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All silicon MIR super absorber using
fractal metasurfaces

Alaa M. Alit, AbdelRahman M. Ghanim¥?*¢, Muhammad Othman* & Mohamed A. Swillam®3

Perfect absorbers can be used in photodetectors, thermal imaging, microbolometers, and thermal
photovoltaic solar energy conversions. The spectrum of Mid-infrared (MIR) wavelengths offers
numerous advantages across a wide range of applications. In this work, we propose a fractal MIR
broadband absorber which is composed of three layers: metal, dielectric, and metal (MDM), with

the metal being considered as n-type doped silicon (D-Si) and the dielectric is silicon carbide (SiC).

The architectural design was derived from the Sierpinski carpet fractal, and different building blocks
were simulated to attain optimal absorption. The 3D finite element method (FEM) approach using
COMSOL Multiphysics software is used to obtain numerical results. The suggested fractal absorber
exhibits high absorption enhancement for MIR in the range between 3 and 9 um. D-Si exhibits superior
performance compared to metals in energy harvesting applications that utilize plasmonics at the
mid-infrared range. Typically, semiconductors exhibit rougher surfaces than noble metals, resulting in
lower scattering losses. Moreover, silicon presents various advantages, including compatibility with
complementary metal-oxide-semiconductor (CMOS) and simple manufacturing through conventional
silicon fabrication methods. In addition, the utilization of doped silicon material in the mid-IR region
facilitates the development of microscale integrated plasmonic devices.

Solar energy, combined with light-trapping technologies, has enormous potential to replace fossil fuels as a clean,
secure, and sustainable energy source'. Broadband optical absorbers for energy harvesting applications have
attracted great research interest in a variety of applications, including photothermal, solar thermophotovoltaics
(STPV), photochemical, solar steam production, and catalytic reactions. By employing plasmonic structures,
electromagnetic energy can be localized to very small volumes, facilitating effective photon-plasmon conver-
sion at subwavelength scales. Due to their strong optical performance from nanoparticles to nanostructures,
plasmonic absorbers have recently been constructed to achieve broadband absorption®*. Light may be controlled
and focused in the active layers by carefully constructing these metallic-dielectric nanostructures*®. Broadband
plasmonic absorbers with wide-angle incidence, polarization independence, and full absorption across a broad
wavelength range are desirable. A substantial amount of research has been conducted to enhance the perfor-
mance of absorbers®.

Plasmonic infrared (IR) absorbers can be utilized in various fields of study. However, achieving a light
absorber that has several resonances over a broad spectrum of wavelengths is a complex task. Using structures
with multiple resonators to couple various absorption peaks is one approach; however, these structures have a
large influence due to the incorporation of multiple components’. In addition, other structures with high absorp-
tion have been proposed based on metallic plasmonics®, Silicon nanowires’, and porous silicon'’; however, they
are unstable, costly, and thick.

Implementing fractal metamaterials is one of the approaches used to create broadband absorbers. Meta-
materials are periodic structures composed of micro/nanostructural elements of sub-wavelength scale. These
structures increase the diffraction limit of conventional optical materials, resulting in optical phenomena such
as negative refraction; consequently, metamaterials can be regarded as ideal lenses that improve the interac-
tion between matter and light''. In addition, metamaterials are utilized for chiral imaging'?, cloaking'?, and
concentrators'%. Moreover, metamaterials are widely used for broadband IR absorbers and thermal camou-
flage applications'>~". The fractal metamaterial technology builds metamaterials using fractal structure. Fractal
structures are influenced by natural architectures such as corals, tree branches, and snowflakes; their forming
cells and the entire structure exhibit a similar geometry. Multiple resonances enhance the wideband absorption
of plasmonic fractal antennas compared to conventional antennas'!. Fractal plasmonics may involve various
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1920 and circular structures®,, for achieving absorbance in the

configurations, including dendritic'®, triangular
Terahertz, visible, and infrared regions.

Due to their dependence on metals such as silver or gold, the majority of fractal plasmonics operate in the
near-infrared or visible spectrum. Gold and silver are common plasmonic materials in the visible and near-infra-
red spectral ranges. To take advantage of plasmonic enhancement in the mid-and long-wave infrared regions,
materials with plasma frequencies in this range are essential. Plasma frequencies of common metals exist in the
visible and near-infrared regions. On the other hand, the plasma frequency of semiconductors can be modulated
by varying the concentration of charge carriers (doping) or by applying potential gating. Consequently, highly
doped semiconductors emerge as advantageous alternatives to metals in plasmonics, particularly in the infrared
region. Several theoretical and experimental investigations have assessed the efficacy of various semiconductor
materials. Due to silicon-incorporated photonic devices such as sub-wavelength interconnects, modulators, and
emission sources, silicon has attracted considerable interest among these semiconductors®>?. Silicon also enables
chip-scale integration in the mid-infrared (MID-IR) band, which has numerous potential applications, such as
chemical and biological sensors, imagers, light sources, and spectroscopy. In order to increase absorption in the
mid-IR region, doped silicon (D-Si) can be used as an alternative for metals?*?*. In addition, D-Si will make the
fabrication of absorbers compatible with CMOS and cost-effective.

Without the need to design a complex grating structure, we study the absorption in the mid-IR wavelength
range using the fractal absorber. In this research, we propose a D-Si-based fractal Sierpinski carpet structure.
Previously, this structure was introduced by utilizing metals for visible-range absorption. However, the incor-
poration of D-Si into our fractal structure increased broadband absorption and produced a plasmonic effect in
the mid-IR range of 3 to 9 pm.

Theoretical study

In order to investigate the optical characteristics and near-field computations of the plasmonic absorber, three-
dimensional simulations were executed through the utilization of a commercially accessible Maxwell equations
software application (COMSOL Multiphysics)®®. The module of COMSOL Multiphysics uses the finite element
method (FEM) to solve a form of the well-known Maxwell’s equation in terms of E and H over a specified range
of frequencies”:

iwcE+0E—-V xH=-—]

—iwuH +V XE=0 (1)

where ¢ is the electric permittivity, u is the magnetic permeability, o the conductivity and J is the applied current
density. We assume j4 = o > 0 and solve for E*:

V x (u; 'V x E) — w*eopo(er — jo/weg)E = 0 (2)
where 1, is the relative permeability, &, the relative permittivity and the magnetic field B can be computed from:
joB =V X E (3)

In order to solve the partial differential equation (PDE), the formulation of the Galerkin for finite ele-
ments is used for solving the equation numerically by discretization of the function into a combination of basis
functions®%.

The optical properties of the optical absorber are initially studied using a plane wave source that is polarized
along the z-direction with the incident angle 8=45°, as depicted in Fig. 1. The range of wavelengths covered by
the incident radiation spectrum is from 1 to 15 um. The 3D simulation box is enclosed by boundary conditions
(BC:s) that are periodic, and perfectly matched layers in the x, y, and z directions, respectively. This approach is
employed to reduce the computation time. The coefficient of absorption (A4) can be expressed through the fol-
lowing formula: A=1-(R+ T) where R is the reflection coeflicient and T is the transmission coefficient.
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Figure 1. Schematic for Sierpinski carpet fractal structure: (a) level-1 and (b) level-2.
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In this paper, the structure is composed of three layers: metal, dielectric, and metal (MDM); where the metal
is substituted with n-type D-Si, and the dielectric is Silicon Carbide (SiC). The upper D-Si layer is constructed
with a fractal geometry named Sierpinski carpet; it is composed of a square with a side length d, the square is
divided into a 3 x 3 grid; the central section has a big block with side length d/3 and height h. The other sections
have smaller blocks at the center with side lengths d/9 and height //3. The Sierpinski carpet structure was previ-
ously proposed in various studies for broadband absorption in the visible region based on metals; however, our
proposed structure is the first one to our knowledge to be based on doped silicon for mid-IR region absorption**.
The dielectric layer has a thickness of 180 nm and the below D-Si layer acts as a back reflector with a thickness
of 300 nm (Fig. 1). SiC was chosen as a dielectric because it is capable of absorbing a wide range of wavelengths,
and it has relatively low density, good thermal and chemical resistance; therefore, it can function under harsh
working environments®!. Floquet periodicity was assumed at the sides of the structure. All the studies were
conducted using transverse electric (TE) incident field.

The used D-Si is an n-type Si with a Phosphorus doping concentration of 5x 10 cm™. Drude’s model was
used to simulate the D-Si using®:

2
)
P
Em = €00 o + iwy (5)
where g, is the complex permittivity of D-Si, y is the collision frequency of value 9.456 x 10° rad/s, £ is the static
permittivity of value 11.7, w, is the plasma frequency and it is a function of the doping concentration (N,)*>**:

quz
= 6
“p \l gom* ©)

where m is the electron rest mass and m* is the effective mass with a value of 0.26 m. g is the electron charge. At
Ny equals 5% 10%° cm ™, the value wy, is 2.474 x 10" rad/s.

In the field of plasmonic-based absorber applications at mid-infrared wavelengths, it has been noticed that
doped silicon exhibits better performance compared to metals****. Typically, semiconductors exhibit smoother
surfaces than noble metals, resulting in lower levels of scattering losses. In addition, silicon presents several
advantages, including compatibility with complementary CMOS technology and easy fabrication utilizing con-
ventional silicon fabrication methodologies. In addition, the utilization of doped silicon material in the mid-IR
region allows the development of microscale integrated plasmonic devices. The combination of these elements
enables the production of numerous customary plasmonic devices*>**.

Results and discussions

Absorber dimensions optimization. The dimensions of the fractal structure in the level-1 structure (see
Fig. 2a) were optimized to give high values of absorption at broadband wavelength. As shown in Fig. 1 the main
dimensions are named d and h, where h is always twice d/3. Three values of d were studied 1, 3, and 9 um. It
has been found that the smaller dimension was unable to absorb the whole range with high intensity; discrete
peaks are observed and at the larger wavelengths, the absorption is equal to or near zero. The largest d was
able to absorb the light with a high percentage in most of the wavelengths in the whole studied range (Fig. 2b).
Therefore, the study has proceeded using d =9 pm with square fractal dimensions d/3 and h =6 pm. The reported
enhancement in absorption can be attributed to the interaction between incident light and the plasmonic mode
that propagates along the interface of the semiconductor and doped silicon.

Changing the building block geometry. To enhance the absorption of our structure, different build-
ing block shapes were simulated where the square cross-section was compared to the circular and hexagonal
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Figure 2. (a) Level-1 structure and (b) the absorption spectra of different antenna dimensions.
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ones. The building block geometry was changed in the level-1 structure to choose the geometry with the highest
absorption. The interface of the cross-section was changed to circular, hexagonal, or square. It is found that the
square interface gave the highest absorption compared to the other geometries at most of the wavelengths in the
studied range (Fig. 3).

Fractal structure. The fractal structure was built for more enhancement of the absorption using the block
of the square interface (Fig. 1). The absorption of level-1 and level-2 fractal structures were compared. Also, a
structure with the small blocks only (level-0) was simulated (Fig. 4a) to see the effect of the big block and the
fractal structure. It is observed that the level-2 fractal structure led to enhancement of the absorption especially
at wavelengths smaller than 5 um and larger than 6.5 um with increasing the absorption peak at around 8.3 pm
as shown in Fig. 4b.

When looking at the electric field distribution in the level-1 fractal structure at one of the wavelengths of
high absorption, it is found that it is concentrated around the square element (Fig. 5a). While in level 2, it is
observed two behaviors: one for the low wavelengths such as 4.2 um, and higher wavelengths such as 6.8 pm. At
smaller wavelengths with high absorption, it is found that the electric field is concentrated around the smaller
blocks only as shown in Fig. 5b. On the other hand, when the larger wavelengths are absorbed, the electric field
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Figure 3. (a) Schematic for the three simulated absorbers’ geometry, and (b) their absorption spectra.
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Figure 4. (a) Schematic for the three simulated absorbers geometry, and (b) their absorptions.
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Figure 5. Electric field intensity of (a) Level-1 Sierpinski carpet at A =4.2 pm, (b) Level-2 Sierpinski carpet at
A=4.2 um, and (c) Level-2 Sierpinski carpet at 1 =6.8 pm.

is concentrated around both the big block and the smaller ones as can be seen in Fig. 5¢. This indicates that
incorporating the smaller blocks with the bigger one to form the fractal structure enhances the absorption at
a broader range. Moreover, the electric field is trapped between the fractal structure and the SiC layer below.

The high absorption is attributed to multiple electric/magnetic dipolar resonances and the presence of surface
plasmon (SP) modes; moreover, the presence of a back-reflector plays an important role in absorption enhance-
ment by concentrating the electric field at the dielectric layer. For the absorption at the lower wavelengths, an
intense enhancement of the localized electromagnetic fields has emerged between the two plasmonic layers.
This can be attributed to charge accumulation at the blocks which couple to the charge in the back reflector
generating strong electric dipole resonances leading to the confinement of an electromagnetic field at the inter-
mediate dielectric spacer®. At higher wavelengths, the absorption is attributed to the excitation of SP modes
due to the coupling effect of the big square element with the incident field. The same effect happens at the lower
wavelengths with the smaller elements. So, the main advantage of SP modes is their tunability by changing the
size of the absorber?>’.

Further absorption enhancement by core-shell structure. The materials of the fractal in the level-1
structure were modified to have a metastructure too. Level-1 structure was simulated by implementing an air
core in the middle of the D-Si with width d/9 (Fig. 6a and b). Moreover, the air core was surrounded by a border
of Silicon dioxide (SiO,) with a width of d/9 too (Fig. 6¢). It was found that the air core led to enhancement of the
absorption at the smaller wavelengths. Interestingly, the structure with SiO, led to the highest absorption when
compared to the other structures at a broad range between 4.5 and 7.5 pm as shown in Fig. 7.

The electric field distribution in the three different materials structure shows that it appears with a consid-
erable percentage around the level-1 structure with air core (Fig. 8a). In addition, it also appears between the
plasmonic and the dielectric layer in the level-1 structure with air and SiO, core (Fig. 8b). This indicates that the
metastructure of the fractal led to a generation of more SP modes enhancing the absorption.

For further absorption enhancement, the level-2 structure’s materials were modified to include the core-shell.
The Level-2 structure was simulated by incorporating a wide air core in the center of the D-Si and the air core was
surrounded by a Silicon dioxide (SiO,) border (Fig. 9a). It was observed that the core-shell structure of level-2
increased the absorption in a wide range between 4.5 and 7.5 pm as shown in Fig. 9b.

Due to the high density of available photonic states associated with the iso-frequency surface, these concen-
tric tubes can generally maintain an increased number of propagating light modes*>*. Increasing the coupling
between incident light and modes enables the realization of multiple loss mechanisms at various wavelengths,
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Figure 6. Schematic for the modified structure with an absorber made of metamaterials (level-1): (a) side view
of fractal absorber with air core, (b) top view of a fractal with air core, and (c) with air core surrounded by a
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Figure 7. A comparison between the absorption spectra for a fractal structure (level-1) made of D-Si, D-Si with
air core, and D-Si with air core surrounded by SiO,.
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Figure 8. Top view of electric field profile of level-1 (a) with an air core and (b) air core surrounded by a border
of Silicon dioxide.

Scientific Reports |  (2023) 13:15545 | https://doi.org/10.1038/s41598-023-42723-9 nature portfolio



www.nature.com/scientificreports/

Absorption

(a)
L
L

0.2
H 2 = = *Level-2
E SAIOI' Bk = Core-shell structure of level-2
10,
0 ~ "
3 L 6 7 8 9

5
Wavelength [;zm]

Figure 9. (a) Top view of the core-shell structure of level-2 and (b) the absorption spectra as a function of
wavelength for Level-2 and core-shell structure of level-2.

resulting in broad absorption. In addition, the presence of a periodic array with an air core in the tubes creates a
photonic crystal that, depending on the diameter of the air core, provides another type of resonance mechanism.
In order to show the excitation of multiple loss mechanisms, Fig. 10a and b depict the electric field intensity |E|*
profile at discrete wavelengths across the wavelength of interest investigated. This is due to bulk plasmon modes
being highly confined to the bulk of the composite material®.

Side view Top view

Figure 10. Top view of electric field intensity of the level-2 with air core surrounded by SiO, at (a) A=4.2 um
and (b) 1=6.4 um.

o 0.5-1.81 113 w Metal Low
4 0.48-1.48 102 Au Metal High
2 0.4-2.0 133 w Metal Low
s 0.4-1.8 127 Au, Ge Metal + dielectric High
i 0.3-3.0 164 Fe, Cr Metal Low
s 7-15 73 Ti Metal High
0 8-20 86 Mo + Ge,Sb, Te; Metal +alloy High
Proposed 3-9 100 D-Si Dielectric Low

Table 1. The comparison of the proposed design to the previous absorbers.
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Table 1 depicts a comparison between the proposed fractal structure and the previously reported metamate-
rial absorbers. The results demonstrate that the proposed structure obtains an average absorptivity of greater
than 98% in the band of 3-9 um with a relative absorption bandwidth of 100%, which significantly broadens the
perfect absorption band in comparison to previous research. In addition, the use of dielectric materials reduces
production costs, allowing for the mass production of absorbers.

Suggested fabrication steps.  The suggested fabrication process for the Sierpinski carpet structures starts
with a heavily doped Si wafer to form the back reflector (Fig. 11A). Then, a layer of SiC is added using Plasma
Enhanced Chemical Vapor Deposition (PECVD) (Fig. 11B)*. Also, a layer of D-Si is deposited using PECVD
(Fig. 11C). Thickness control for each layer should be performed by controlling the process time and tempera-
ture. After that, a photolithography step will be required. One mask will be needed to fabricate a level-1 struc-
ture (mask 1). Mask 1 will be designed to have a square perforated chrome over quartz glass substrate where
the square will have the dimensions of the big square element (Fig. 12A). After UV exposure using this mask
and a negative photoresist (N-photoresistor) (Fig. 11D), Deep Reactive Ion Etching (DRIE) will be performed
to get the fractal structure (Fig. 11E)*%. To fabricate the level-2 Sierpinski carpet structure; the lithography and
the DRIE steps will be done in two stages. The first stage is using mask 1 followed by DRIE but with less time

(A) Heavily doped silicon (B) PECVD of Silicon
substrate Carbide
4 v \,
. Doped Silicon (E) DRIE to etch the (C) PECSY:? of Doped
: ilicon
| silicon Carbide whole fractal thickness i J, E

N-photoresistor

R R e — s

Mask-2 [ -

y
y
.yv/ S
4
A —— J (D) Addition of N-photoresist
(G) DRIE to etch level-2 (F) DRIE to etch part of the fractal thickness, and UV-exposure
structure followed by another exposure

Figure 11. Schematic for Sierpinski carpet level-1 and level-2 fractal structures suggested fabrication steps.

A B

Figure 12. Design of the masks to be used in the fabrication steps. (A) Mask 1 and (B) Mask 2.
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than in the fabrication of level-1 structure, to only etch around the higher part of the central element (Fig. 11F).
Then, another mask will be used (mask 2) where the pattern it has is the Sierpinski carpet of a central big square,
and smaller squares around it (Fig. 12B). Another exposure step and DRIE are needed to get the final level-2
Sierpinski carpet structure (Fig. 11G)*.

Also, to create the structure with SiO, borders (in Section “Further absorption enhancement by core-shell
structure”) SiO, will be deposited using PECVD after the SiC, then photolithography and DRIE will be performed
to get a SiO, column with the needed dimensions. Then PECVD of D-Si will be done and the steps in Fig. 11
starting from step (D) will be followed to reach the final level-1 structure with SiO, core. To create an air core
inside the fractal, another mask will be needed with a square of dimensions equal to the air core followed by
DRIE®. Therefore, making the building block fractal with metastructure will make the fabrication steps more
complicated.

Conclusion

In this study, we proposed a fractal Sierpinski carpet structure based on D-Si. The metastructure is composed of
three layers: the lowest layer is made of n-type D-Si and over it a dielectric layer composed of SiC. The highest
layer is also made of a D-Si layer constructed with a Sierpinski carpet fractal structure. The advantage of using
D-Si is to get a plasmonic effect at the mid-IR range of 3 to 9 pm using a CMOS-compatible and cost-effective
material and fabrication process. The advantage of using fractal metastructure is to enhance the broadband
absorption by generating multiple electric/magnetic dipolar resonances in addition to surface plasmon modes.
Different studies were conducted to optimize the shape and size of our absorber. Three different shapes of the
fractal geometry were simulated, and it was found that the fractal with a square cross-section will lead to higher
and wider absorption as compared to the circular and hexagonal ones. Moreover, the level-2 Sierpinski carpet
fractal structure was found to enhance the absorption when compared to a level-1 structure or a structure with
equally sized fractals due to the generation of different SP modes with different wavelength ranges. Moreover,
the existence of dielectric layers between two plasmonic layers led to the generation of electric/magnetic dipolar
resonances. For further enhancement of the absorption, the materials of the fractal in the level-1 structure were
modified to have a metastructure too. Level-1 structure was simulated by implementing an air core in the middle
of the D-Si. Moreover, the air core was surrounded by a border of Silicon dioxide (SiO,), and it was found both
structures can lead to higher absorptions at different ranges. However, the structure with SiO, led to the highest
absorption when compared to the other structures at a broad range between 4.5 and 7.5 pm. Therefore, Using
D-Si with our fractal structure led to the enhancement of broadband absorption and gave a plasmonic effect at
the mid-IR range. The absorption was higher than 0.9 at most of the studied wavelength range. The suggested
fabrication steps were illustrated, as further work is needed to experimentally verify our proposed structure.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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