-enhanced chemical-vapor-deposition
(PECVD) technology. Then we spin-coat a layer of photoresist on the surface of the silicon film.
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Next, electron beam lithography (EBL), direct laser writing (DLW) and inductively coupled
plasma etching (ICP) are used to obtain the required minus filter.

Figure 2 shows simulated transmission spectrum of the proposed minus filter when the thickness
of the nanoblocks is 0.5 µm, p= 1.1 µm, a= 0.21 µm, and l= 0.55 µm. We conclude from the
transmission spectrum that the specified wavelength bands (at 1.5 µm) are attenuated to nearly
zero corresponding to a stop band in the minus filter. The FWHM of the stop band is just 5
nm; other wavelengths can be maintained to above 90%. The optical response of the proposed
structure is good for designing the minus filter. In addition, the FWHM of reflection spectrum is
also just 5 nm, and thus this structure can also be used to design near-infrared reflection filters
and maintain the same excellent performance.
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Fig. 2. Simulated transmission spectrum of the proposed structure when h= 0.5 µm,
p= 1.1 µm, a= 0.21 µm, and l= 0.55 µm.

In our proposed minus filter, Si is a high refractive index material with a high transmittance in
the near infrared region. To illustrate the underlying mechanism of the proposed minus filter,
we carefully studied the electric (E) field and magnetic (H) fields at the resonance wavelengths.
Figure 3(a)–(b) shows a transverse distribution chart of the E field and H field of the unit cell at a
resonance wavelength of 1.49 µm. The E field is a vortex, and the H field is always parallel to the
x-axis, which is typical of magnetic dipole (MD).

Fig. 3. (a) Electric field distributions at λ=1.5 µm in a unit cell in the x-z plane. (b) Magnetic
field distributions at λ=1.49 µm in a unit cell in the y-z plane. The color bars stand for the
normalized electric field and magnetic field intensity.

In principle, the unit cell of proposed structure can form an MD resonance and an electric
dipole (ED) resonance. Different resonance modes that do not completely overlap will widen the
spectrum width—this is not conducive to the formation of a narrow band. An effective solution
is that we can separate the MD resonance from the ED sufficiently far to tune the MD alone
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in the needed wavelength range. MD resonance is the basic mode and dominant mode of Mie
resonance, and we can ignore the ED resonance in that the electric field will not appear in the
wavelength range of consideration. Figure 4 shows that the simulated transmission spectrum
of the proposed structure when the period of the unit cell changes from 1.5 µm to 1.1 µm. The
distance between the MD resonance and ED resonance separates slowly, and we set the period of
the unit cell to a fixed value (1.1 µm) so that we can tune the MD in the needed wavelength range.

Fig. 4. (a) the simulated transmission spectrum of the proposed minus filter when p is set to
1.1 µm, 1.2 µm, 1.3 µm, 1.4 µm, and 1.5 µm. (b) the simulated transmission spectrum of the
proposed minus filter with different h values. (c) the simulated transmission spectrum of the
proposed minus filter when h is set to 0.35 µm, 0.5 µm, 0.65 µm, or 0.8 µm.

We next studied the tunability of the stop band around the proposed minus filter. We set the
period of the structure to a fixed value of 1.1 µm and then the tunability of stopband was realized
by changing the thickness of the structure. Figure 4(b) shows the sweep parameter diagram only
by changing the thickness under a fixed period of 1.1 µm. When the thickness of the proposed
structure varies from 0.3 µm to 0.9 µm, the position of stop band can be tuned from λ=1.3 µm to
λ=1.8 µm. the transmittance of the stop band can always be maintained at 0, and the FWHM of
the stopband is less than 10 nm. This performance is very beneficial to the design of narrow-band
filter.

The angular dependence also needs to be considered when we design the minus filter. Figure 5(a)
shows the transmission spectrum of the proposed minus filter at different angles (0, 10, 20, and
30) for x-polarization light. And we can see from the Partial enlargement spectrum figure of
the stopband in the lower right corner of Fig. 5(a). Although the spectral transmission except
the stop band decreases with the increasing angle, the position of the stop band does not shift
at different angles (0, 10, 20, 30) for x-polarized light. Thus, if the incident angle is limited to
a small range (less than 10), then the degradation of other wavelengths except the stop band is
rather weak. Even if the incident angle is large, then the minus filter we proposed can precisely
attenuate the light of stop band to a very low level.

Figure 5(b) presents the effects of polarization of the incident light. The symmetry of the
structure will affect the sensitivity to polarization. The proposed structure is axisymmetric: The
position of stopband remains unchanged when the polarization angle changed.
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Fig. 5. (a) Transmission spectrum of the proposed minus filter at different angles (0, 10, 20,
30) for x-polarized light, (b) Transmission spectra of the proposed minus filter for incidents
of light in different polarization directions. In the lower right of (a) and (b) is a partial
enlargement spectrum figures of the stopband.

We also studied potential applications as a RI sensor. All dielectric RI sensors have great
advantages in compared to early RI sensors based on metals [28–30]. For example, it is well
known that the inherent loss of metal is not conducive to the formation of narrow band [31,32],
resulting in low figure of merit (FOM) and quality factor (Q). And the composition of the tested
sample will be changed due to local overheating [33–35]. Here we estimated several typical
parameters of our proposed structure including RI range, sensing resolution, sensitivity, figure of
merit (FOM) and quality factor (Q), which presents the performance of optical RI sensor. At first,
the RI range and sensing resolution of the proposed structure were studied. Figure 6(a) shows
the transmission spectrum of the proposed sensor when refractive index of the tested material
changes from 1 to 1.7. We can see RI of the tested material has a liner relationship with the dip1
and dip2 of transmission spectrum. and the RI range is far beyond the above. Sensitivity (S) is a
critical evaluating indicator of the RI sensor, which is usually defined by the following formula
[36]: S= (∆λ)/∆n.

Here, ∆λ refer to the position offset of the resonance peak, ∆n refer to the change of refractive
index. The transmission spectra of the proposed structure were shown in Fig. 6(b) when RI of the
tested materials changes from 1.3 to 1.35 with a change step of 0.005. The position of the dip1
and dip2 has moved significantly. Figure 6(c) shows relationship between the wavelength shift of
dip1 and dip 2 and the RI of the tested materials. The small gray square and the small red circle
respectively refers to the peak position of dip1 and dip2. Gray line and red line respectively refer
to the fitted curve of dip1 and dip2. At the same time, it is also shown in the figure that S of the
proposed structure are 953.53 nm/RIU of dip1 and 691.09 nm/RIU of dip2. S of the proposed
structure significantly improved.

Finally, FOM and Q factor also were calculated to assess the performance of the proposed
structure. The calculation formulas of the two parameters are as follows [37]: FOM= S/FWHM
and Q=λ/FWHM. The FOM of dip1 and dip2 basically unchanged, which is 59.59 and 115.18.
this is due to the FWHM of dip1 and dip 2 independent on the RI. Meanwhile, the position of
dip1 and dip2 gradually red-shifted, resulting in that the Q of dip1 and dip2 increase slightly.
Based on those estimation above mentioned, we considered the proposed structure exhibited a
high performance, and hopeful application in RI sensor.



Research Article Vol. 30, No. 13 / 20 Jun 2022 / Optics Express 22835

Fig. 6. (a) the transmission spectrum of the proposed sensor when refractive index of the
tested material changes from 1 to 1.7. (b) The transmission spectra of the proposed structure
when RI of the tested materials changes from 1.3 to 1.35 with a change step of 0.005. (c)
Fitted curve between the wavelength shift of two resonance dips and the external refractive
index

3. Conclusion

In summary, we have successfully designed an efficient narrow-band minus filter in near-infrared
band by a proposed all-dielectric Si-SiO2 bilayer structure. The FWHM of its stop band is just
5 nm, whose transmittance is close to 0, whereas its broad pass band transmittance is as high
as 90% in the work wavelength range. We also clarified the influence of geometric parameters
on the filtering characteristics and proved the convenience of designing the desired minus filter
by adjusting the thickness of silicon layer. By analyzing the electric field and magnetic field
of the structure, it can be clearly concluded that this phenomenon originates from magnetic
dipole resonance, and the proposed structure is insensitive to change of incident light angle and
polarization angle. Additionally, we studied its potential application on refractive index sensor.
Its sensitivity of dip1 and dip2 are as high as 953.53 nm/RIU and 691.09nm/RIU, while their
figure of merit is almost unchanged, maintaining 59.59 and 115.18, respectively.
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