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Abstract: In this paper, we proposed a triple layer structure consisting of the bottom silver
layer, thin silicon oxide space layer, and ultrathin semiconductor silicon film with nano hole
array achieving three absorption peaks with narrow band. The absorption spectrum can be easily
controlled by adjusting the structural parameters including the radius and period of the nano
hole array, and the maximal absorption can reach 99.0% and the narrowest full width of half
maximum can reach about 6.5 nm in theory. We also clarified the physical mechanism of the
proposed structure in details by finite-difference time-domain simulation, in which the three
narrow band perfect adsorption peaks can be attributed to electric dipole resonance, magnetic
dipole resonance and plasmonic resonance respectively. At the same time, we used a low-cost
nanosphere lithography method to fabricate the proposed nano hole array in large area. In
experiment, the absorption peak of the proposed triple layer structure can reach up to 98.3% and
the narrowest full width of half maximum can reach up to about 10.1 nm. The highest quality
factor Q can reach up to 98.4. This work can open a new avenue for high-quality factor narrow
band perfect absorption using ultrathin semiconductor film and benefit for many fields such as
infrared sensors, plasmonic filters, and hyperspectral imaging.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Perfect absorption in an ultrathin layer of deeply subwavelength thickness is always a challenge
for both fundamental theory and practical applications such as energy harvesting [1-5], sensing
[6-12], photodetectors [13—15], surface-enhanced Raman scattering (SERS) [16-18], and
plasmonic photocatalysts [19-21]. Perfect absorption within an ultrathin layer can be achieved by
subwavelength structures creating a critically coupled resonance, which usually involves noble
metal such as gold (Au) and silver (Ag). These micro or nano structures can couple the incident
light into either propagating surface plasmon polariton (SPP) at the interface of the metal and
dielectric, or a localized surface plasmons (LSPs) around the metal structures [22—33]. Perfect
absorption based on the subwavelength structures have been studied widely in the arrays of
metallic gratings, nano cube, nanoparticles, and nano hole recently due to the controllable optical
properties by engineering the shape, size, material of the structure as well as their dielectric
environment. However, the fabrication of these subwavelength structures is a challenge because
the tiny size. In addition, the use of the metal will bring in large Ohmic loss, which makes it
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incompatible with the standard optoelectronic applications because the photocurrent should be
extracted. What is worse, these nano structures made up with metals usually have the full width
of half maximum (FWHM) much larger than dozens of nanometers, which severely limited its
application in narrow band perfect absorber.

Semiconductor materials such as silicon (Si) and germanium (Ge) are promising and widely
used in solar cell, photo-detection, and energy harvest because they have the advantages of high
performance, low cost, and compatible with the standard optoelectronic fabrication. However,
achieving perfect absorption in ultrathin semiconductor layer is always a critical and long-standing
challenge. In recent years, Capasso et al. proposed a simple thin film structure consisting of
a golden reflective mirror and an ultrathin semiconductor Ge layer with thickness of about 20
nanometers [34]. This kind of ultrathin lossy semiconductor film is different from traditional
optical coatings because the imaginary part of the complex refractive index has an important
impact on the phase change at the interface, which can form a dip in the measured reflection
spectrum due to the strong Fabry—Perot (FP) type interference effect. Such a simple architecture
has a strong light trapping ability in ultrathin thin film and has great potential to boost the
performance of photodetection, photovoltaics, solar cells, and optical filters. Since then, many
excellent studies have achieved perfect absorption using ultrathin lossy semiconductor materials
[35-41]. These works usually focus on the broadband perfect absorption. In recent years, some
works also studied the absorption with narrow band [42—46]. However, most of them stayed in
theoretical simulation without any experiment. Achieving high-quality factor narrow band perfect
absorption with high refractive index and low optical loss materials have important research
significance, which should be demonstrated as soon as possible.

In this paper, we investigate a triple layer metal-dielectric-dielectric structure consisting of
the metal plane, thin space layer, and ultrathin semiconductor film with nano hole array. Using
this structure, perfect absorption with three narrow band can be achieve in the near infrared
region. The peak and FWHM in the absorption spectrum are nearly 100% and 6.5 nm respectively
obtained from simulation. In the meantime, a comprehensive analysis of physical mechanism
is demonstrated, in which magnetic resonance, electric resonance and plasmonic resonance
supported by the nano hole array play an important role. And then, we use a low-cost nanosphere
lithography method to fabricate the proposed nano hole array in large area, which proves the
simulation results. This work can open a new avenue for narrow band perfect absorption using
ultrathin semiconductor film and benefit for many fields such as infrared sensors, plasmonic
filters, and hyperspectral imaging.

2. Model and simulation methods

The proposed triple layer metal-dielectric-dielectric structure is shown in Fig. 1(a). The material
of the bottom metal layer is silver (Ag) with 100 nm thickness, which is thick enough so that
no incident light can pass through the structure. A nano hole array in a hexagonal lattice is
patterned on the top ultrathin silicon (Si) layer as shown in Fig. 1. At the same time, a thin silicon
oxide (Si0;) layer is spaced between the Ag mirror and Si layer. The period and diameter of
the nano hole are L and 2r. The thickness of the middle SiO, layer and ultrathin Si layer are
d> and d,. In order to investigate the optical characteristic of the proposed structure, the 3D
finite-difference time-domain (FDTD) method with a commercial software (Lumerical, FDTD
solutions) is performed where the perfectly matched layers (PML) are applied in the z axis and
periodic boundary conditions are used for a unit cell in the x-y plane. A discrete mesh with
size of 2nm X 2nm X 1 nm is set in the simulation region for the absolute convergence. The
permittivity of Ag, SiO,, and Si used in FDTD simulation are extracted from the data of Palik
[47] as the Fig. 1(b) shown. The incident light with a wavelength range from 800 nm to 1200 nm
propagates along the negative z direction with the E field polarization in the x direction. The
absorption spectrum is A = 1-R where R is the reflection obtained from the reflection monitor.
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Fig. 1. (a) Schematic of the triple-layer structure. Top and cross-sectional view of the
structure. (b) The permittivity of Ag, SiO;, and Si extracted from the data of Palik.

3. Numerical investigation and theory analysis

First of all, the proposed triple layer structure with nano hole array patterned on the top ultrathin
Si layer is investigated. The radius r of the nano hole is swept using FDTD simulation with fixed
period L (700 nm). The thickness of the SiO; and Si layers are 50 nm and 100 nm respectively.
The simulated absorption as a function of r and incident wavelength is shown in Fig. 2(a). As we
can see, three different electromagnetic modes lead to three distinct absorption peaks indicated
by A1, A and Az, whose location depend on the radius. The absorption band is narrow and the
absorption is high. Figure 2(b) shows three different radius (r = 140 nm,160 nm and 180 nm) of
the nano hole marked by the red, green and blue lines with the fixed period L =700 nm. In the
meanwhile, we also sweep the period L with the fixed radius » (160 nm). The simulated result is
shown in Fig. 2(c), in which three absorption peaks strongly depend on the period L. While for
the Fig. 2(d) shows the absorption when the period L is different (650 nm, 700 nm and 750 nm)
with the fixed radius 160 nm. From Fig. 2(b) and Fig. 2(d) we can see the bands of absorption
spectrum varies from a few nanometers to around ten nanometers. For example, when the period
and radius of the nano hole array are 700 nm and 160 nm, the green line in Fig. 2(b), it is evident
that three absorption peaks appear at the wavelengths of 864.0 nm, 985.0 nm and 1102.0 nm with
a narrow FWHM about 6.5 nm, 13.3 nm and 10.1 nm respectively, which leads to high quality
factor (Q) of 132.9, 74.1 and 109.1 (Q=1/AQ). The absorption can reach 98.5%, 84.0% and
99.0% achieving tunable narrow-band perfect absorption.

In order to clarify the physical mechanism of narrowband perfect absorption, the relative
electric |E|?> and magnetic field |H|? distributions at the wavelengths of triple absorption peaks
A1, A and Ajz are simulated on the X-Z plane when the radius r is 160 nm and period L is
700 nm as the Fig. 3 shown. As we can see, for the absorption peak A, when the wavelength is
864.0 nm, the electric fields are concentrated into the Si layer due to the nature of electric dipole
(ED) resonance. In contrast, for the absorption peak A,, when the wavelength is 985.0 nm, the
magnetic fields are concentrated into the Si layer which exhibits the nature of magnetic dipole
(MD) resonance. While for the absorption peak A3, at the wavelength of 1102.0 nm, the electric
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Fig. 2. (a) Simulated absorption for the proposed structure as a function of wavelength
and the different radius of the hole » with fixed period L =700 nm. (b) Red, green and blue
lines indicate simulated absorption for three radiuses of 140 nm, 160 nm and 180 nm with
fixed period L =700 nm. (c) Simulated absorption for the proposed structure as a function
of wavelength and the period of the hole L with fixed radius r = 160 nm. (d) Red, green and
blue lines indicate simulated absorption for three period of 650 nm, 700 nm and 750 nm with
fixed radius r =160 nm.

fields and magnetic fields are mainly localized in the middle SiO; layer between the Ag and Si
layers, which exhibits the nature of plasmonic resonance. In the proposed triple layer structure,
the metal Ag with a large imaginary part of refractive index has high absorption characteristic,
while for the material Si, the imaginary part of refractive index is relatively small with a weak
absorption characteristic. When the electromagnetic resonance modes supported by the proposed
structure occur, these absorbent materials can consume the incident light of resonant wavelengths,
which leads to perfect absorption.

Furthermore, the absorption distributions of the proposed triple layers can be calculated
directly by the Ohmic loss equation [48]:

Q(r,w) = %X w X Im (e) . x E(r, w)2 @)

in which Im(e) is the imaginary part of the dielectric permittivity, w is the angular frequency,
and E (r, w) is the electric field intensity extracted from the FDTD simulation results in Fig. 3,
therefore the Ohmic loss Q (7, w) calculated by Eq. (1) is not the true value but the relative
distributions. Figure 4 shows the calculated results for the absorption peak A, A and A3z when
the period and radius of the nano hole array are 700 nm and 160 nm respectively. The imaginary
part of dielectric constant for Ag, SiO;, and Si material extracted from Palik data are used in
the calculation at the resonant absorption peaks 864.0 nm, 985.0 nm, and 1102.0 nm. As we can
see in Fig. 4(a), the Ohmic loss mainly generates in Si layer because this electromagnetic mode
caused by ED resonance, the electric fields are concentrated into the Si layer. While in Fig. 4(b)
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Fig. 3. (a), (b) and (c) The relative electric field and magnetic field intensity distributions at
the absorption peaks A, A and A3. The period and radius of the hole array are L = 700 nm,
7 =160 nm for the proposed triple layer structure.

and Fig. 4(c) the Ohmic loss mainly generates in the underlying Ag film, because the electric
fields mainly concentrate and form resonance in the middle SiO; layer. At this moment, the
Ohmic loss distribution in Si layer is very little due to the reduced imaginary part of the dielectric
permittivity of Si from short wave to long wave. This part of the content also indicates that the
physical mechanism of perfect absorption for the proposed tripe layer structure is the Ohmic loss
caused by the metal Ag and weak absorbent semiconductor Si.
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Fig. 4. Ohmic loss distributions calculated by Eq. (1) when period is 700 nm, radius is
160 nm. (a), (b), (c) represent the peak Ay, Ay, and A3, respectively.

4. Experimental validation

The nano hole array in this work is fabricated by the self-assembled nanosphere lithography
[49-53], the fabrication process is shown in the Fig. 5. Firstly, Ag and SiO, film with thickness
of 100nm and 50 nm were coated on the glass substrate in sequence. Then closely packed
monolayer PS nanospheres with diameter of 700 nm were obtained on water-air interfaces by
self-assembly method. The final size of the PS nanospheres were decreased by oxygen plasma
using reactive ion etching (RIE) in a controlled manner. Therefore, we can obtain the size of the
microspheres as we want by controlling the etching time. Afterward, 100 nm thick Si layer was
deposited vertically on the non-close packed PS sphere mask. After removing these PS spheres,
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nanohole array can be formed in the top Si layer. It should be noted that the period of the nano
hole array can be adjusted by changing the diameter of the PS nanosphere, while for the diameter
of the nano holes can be controlled by different etching time in RIE procedure. The magnetron
sputtering method was used to fabricate the Ag, SiO,, and Si thin film. The sputter target was
purchased from ZhongNuo Advanced Material (Beijing) Technology Co., Ltd.

RIE etching
———p

Il Glass substrate

Fig. 5. Fabrication process flow of the proposed triple layer with nano-hole array in the top
Si layer.

Figure 6(a) and 6(b) shows the top-view scanning electron microscopy (SEM) images of the
PS sphere (700 nm diameter) monolayer. As we can see the PS nanospheres are clear and aligned.
After oxygen plasma etching, the size of the PS nanospheres are reduced significantly as the
Fig. 6(c) shown. Figure 6(d) is the SEM image of the ultimate nano hole array with the period of
700 nm and hole radius of 160 nm, which is in a hexagonal lattice displaying a high-quality order.

The experimental reflection is measured by PE Lambda 1050 with a 150 mm integrating sphere.
A plate with a 1 mm circular hole in diameter was placed before the sample. The measuring
range is set from 800 nm to 1200 nm with a fixed interval of 0.2nm. And the experimental
absorption spectrum indicated by the red line in the Fig. 7 is calculated by the equation of
A =1-R. As we can see, three narrow absorption peaks A, A, and A3 with narrow band occur
at the wavelength of 874.0 nm, 983.0 nm and 1125.0 nm respectively. The FWHM of the three
absorption peaks are 12.2nm, 10.1 nm and 21.5 nm. The maximum absorption is 98.3%, 76.1%
and 97.2%. The simulated absorption by FDTD method is shown as the green line in Fig. 7.
The experimental and simulation results are in good agreement, which proves the correctness
of the simulation. Comparison of the results are shown in Table 1. It should be noted that the
nano-hole array fabricated by the nanosphere lithography is not a standard cylinder and the radius
of the nano hole cannot be obtained accurately and also the permittivity of Ag, Si and SiO,
used in simulation is different from the experiment, which result in some deviation between
the experimental and simulated results. Furthermore, the performance of proposed triple layer
absorber was compared to some previously published papers, such as Refs. [42-46], most of
which stayed in theoretical simulation without any experiment. Therefore, the behavior of our
proposed absorber is considerably better.
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Fig. 6. (a) (b) A large area of the close packed PS monolayer template. (c) Non-closed PS
sphere monolayer after oxygen plasma etching. (d) The top view of sample with the period
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Fig. 7. Simulated (green line) and experimental (red line) absorption of the proposed triple
layer structure with the period L =700 nm and = 160 nm.

Table 1. The simulated and experimental results

Simulated results by FDTD Experimental results
Aq Az Az Aq Az Az
Wavelength(nm) 864.0  985.0 1102.0 8740  983.0 1125.0
Max absorption (%) 98.5 84.0 99.0 98.3 76.1 97.2
FWHM (nm) 6.5 13.3 10.1 12.2 10.1 21.5
Quality factor Q 132.9 74.1 109.1 71.6 98.4 52.3
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5. Conclusion

In conclusion, we have successfully demonstrated a triple layer consisting of the bottom Ag layer,
thin SiO; space layer, and ultrathin semiconductor Si film with nano hole array achieving three
absorption peaks with narrow band. We also clarified the physical mechanism of the proposed
structure in details by FDTD simulation, in which the three narrow band perfect adsorption peaks
can be attributed to ED resonance, MD resonance and plasmonic resonance respectively. At the
same time, we used a low-cost nanosphere lithography method to fabricate the proposed nano
hole array in large area. By characterizing and measuring the fabricated structure, the absorption
peak can reach up to 98.3% and the narrowest FWHM can reach up to 10.1 nm in experiment.
The highest quality factor Q can reach up to 98.4. The simulated and experimental results fit
each other well which further demonstrates the correctness of the work. This work can open a
new avenue for narrow band perfect absorption using ultrathin semiconductor film and benefit
for many fields such as infrared sensors, plasmonic filters, and hyperspectral imaging.
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