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Abstract

Ultra-broadband metamaterial absorbers (UBMAs) that are compatible with CMOS tech-
nology for use in the mid-infrared and long-wave infrared regions are crucial for a variety
of applications, including radiative cooling, thermal photovoltaic, and thermal imaging. In
this regard, we propose, in this work, a design of an UBMA based on the heavily doped
silicon (D-Si) and silicon carbide (SiC). The 3D finite-difference time-domain method is
used, mainly, to numerically calculate the optical characteristics of the proposed UBMA.
The absorber, which is made up of a periodic array of symmetrical multilayered square
rings of D-Si and SiC, achieves high absorption with an average absorption of 95% over
a wavelength range of 2.5-22 um. This broad range of wavelength absorption is attained,
encompassing the mid-, long-wave, and partial far-infrared regions. In addition to the
materials’ inherent absorption, the stimulation of magnetic polaritons, surface plasmon
polaritons, localized surface plasmon resonance, and cavity resonance are responsible for
the nearly perfect broadband absorption. Under normal incidence, the proposed UBMA is
polarization-independent due to the symmetrical design of the absorber. Furthermore, the
impact of the incidence angle on the absorption of transverse electric and transverse mag-
netic waves is examined.

Keywords Doped silicon - Silicon carbide - Mid-infrared - Long-wave infrared -
Metamaterials - Absorbers

1 Introduction

Engineered materials known as metamaterials are composed of periodic subwavelength
metallic/dielectric structures that possess unusual electromagnetic properties not present in
natural materials. These materials offer a highly flexible operating range, excellent absorp-
tion efficiency, and ultra-thin dimensions. They, therefore, have a wide range of applica-
tions including electromagnetic wave absorption, imaging, and sensing (Chen et al. 2014;
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Vendik and Vendik 2013; Liu and Zhang 2011). The concept of a perfect metamaterial
absorber started in the early work of Landy et al. in 2008 who succeeded in making a sin-
gle narrowband near-perfect absorber in a microwave band. Since this date, many designs
have appeared that have perfect absorption with a single narrow band, multi-narrow band,
and wideband spectrum in microwave, terahertz, infrared, and visible spectral bands (Ye
et al. 2010; Bai et al. 2015; Lv et al. 2015; Liu et al. 2020; Cai et al. 2020; Chen et al. 2022;
Abouelez and Abdulaleem 2023; Zolfaghary pour and Arik 2023; Errajraji et al. 2024).

The designing and manufacturing of broadband perfect absorbers for use in the mid-
infrared (Mid-IR) and long-wave infrared (LWIR) bands are of high importance in sev-
eral applications, including radiative cooling, thermal photovoltaic, and infrared thermal
imaging.

Several designs have been presented for broadband absorbers covering the infrared
range. Some of these designs are based on hyperbolic metamaterials (Huo et al. 2019) that
take shapes like multilayer tapered, pyramid, and funnel (Cui et al. 2012; Liang et al 2013;
Zhou et al. 2014; Deng et al. 2018; Abdelatif et al. 2019; Yue et al. 2020). For example,
an ultra-broadband infrared absorber composed of sawtoothed anisotropic metamaterial of
gold and germanium is presented by Cui et al. (2012). The wavelength range of 2.5-7 pm
is supported by transverse magnetic (TM) polarized light with an absorption of more than
95% at normal incidence. Additionally, this feature is adequately maintained throughout a
very large range of incident angles. Since each sawtooth functions as a separate anisotropic
hyperbolic metamaterial slow-light waveguide to stop and absorb incident energy, the sug-
gested absorber can absorb light. On the same design principle, Zhou et al. (2014) experi-
mentally realized broadband absorbers that cover the visible and infrared range based on
tapered multilayered metal (Au or Al)—dielectric (Al,O3, Ge, or SiO,) structures. Struc-
tures of 9-stack (Au—Al,05), 11-stack (Au—Ge), and 3-stack structure (Al-SiO,) absorbing
light from ~ 1.5 to 3 pm, ~2.5 to 6 pm and ~ 0.4 to 1.2 pm, respectively. Ultra-broadband
absorbers based on sawtooth-like and pyramid-like metal (Al)—dielectric (ZnS) multilayer
structures are proposed by Yue et al. (2020). The wavelength range of 0.2 to 15 pm is
supported by the proposed absorbers. Also, based on the slow-light phenomena, an ultra-
broadband absorber was designed and demonstrated in the 1~6 pm infrared wavelength
region using pyramid-like multilayer waveguides composed of 13-pair Au-SiO, layers
(Deng et al. 2018). In addition, Liang et al. (2013) proposed an ultra-broadband absorber in
the wavelength range of 1~ 14 pm. The absorber structure is based on a pyramid-like mul-
tilayer structure composed of 15-pair Au—Ge layers. Furthermore, Abdelatif et al. (2019)
proposed a broadband absorber based on funnel-shaped, cylindrical, and conical units, ani-
sotropic metamaterial with a periodic array of (Ni/Ge) and (Ni) bottom film. With an aver-
age absorption of 96%, the suggested absorber achieves a higher absorption throughout a
broad wavelength range from 0.2 to 9 pm.

Some of the materials used in the above-suggested/demonstrated absorbers may not be
compatible with CMOS technology (Yue et al. 2020). On the other hand, silicon-based materi-
als are matched with CMOS technology. Furthermore, silicon that has been doped with phos-
phorus (n-type Si) or boron (p-type Si) can be used in place of metal in plasmonic devices by
adjusting the doping level of the silicon (Ginn et al 2011; Zhou et al. 2015). Numerous designs
have been studied numerically or experimentally in the search for doped silicon-based infrared
wideband absorbers. For instance, ultra-broadband mid-IR absorbers based on low-resistiv-
ity silicon were created by Gorgulu et al. (2016). Periodically organized silicon gratings with
periodicities of 7 and 8 pm offer average absorptivity of more than 90% in the wavebands of
5-18.8 um and 5.4-20 pm, respectively. Even at large incidence angles, the structures exhibit
broadband absorption performance irrespective of polarization. For the mid-IR spectral band,
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Magdi et al. (2019) proposed perfect absorber structures made entirely of silicon. The struc-
tures that are suggested are made of intrinsic silicon embedded with n-doped silicon nanow-
ires or nanoparticles. Whereas the nanowire structure exhibits a broadband absorption of more
than 70% from A=5 to 13 pm reaching up to 99% at 7 pm, the nanoparticle-based structure
only produces a single broad absorption peak. Wu and Fu (2018) suggested a technique for
ultra-broadband absorption in the infrared region. This technique is based on embedding an
array of n-doped silicon nanowires, tilted with a specific angle relative to z-direction, in a host
medium of polymethylpentene to form a metamaterial slab. Then, several slabs are stacked in
the z-direction. Based on the number of slabs and the tilt angle the absorptivity bandwidth can
be controlled. The absorptivity can reach 99% in the wavelength range from 2-50 um when
the number of slabs is equal to 41. This method is limited to TM polarization and, to the best
of our knowledge, may be difficult to fabricate. Abdelsalam and Swillam (2022) reported a
parametric study on a structure of nano prisms that are made of doped silicon (D-Si) that acts
as an ultra-broadband absorber in the near and mid-infrared regions. The study shows that the
proposed absorber can achieve maximum absorbed power of 92.6% of the total incident power
on the absorber between 1 and 15 pm.

In this work, we present an ultra-broadband metamaterial absorber (UBMA) that covers
the mid-IR and LWIR and part of Far-IR bands (i.e., wavelength range from 2.5 to ~22 pm)
with absorptivity greater than 90% at normal incidence of electromagnetic wave. To the best
of our knowledge, the design is novel and simple. The design is based on heavily D-Si, n-type
doping, which acts as a metal in plasmonic devices, and silicon carbide (SiC) which is a die-
lectric material. Thus, the structure’s materials are compatible with CMOS technology. The
proposed absorber is a four-fold rational symmetrical structure. Thus, under normal incidence,
it is polarization-independent. In addition, the structure supports absorptivity greater than 80%
for wide incidence angles for both transverse electric (TE) and TM polarizations.

2 Structure design, materials, and methods

The materials that are used in the proposed structure are heavily D-Si which acts as a metal
and SiC which is a dielectric. The silicon is assumed to be doped with Phosphorus (n doping)
with a carrier concentration of 5 x 10%° /cm?3. To calculate the relative permittivity of the D-Si
in the infrared region (i.e., A > 2um), we use the Drude model which is given by

,
gw)y=¢e, — ————— ey
(@) o(w + iy)
where € symbolizes the limiting value of the relative permittivity at high frequencies
which has a value equal to 11.7 (Basu et al. 2010). w, (rad /) denotes the plasma frequency
which is given as a function of carrier concentration, N,, by the following equation

N g2
0, = ]~ @
P m*e,

where the electron effective mass is taken as m* = 0.26m,, where m, (Kg) is the free
electron mass in a vacuum. &, (F/m) is the free-space permittivity. g (A.s) is the electron
charge. The scattering rate,y (rad/s), is given by the following equation (Basu et al. 2010)
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Y= 1
ey 3)

where u, is the electron mobility. Electron mobility can be obtained through the meas-
urements or by using the measurements fitting equations model. Following the fitted
equation model given in (Masetti et al. 1983; Basuet al. 2010), electron mobility is cal-
culated as a function of carrier concentration (https://cleanroom.byu.edu/resistivitycal).
With £, = 11.7, @, = 24739 X 10", and y = 2.0333 x 10", the &(w) for the D-Si can be
obtained through the Drude model. Figure 1a illustrates the real and imaginary parts of
the relative permittivity of n-doped Si at the carrier concentration of 5 x 10?2 /cm?>. It can
be noted from the inset figure that the real part value of the relative permittivity of D-Si
becomes negative for wavelengths greater than ~ 2.7 um.

On the other hand, SiC material has several characteristics, including its excellent radia-
tion resistance, stability at high temperatures, and high thermal conductivity (Larruquert
et al. 2011). The refractive index data of the SiC is obtained from (Larruquert et al. 2011),
and this data is imported to the electromagnetic simulators with the help of (Reractiveln-
dex.Info). Figure 1b shows fitted curves of the real and imaginary parts of the relative
permittivity of the SiC using the discrete input data. From the dispersion curve shown
in Fig. 1b, it can be noted that the imaginary part of the relative permittivity has a non-
zero value which increases with wavelength and reaches its maximum value at wavelength
around 13.5 pm. Thus, it is expected that some of the absorbed power will be dissipated
inside the SiC.

The proposed structure is a periodic array structure. Only one unit cell is described in
detail. The unit cell has a period with a length of P in both the x and y directions. A layer
of D-Si with a thickness of #m acts as a back reflector of the absorber. This thickness is high
enough to ensure that the transmission is nearly zero through the back reflector. Then, to
construct the first layer of the absorber, a flat dielectric layer of SiC with the thickness of
td1is constructed on the surface of the D-Si back reflector. After that, a square ring (SR) of
D-Si (D-Si SR1) with a thickness of rm1 and the width of each arm, that is parallel to the
x or y direction, is equal to W1. The inner dimension of the SR is D x D. The vertical axes
(A,) shown in Fig. 2f is at a distance equal to (D/2 + W1/2) form the center of the unit
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Fig.1 Real and imaginary parts of the relative permittivity of a n-doped Si at carrier concentration of
5 x 10%° /cm’. b SiC
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Fig.2 The structure model of the proposed absorber. a D-Si back reflector. b—e 3D structure models in the
construction direction (layer by layer). f Cross-section of the structure model

cell. The distance G from the edge of the SR to the edge of the unit cell is assumed to be
equal to D/2. The second layer consists of an SR of SiC with a thickness of rd2 and width
of W1 followed by an SR of D-Si with a thickness of #m2 and width of W2 (D-Si SR2).
The third layer consists of an SR of SiC with a thickness of td3 and width of W2 followed
by an SR of D-Si with a thickness of tm3 and width of W3 (D-Si SR3). Finally, the fourth
layer consists of an SR of SiC with a thickness of td4 and width of W3 followed by an SR
of D-Si with a thickness of rm4 and width of W4 (D-Si SR4). All SRs have the same center
and their arms are aligned around the vertical axes (A,). The suggested fabrication process
of the proposed UBMA is illustrated in the Appendix.

Using a trial-and-error method, the proposed absorber structure is optimized to main-
tain an absorbance spectrum above 90% in the optical wavelength range of 2.5 to ~ 22 um.
Under normal incidence, the obtained absorption spectrum shown in Fig. 3 is based on the
following structure parameters (units in pm); P=2.2, D=0.6, tm=2, td1=0.26, tm1=0.45,
td2=0.3, tm2=0.3, td3=0.3, 1m3=0.2, td4=0.2, tm4=0.2, W1=0.5, W2=0.3, W3=0.2, W4
=0.1.

To reach these optimal parameters, we used the CST Microwave Studio time-
domain (TD) solver, which is based on the finite-integration method, to implement
a fast parameter sweep. Then, parameter by parameter, depending on its importance,
we choose the best values that enhance the absorptivity until we reach an absorbance
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Fig.3 Absorption spectra of the proposed absorber under normal incidence by using FDTD, TD, and FD
solvers

spectrum above 90% in the optical wavelength range of 2.5 to ~ 22 um. In addition, in
all simulations, adaptive mesh refinement is activated to ensure the high accuracy of
the obtained results.

The simulation of the proposed structure is, then, carried out by using the 3D
finite-difference time-domain (FDTD) method with the help of the commercial soft-
ware Lumerical FDTD. Due to the periodicity of the structure, only one unit cell is
simulated. We set periodic boundary conditions in both the x and y directions. In the
z-direction, the perfect matched layer (PML) boundary condition with the type of
stretched coordinate PML is applied. The distance from the structure surface to the
PML is set to be 15 um. The mesh type is chosen to be auto-non-uniform with accu-
racy order 4. Moreover, we used a custom meshing for the structure model with a max
mesh step of 0.02 pm.

In the simulation, a plane wave is applied in the negative z-direction. For normal
incidence, the plane wave type is Bloch/Periodic with boundary condition setting:
periodic. For non-normal incidence, the plane wave type is the Broadband Fixed Angle
Source Technique (BFAST) with boundary condition setting: Bloch. The plane of inci-
dence is the x—z plane. The electric field is parallel to the plane of incidence while
the magnetic field is normal (transverse) to the plane of incidence in the case of TM-
polarization. The roles of the electric field and magnetic field are exchanged for the
TE-polarization case.

For verification of the FDTD simulations which were carried out by the Lumeri-
cal FDTD, we simulated the same structure model with the frequency domain (FD)
solver in the CST Microwave Studio. In this solver, we apply unit cell boundary condi-
tions in both x and y directions, open (add space) boundary conditions in the positive
z-direction, and perfect electric conductor in the negative z-direction. Special meshing
is taken into consideration, especially for D-Si SRs. In addition, adaptive mesh refine-
ment is activated to ensure high accuracy of the obtained results.
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3 Results and discussions
3.1 Spectral properties

The absorption spectrum, A(4), is computed by A(4) =1 —T — R where T and R stand
for the power transmission and reflection coefficients, respectively. The transmittance
should be zero since the bottom D-Si layer has a thickness significantly larger than the
incident beam’s skin depth. As such, A(4) =1 — R can be used to simplify the absorp-
tion spectrum calculation.

Figure 3 shows the absorption spectrum (in the wavelength range 2.5-25 pm) under
normal incidence for TM-polarization by using the Lumerical FDTD, CST TD solver,
and CST FD solver. Very good matching between the three solvers is obtained. The
same result is expected in the case of TE-polarization due to the symmetry of the struc-
ture. It can be noted that the absorption is greater than 90% in the range of optical wave-
lengths 2.5 ~ 22 ym with an average absorption () of 95.23%. The average absorption is
calculated with the following equation.

j'm(l)r
S A(A)dA 4)

max min Amin

n= 2
where, under normal incidence, A,,;,,=2.5 pm and 4,,,,=22 um with a bandwidth of nearly
19.5 um. Additionally, it can be observed that there are five peaks of absorption around
wavelengths of 4,=18.275 um, 4,=12.0134 um, 4,=7.223 um, 4,=4.205 pm, and As=2.91
um with peak absorption of 96, 98.53, 99.53, 98.88, and 99.96%, respectively.

3.2 Field and power distributions and absorption mechanisms

To understand the physical mechanisms of the absorption corresponding to the wave-
lengths (starting from upper to lower wavelengths) 4,=18.275 um, 4,=12.0134 um, A;
=7.223 uym, 4,=4.205 um, and A5=2.91 um, the electric and magnetic field distribu-
tions of p—[ , |Ex , |Ez , and real (EZ) components at each wavelength are calculated, by

y
using the 3-D FDTD, considering TM-polarization and normal incidence. The effects of
the addition of each layer on the overall absorption performance over the bandwidth
under consideration are illustrated in Fig. 4. In Figs. 5-9, the component |Hy‘ is plotted

in the y—z cross-section (at x=0), while |Ex , |E,|, and real (E) components are plotted
in the x—z cross-section (at y =0). In addition, the power loss density distribution is cal-
culated by using the CST Microwave Studio TD solver. Figures 5-9e—h show the power
loss density distribution at the outside sidewall surfaces of the structure in the x—z plane
(e) and the y-z plane (g) and at the inside sidewall surfaces of the structure in the x-z
cross-section (f) and the y—z cross-section (h) at the chosen wavelengths. In Figs. 5-9a—d
the fields are displayed using a linear scale, whereas in Figs. 5-9e-h, for dissipated
power, a log scale (normalized) is used. In addition, Fig. 10a—c shows examples of the
dissipated power distributions in different conducting layers in the x—y plane while
Figs. 10d and e illustrate the real (E ) component in the x—y plane at certain D-Si SRs at

Z

the lower wavelengths (i.e., 4.205 and 2.91 um).
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Fig.4 Absorption spectra of the UBMA at various structural design stages. a For flat D-Si layer alone and
flat SiC/D-Si layers. b For 3D structure models in the construction direction (layer by layer)

Generally, the main features of the proposed UBMA can be summarized as follows.
There are four main absorption mechanisms: magnetic polariton (MP), surface plasmon
polariton (SPP), localized surface plasmon resonance (LSPR), and cavity resonance
(CR).

The MP mechanism is caused by the trapped magnetic field, H,, in an insulating mate-
rial (i.e., SiC) between two conducting materials (i.e., D-Si), induced by the incident mag-
netic field, e.g. Figure 5a, between D-Si SR1 and the D-Si back reflector and D-Si SR1 and
SR2. The trapped magnetic field induces antiparallel currents in the x-direction in the two
surrounding conducting layers (Zhou et al. 2006). The currents induce opposite charges at
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Fig.5 Distribution of electromagnetic field components at a wavelength of 18,275 (nm). a—c: |Hy', |EX
E_|, and d real (E~) components, respectively. e-h Power loss density distribution on the surfaces inside and

outside the structure

>

the current ends (electric dipoles). These induced charges at the conductor’s ends gener-
ate an electric field E,_ in the insulating layer between the conductors, e.g. Figure 5d. The
field component, E_, causes a loss in the y-directed conducting D-Si SR arms at extreme
X, caused by the imaginary part of relative permittivity, e.g. Figure 5e-h, at the bottom
of the first D-Si SR1 as shown in Fig. 10a. The trapped magnetic field is accompanied
by an inductance, and the polarized charges on conducting layers are accompanied by a
capacitance, which together form a resonance circuit that determines mainly the resonant
wavelength (Zhou et al. 2006). For the square ring pattern, a modification exists for the
capacitors and inductors elements (Sakurai et al. 2014). This resonance wavelength is pro-
portional to the length of the conductor in the x-direction but is much smaller than it (Cai
et al. 2020). For instance, at 18 um wavelength, as shown in Fig. 5, the resonance occurs in
the lower layer, of nearly 2 um length. Generally, the MP mechanism is excited mainly at
the higher wavelengths (i.e., 18.275, 12.0134, and 7.223 um).

The second mechanism is the SPP. The SPP is excited at the interface between conduct-
ing (with negative real permittivity) and insulating (with positive real permittivity) materi-
als causing absorption (Cai et al. 2020; Qiu et al. 2021). This mechanism takes into con-
sideration the periodic nature of the absorbing array using Floquet-diffraction modes (Zhao
et al. 2013; Kim et al. 2017). This mechanism is excited, mainly, at shorter wavelengths
(i.e., 4.205 and 2.91 um), e.g. Figure 8a layers 1, 2, 3, and 4 at wavelength 4.205 um.

The third absorption mechanism is due to LSPR, where the electric fields with opposite
charges are concentrated at the edges/corners of the conducting material (i.e., D-Si) (Qiu
et al. 2021), e.g., Figs. 8 and 9c, d, and Fig. 10d, e.
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The fourth absorption mechanism is the CR caused by the incident electric field in the
x-direction. At certain wavelengths, the field is highly concentrated in the gap between two
adjacent cells (Cai et al. 2020; Qiu et al. 2021; Maruyama et al. 2001). The field, coupling
adjacent cells, is seen to be stronger at gaps at certain levels whose gap dimensions are
related to the resonance wavelength (i.e., as the resonance wavelength becomes shorter, the
field becomes concentrated at a shorter gap) e.g., Figs. 7b and 9b.

Although the present structure is 3D, with TM-polarization excitation, other field com-
ponents than E,, E_, and H are generated, e.g., E, component (Liang et al. 2013).

Before illustrating the électromagnetic field distributions for discussing the physical
mechanisms of the absorption at the peak absorption wavelengths, we will show, firstly, the
effects of the addition of each layer on the overall absorption performance over the band-
width under consideration.

Figure 4 illustrates these effects. Figure 4a shows the comparison between the spectral
absorption of the flat D-Si layer and the flat SiC/D-Si layers. It can be observed that the
D-Si layer alone has peak absorption around a wavelength of 2.2 um. This absorption peak
can be attributed to the free carrier absorption of the heavily D-Si with a carrier concentra-
tion of 5 10?°/cm?. This absorption peak wavelength increases with decreasing doping
concentration (Gorgulu et al. 2016). Due to the deposition of a SiC layer, with a thickness
of td1, on the D-Si layer, a peak absorption is obtained around the wavelength of 4.7 pm.
Thus, it is clear that the multilayered structure has a critical effect in improving spectral
absorption. Figure 4b displays the effect of adding layer by layer to the structure in the
growth direction. The addition of layer-1 results in an absorption spectrum with five peaks
(labeled by {)) at wavelengths, arranged from higher wavelength to lower wavelength,
around (21.5, 11, 6, 4.86, and 2.3 um). These peak absorption wavelengths are expected to
be generated due to the excitation of one or more absorption mechanisms (i.e., MP, SPP, or
LSPR), as will be discussed in detail for each of the peak absorption wavelengths, or due to
the free carrier absorption of the D-Si SR (i.e., corresponding to the wavelength of 2.3 um).
After adding the second layer, the absorption is enhanced and the peaks are slightly shifted
with respect to those generated by the first layer alone (labeled by O) (i.e., 20.3, 11.15, 6.4,
3.6, and 2.24 um). These shifts in the wavelength are expected to be a result of the coupling
between the excited mechanisms due to the first layer and those excited due to the addi-
tion of the second layer. The third layer made extra enhancement with a shift in absorption
peaks (labeled by O). However, the average absorption is less than 90%. The addition of
a fourth layer made the absorption greater than 90% over a bandwidth of nearly 19.5 ym.

In the following, we will investigate and analyze, at the different wavelengths with
absorption peaks, the relative contributions of each mechanism and their impact on the
absorber’s performance.

Figure 5 shows the electromagnetic field distributions and power loss density at the
wavelength of 18.275 um. At this wavelength, it can be noted from Fig. 5a that the mag-
netic field component |Hy‘ is highly concentrated inside the flat SiC layer between the first

D-Si SR and D-Si back reflector and inside the SiC SR layer inserted between the first and
second D-Si SRs. This magnetic field distribution indicates the excitation of MPs. Addi-
tionally, a weak magnetic field can be observed to be concentrated between the second and
third D-Si SRs which, also indicates an excitation of moderate MP. These magnetic polari-
tons are expected to be the main reason for the high absorption around the wavelength of
18 um. The blue shift of the peak wavelengths (from 21.5 to ~ 18 um) due to the addition
of the layers shown in Fig. 4b can be attributed to the coupling of these MPs.
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On the other hand, the electric field component |EZ , as shown in Fig. 5c, is concentrated
in the insulating SiC, especially at the y-directed SRs arms at extremes of x-direction, and
between the top D-Si SR and the air. For more clarification, Fig. 5d displays the real(E,)
component of the electric field distribution, where the electric dipole formed at the inter-
face between the D-Si SRs and the SiC results in the generation of E, field with opposite
directions at the extreme parts in the x-direction. The previous description is confirmed by
the power loss distribution. Figure Sg and h show that the power is dissipated, mainly, in
the lower sides of the first and second D-Si SRs along the arms parallel to the y-direction
at the extremes in the x-direction, i.e. at the outer edges, Fig. 5e and f. The dissipation
distribution in these layers changes with z due to the presence of MPs above and below
the layer. Moreover, concerning the upper layers (i.e., layers 3 and 4), it can be noted from
Fig. 5b that a moderate electric field, E,, is concentrated at the gap between adjacent unit
cells, especially at the top sidewall edges of structure layers. This field also contributes to
enhancing the absorption at the wavelength under consideration. The corresponding power
loss in layers 3 and 4 is shown in Fig. S5e-h to be in the arms along the x-direction. Also, it
can be noted that there is some moderate power dissipated in the SiC layers and in the D-Si
back reflector which can be attributed to the internal losses of D-Si and SiC material (see
Fig. 1).

Figure 6 displays the electromagnetic field and power loss density distributions at the
wavelength of 12.04 um. It can be noted from Fig. 6a that a weak and moderate magnetic
field is concentrated inside the flat SiC layer between the first D-Si SR and D-Si back reflec-
tor and inside the SiC SR layer inserted between the first and second D-Si SRs, respec-
tively. This indicates the excitation of weak and moderate MPs compared to that excited at

(a) [Hy| at 12014 (nm)  x10” (b) |Ex]| at 12014 (nm) 5 (c) [E2| at 12014 (nm)
5.5 ’

N 25
3
2

(d) real(Ez) at 12014 (nm)

y (pm)

-40

Fig.6 Distribution of electromagnetic field components at a wavelength of 12,014 (nm). a—c: | H“‘, |Ex
E_|, and d real (E&) components, respectively. e-h Power loss density distribution on the surfaces inside and

outside the structure

>
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(a) |Hy| at 7223 (nm) x10° (b) |Ex| at 7223 (nm) (c) |Ez| at 7223 (nm)

(d) real(Ez) at 7223 (nm)

{05

£

Y 0

N
0.5
A
1.5

Fig.7 Distribution of electromagnetic field components at a wavelength of 7223 (nm). a-c: (H, |, |E.|, |E,|,

and d real (E“) components, respectively. e-h Power loss density distribution on the surfaces inside and out-
side the structure

>

(a) [Hy| at 4205 (nm) 10

(b) |Ex| at 4205 (nm) (c) |Ez| at 4205 (nm)

(d) real(Ez) at 4205 (nm)
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z (pm)
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-40
Fig.8 Distribution of electromagnetic field components at a wavelength of 4205 (nm). a-c: |H, |, |E,|, |E R
and d real (E)

components, respectively. e-h Power loss density distribution on the surfaces inside and out-
side the structure
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(a) [Hy| at 2010 (nm)  10? (b) [Ex] at 2910 (nm) (c) [Ez|at 2910 (nm) _ _ (d) real(EZ) at 2910 (nm)
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E
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N
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0
-40
Fig. 9 Distribution of electromagnetic field components at a wavelength of 2910 (nm). a—c: ‘Hy NINRIAR

and d real (E“) components, respectively. e-h Power loss density distribution on the surfaces inside and out-
side the structure
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Fig. 10 Power loss density distributions in the x—y plane for a D-Si SR1 at 18.275 um, b D-Si SR3 at
4.205 pm, and ¢ D-Si SR3 at 2.91 um. Real(E,) component distribution in the x—y plane for d D-Si SR2
bottom and top surfaces at 4.205 pm and e D-Si SR3 bottom and top surfaces at 2.91 um
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the wavelength of 18.275 um at the same layers. Also, it can be noted from Fig. 6a, c, and
d that the magnetic and electric fields are concentrated at the interface between the upper
surface of the fourth D-Si SR and the air which indicates an excitation of SPP. Thus, the
absorption at the wavelength of 12.04 um is enhanced, mainly, by the moderate MP and the
SPP absorption mechanisms. In addition, the moderate electric field, E,, is concentrated at
the air gap between adjacent unit cells especially at the edges of structure layers (like that
shown in Fig. 5b) which contributes to enhancing the absorption. Moreover, the distribu-
tion of power loss density, shown in Fig. 6e-h, in general, has the same distribution shown
in Fig. Se-h, however, there is a slightly higher power loss than the power loss at the wave-
length of 18.275 pm.

At the wavelength of 7.223 um, considering layer 1, Fig. 7a shows that the magnetic
field is enhanced, mainly, in the flat SiC layer between the first D-Si SR and D-Si back
reflector. This indicates an excitation of MP. Considering layers 2 and 3, it can be noted,
from Fig. 7b, that the electric field component, |E,|, is highly confined in the air gap
between the adjacent cells. This indicates an excitation of CR. Also, |EX| is moderately con-
fined in the flat SiC layer between the adjacent cells. This is accompanied by the power dis-
sipated in the D-Si back reflector concentrated in the region between adjacent cells along
the y-direction as indicated in Fig. 7e and f. In addition, considering layer 4, it can be noted
from Fig. 7a, c, and d that the magnetic and electric fields are concentrated at the interface
between the upper surface of the fourth D-Si SR and the air which indicates an excitation
of SPP. These electromagnetic field distributions indicate that the absorption at the wave-
length of 7.223 um is enhanced, mainly, by the MP, CR, and SPP absorption mechanisms.
Additionally, Figs. 7c and d indicate high electric field confinement inside the SiC flat layer
and SiC SRs especially at the inner edges of SRs. Moreover, Fig. 7e-h illustrates the power
loss density at this wavelength. It can be noted that the power is dissipated in D-Si SRs 3
and 4 at the arms parallel to the x-direction and D-Si SRs 1 and 2 at the lower side inter-
face along the arms parallel to the y-direction. Also, the power is dissipated in the inside
corners of the D-Si SRs. In addition, the noted power dissipation inside the SiC at the
higher wavelengths (i.e., 18.275 and 12.04 um) becomes lower at this wavelength due to
the lower value of the imaginary part of the relative permittivity of the SiC.

At the wavelength of 4.205 pum, Fig. 8a indicates that the magnetic field is confined at
the interfaces between D-Si and SiC SRs and the interface between the upper D-Si SR and
the air. These field distributions indicate an excitation of SPPs. The confinement of these
fields is gradually increasing from lower to upper layers. Furthermore, it is evident from
Fig. 8a and b that the electromagnetic fields (i.e., |E,| and |Hy|) concentrate above the struc-

ture and extend far from its surface with distributions that have a standing wave profile
(Cai. et al. 2020). Figure 8b illustrates that there is a moderate confinement of the electric
field component, |Ex| inside the SRs, inside the air gap between the adjacent cells, and
moderate confinement in the flat SiC layer between the adjacent cells. In addition, Fig. 8c
and d show the distribution of the z-component of the electric field which indicates the
localization of the electric field at the edges of D-Si SRs. This localization of the electric
field is clarified in Fig. 10d which shows the distribution of real (E,) in the x—y plane at the
bottom and top interfaces of D-Si SR2. It can be noted that the field is localized at the
edges and the corners of the D-Si Sr with opposite polarities. These field distributions indi-
cate an excitation of LSPR. Thus, it can be indicated that the absorption at the wavelength
of 4.205 um is enhanced, mainly, by the SPP and LSPR mechanisms. Moreover, it can be
noted from Fig. 8e and f that power is highly dissipated in D-Si SRs 2, 3, and 4 in the arms
parallel to the y-direction and inside corners. In Fig. 10b, for the D-Si SR3, the power is
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highly dissipated, mainly, in the arms parallel to the x-direction and inside corners. From
Fig. 8g and h, it can be noted that power is highly dissipated in D-Si SRs 1 and 2 at the
lower sides of D-Si SRs in the arms parallel to the x-direction. In addition, the power dissi-
pated in the doped-Si back reflector is concentrated in the region between adjacent cells
along the y-direction. Furthermore, the dissipated power inside the SiC becomes insignifi-
cant, especially in SiC SRs, due to the low losses at that wavelength.

Finally, at the wavelength of 2.9 pm, considering layer 1, Fig. 9b shows strong confine-
ment of the electric field component, |Ex| inside the air gap between the adjacent cells at
this layer. This can be attributed to the excitation of CR. Considering layers 1, 2, 3, and 4,
Fig. 9a indicates magnetic field confinement at the interfaces between D-Si and SiC SRs.
This magnetic field confinement is weak at the interface between the first D-Si SR and the
upper SiC SR, then becomes stronger at the higher interfaces between D-Si and SiC SRs,
especially between the second D-Si SR and the upper SiC SR. These field distributions
indicate an excitation of SPP. Also, it is clear, from Fig. 9c and d, that the z-component is
localized at the outer sidewall edges of the D-Si SRs. The localization of the electric field
is clarified in Figs. 9d and 10e which show the distribution of real (E,) in the x—y plane at
the bottom and top interfaces of D-Si SR. It can be noted that the field is localized at the
edges and the corners of the D-Si Sr with opposite polarities. These field distributions indi-
cate an excitation of LSPR. Thus, it can be indicated that the absorption at the wavelength
of 2.9 um is enhanced, mainly, by the CR, SPR, and LSPR absorption mechanisms. These
notes are supported by the dissipated power distribution shown in Fig. 9e-h and Fig. 10c.
It can be noted that the power is highly dissipated in all doped-Si SRs especially the second
D-Si SR in addition to some power that is dissipated in the D-Si back reflector.

Absorption
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Fig. 11 Absorption spectra at normal incidence calculated against the polarization angle
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3.3 Impact of polarization and oblique incidence

Due to the symmetric property of the proposed absorber, it is expected that there will be
no variation in the absorption spectrum due to the variation of polarization angle (i.e., the
angle between the projection of the electric field and the x-direction). Figure 11 shows the
absorption spectrum as a function of polarization angle (degree) at normal incidence. It
can be noted that there is no variation in the absorption spectrum due to the variation of the
polarization angle.

On the other hand, we discussed, in the previous subsection, the physical mechanisms
of the excited resonances that enhance the absorption at certain wavelengths. These
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Fig. 12 The proposed UBMA’s absorption spectra for a TM polarization and b TE polarization at various
incidence angles

@ Springer



Silicon-based ultra-broadband mid-IR and LWIR near-perfect... Page 170f22 1103

Table 1 Average absorption of the proposed UBMA at different incident angles for TM polarization (#7,,)
and TE polarization (1)

0; 0° 15° 30° 40° 45° 50° 60° 70°
(%) = 95.23 95.57 96.32 96.73 96.66 96.19 92.79 81.91
(%) = 9523 94.65 92.53 89.75 87.8 85.4 79 70.6

resonances may be excited by electric field or magnetic field components. At the normal
incidence of the plane wave, the proposed absorber has the same performance for both TE
and TM polarizations where the structure has the symmetrical property. However, although
this symmetrical property of the structure, it is expected that oblique incidence of TE and
TM polarized waves will give different performances. To examine these effects on the per-
formance of the proposed absorber, the absorption spectrum is computed at different inci-
dence angles, 6;, under TE and TM polarizations. The incidence angle, 0;, concerning the
wave vector, K, is shown in the inset figures in Fig. 12a and b for TE and TM polarizations,
respectively. Figure 12a shows the absorption spectrum of the proposed absorber at dif-
ferent incidence angles under TM polarization. The average absorption, #,, is calculated
at each incidence angle and tabulated in Table 1. Obviously, the absorber has an average
absorption greater than 90% for incidence angles up to 60° and average absorption greater
than 80% for incidence angles up to 70°. Also, it can be noted that the values of the aver-
age absorption for 6; greater than 0° up to 50° are higher than that corresponding to 6, = 0°.
This can be attributed to the blueshift of the absorption peaks, especially the higher reso-
nant wavelengths (i.e., A = 18, 12, and 7 um), and the broadening around the peaks between
each other as illustrated in Fig. 12(a). The blueshift is usually caused by the resonance
caused, mainly, by MP (Ye et al. 2010; Bai et al. 2015) at TM polarization under oblique
incidence where the MP is caused by the H, component of the magnetic field (Ye et al.
2010). The broadening can be attributed to the interaction with a large area of the lossy
materials (i.e., D-Si and SiC).

The proposed absorber’s absorption spectrum under TE polarization is displayed in
Fig. 12b at various incidence angles. At each incidence angle, the average absorption, 7z,
is computed and given in Table 1. It can be observed that the absorption amplitude and
the n,; decrease as the incidence angle increases especially at higher peak wavelengths
(i.e., A= 18, 12, and 7 um). This is because the MPs, under TE polarization, are excited by
the H, component of the incident field. Under TE polarization, the proposed absorber can
achieve average absorptivity greater than 80% for incidence angles up to 50°. In addition,
the absorption spectrum of the normal incidence is nearly overlapped with those of inci-
dent angles up to 6; = 30° and the average absorption is greater than 90%.

3.4 Comparison study

In this subsection, the performance of the proposed UBMA is compared to some of the
reported designs in infrared broadband absorbers. The comparison is based on, namely, the
structure shape, materials type, wavelength range, value of absorption at normal incidence,
techniques of verification, wide-incident angle absorption capability, and polarization sen-
sitivity as presented in Table 2.
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I D-si
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(a) D-Si substrate (b) PECVD alternate patterning and (d) Final UBMA

deposition etching structure

Fig. 13 The fabrication steps of the proposed UBMA.

4 Conclusion

In summary, a novel design of a UBMA is proposed and numerically investigated using the
3D- FDTD method. The proposed structure is a periodic array structure consisting of mul-
tilayer square rings of D-Si and SiC mounted on SiC/D-Si film. Under normal incidence of
light wave, this UBMA achieved absorption greater than 90% from 2.5 to 22 ym with an
average absorption of 95%. The absorber is polarization-insensitive because of its perfect
symmetry. Additionally, the TM and TE modes’ absorption of the UBMA at oblique inci-
dence is examined. For TM-polarization, the average absorption is greater than 80% for
incidence angles up to 70° while for TE-polarization, the average absorption is greater than
80% for incidence angles up to 50°. The comprehensive analysis of the electromagnetic
field distributions at different wavelengths in the absorption band attributes the enhanced
absorptivity to the excitation of MP, SPP, LSPR, and CR.

Appendix (Proposed fabrication process)

In this Appendix, we will illustrate a suggestion for the fabrication process. At first, the
heavily D-Si substrate that acts as a back reflector is prepared as shown in Fig. 13a. The
plasma-enhanced chemical vapor deposition (PECVD) can be used to deposit 4-pair of
SiC/D-Si layers on a heavily D-Si substrate as shown in Fig. 13b (Kuo 1997; Seo et al.
2002). During the PECVD process, Si can be doped (Kuo 1997). Perfect control of the
thickness of each layer can be achieved by adjusting the process settings such as tempera-
ture and deposition time. The D-Si/SiC SRs’ patterned multilayer can be created with a
Focused Ion Beam (FIB) system (Deng et al. 2018). As shown in Fig. 13c, successive pat-
terning and etching of D-Si/SiC layers can be implemented by adjusting the ion beam mill-
ing dwell time at various milling depths along the side walls of the D-Si/SiC SRs until we
reach the final UBMA structure shown in Fig. 13d (Deng et al. 2018; Chekurov et al. 2010;
Reyntjens and Puers 2001; Menzel et al. 1998).
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