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As a two-dimensional (2D) material, monolayer MoS, which limits its optical applications has a low absorption effi-
ciency. In this paper, we propose a three-band perfect metamaterial absorber in the visible light range based on monolayer
MoS,. The peak absorptivity of the structure at each resonance wavelength is nearly perfect, moreover, the light absorption
of monolayer MoS; is obviously enhanced at the three resonant wavelengths. The dielectric—dielectric—metal structure we
designed produces the coupling of Fabry—Perot resonance and high-order diffraction guided-mode resonance at different ab-
sorption peaks, which has been proved by the slab waveguide theory. In addition, the multi-modal absorption phenomenon
is explained by extracting the equivalent impedance. The results show that we can adjust the absorption peak wavelength
by regulating the parameters of the structure. This structure not only provides an idea for enhancing the interaction between
light and two-dimensional materials but also has potential applications for optical detection devices.
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1. Introduction

Metamaterials mean artificial composite structures or
composite materials with unusual electromagnetic properties,
made up of artificially microstructures. Different electromag-
netic properties can be achieved by designing different mi-
crostructures, resulting in different propagation modes of elec-
tromagnetic waves.!!?l Metamaterials bring entirely new opti-
cal properties, such as negative refractive index. The rise of
metamaterials provides a way to realize many applications.
Metamaterials have sub-wavelength scales volume, making
it easier to integrate ultra-compact optical devices than that
of three-dimensional bulk materials.’! In 2008, Landy et al.
achieved the first metamaterial absorber with an absorptiv-
ity close to 100%.4! Over the few years, metamaterial per-
fect absorbers (MPA) have attracted a lot of interest from re-
searchers and have been proved useful in practical applica-
tions, such as sensors,!! filters,©] energy harvestings[7] and
photodetectors. 8]

9-11 has triggered

In recent years, the rise of graphenel
much research on two-dimensional (2D) materials and their
related structures. This kind of material with atomic thick-
ness has unique optical properties, which has aroused great
discussion in the field of optoelectronics.!'>'*] MoS, is one
of the representative materials of transition metal disulfides
(TMDCs), which will transform from indirect band gap to di-
rect band gap semiconductor with the decrease of layers,[1>-17]
and this feature makes it has a great application prospect

in photoluminescence!'® and photodetectors.!!”] Because the
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inherent thickness of the atomic layers, the absorptivity of
monolayer MoS, in the visible light range is very low, about
only 10%,?°! which greatly limits the use of monolayer MoS5.
Up to now, much work has been done to enhance the absorp-
tion of monolayer MoS,, and several methods have been re-
ported. Li ef al. achieved perfect light absorption of mono-
layer MoS; in both theoretically and numerically through the
method of critical coupling with guided resonances.!?!! Lu et
al. used a novel multilayer photonic structure, because of
the excitation of the Tamm plasmon mode, the absorptivity
reached 96%.1°%! Tn addition, the magnetically coupled meta-
surface of Ag nanograting/space layer/Ag reflector structure
is also proved to be an effective structure to enhance the ab-

(231 However, there are not many

sorption of monolayer MoS,.
reports about selective absorbers based on the MoS,, which
can be used in frequency-selective photodetectors and sensors.
However, the multiband perfect absorbers have great applica-
tions in multispectral detection and sensors.

In this paper, we propose a three-band and tunable selec-
tive metamaterial absorber in the visible region, which consists
of a periodic stereoscopic dielectric parallelogram, a dielectric
layer, an Al substrate, and a monolayer MoS; sandwiched in
the dielectric layer. The finite-difference time-domain (FDTD)
simulations demonstrate that nearly perfect absorption in the
three prominent display peaks, and the spectral positions of
absorption peaks can be tuned by changing the structural pa-
rameters. When the impedance of the structure matches the
impedance of free space, the reflectivity is almost zero ac-
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cording to the impedance matching theory.*! The results show
that the proposed structure can excite high-order diffraction
guided-mode resonance and FP resonance, thus achieving ef-
ficient absorption. This structure provides a new idea for en-
hancing the interaction between monolayer MoS, and light
and achieving selective absorption, it also has important ap-
plications in MoS; photodetector and photoluminescence.

2. Structure and model

As shown in Fig. 1, our proposed absorber consists of
monolayer MoS,, dielectric material and metal silver sub-
strate. The top layer is composed of two axisymmetric solid
parallelograms and the material is TiO;, followed by HfO;
dielectric layer and Al metal backplane. A monolayer MoS;
is sandwiched in the dielectric layer. The refractive index of
TiO, and HfO, are set as 2.36/%* and 1.975,12%) respectively.
The material properties of Al are adopted from the Palik’s op-
tical constants handbook.[2®! In the simulation, the thickness
of monolayer MoS, was set as d = 0.65 nm. In order to save
the simulation time, we chose monolayer MoS; as the 2D con-
ductivity model and the permittivity of MoS; was measured
by Beal et al.””’! The sizes of the axisymmetric parallelogram
are Ly = 150 nm, L, =240 nm, L3 = 130 nm, and H; = 70 nm
and the periods are P, = 580 nm and P, = 240 nm, respec-
tively. The thicknesses of the dielectric layer are H, = 120 nm
and H3 = 430 nm, respectively. The thickness of Al substrate
is H4 = 150 nm so that all incident light is reflected back, and
the transmittance is basically 0. Then the absorption of the

(b)
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. TiO,
2 . MoS,

Fig. 1. (a) Schematic diagram of the proposed structure illuminated by
normal incident TE wave; (b) the top view of the structure. The pa-
rameters are L1 = 150 nm, L, = 240 nm, L3 = 130 nm, P, = 580 nm,
Py =240 nm.

structure can be expressed as A = 1 — R (R is the reflectivity of
the proposed structure). The structure can be fabricated by the
atomic layer deposition (ALD) method to grow HfO, and elec-
tron beam lithography (EBL) to prepare surface patterns. 28!

In this paper, we use Lumerical FDTD solutions for nu-
merical calculations. The TE polarization (the electrical field
polarized along x axis) plane wave is used to illuminate the
structure, and the accuracy of mesh in FDTD is set to 4. Pe-
riodic boundary conditions are set in x and y directions, and
perfect matched layer boundary conditions are set in z direc-
tion, and then a single cell is simulated.

3. Results and discussion

Figure 2(a) shows the absorption spectrum of the struc-
ture, at 454 nm, 502 nm, and 551 nm, the absorptivity reached
99%, 96%, and 99%, respectively. In order to calculate the
light absorption of monolayer MoS,, we refer to!’]

AG) = TEReW) ()« [ B A ()
4

which is expressed by the ration of electromagnetic energy ab-
sorbed by monolayer MoS, to incident electromagnetic en-
ergy. In Eq. (1), c is the speed of light in vacuum, N is the
refractive index of monolayer MoS,,?”! Ej and V; are the local
electric field and the volume in the monolayer MoS,, respec-
tively, A is the wavelength of incident light. By integrating
the electric field inside of the MoS, and calculating, we ob-
tain the absorptivity of monolayer MoS,. From the absorption
spectrum of monolayer MoS,, we can observe that the absorp-
tivity of monolayer MoS, at the three resonance wavelengths
reaches 52%, 22%, and 19%, respectively. This shows that our
proposed structure can also enhance the absorption of mono-
layer MoS,.

We calculate the impedance of the structure to explain
the physical mechanism of the three peaks. According to the
impedance matching theory, when the impedance of the struc-
ture is close to that of the free space, a very small reflection

[4,30

is produced.*3% In the calculation of impedance (Z), the S

parameters and the impedance Z can be expressed as

i/l .
Sii=52=; <Z Z> sin(nkH), @
P ! 3)
12=921= cos(nkH) — %(%+%)sin(nkH)7
1481)2 - 5%
P (14+811)* =53, 4)

(1-811)2=583,"

where S11, S12, S22, So1 are S parameters, n is the effective re-
fractive index of the structure, k is the electromagnetic wave
vector, and H = H| + H, + H3 +d. The impedance of the free

(@) _ 1 1t can be observed from Fig. 2(b)

(o)
that at the three resonance wavelengths, the real part of the

space is Zg =
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impedance is close to 1 and the imaginary part is close to 0,
which content the impedance matching condition.

From Fig. 2(a), we can observe that the high absorptiv-
ity mainly comes from the resonance of the structure. In the
following, we study the physical mechanism of the absorber
through the distribution of electric fields. We take the cross-
sectional electric field 60 nm away from the upper edge of the
parallelogram in y-direction. From Fig. 3, we can observe that
the electric field is mainly concentrated in the cavity and a
small part is confined to the edge of the surface structure and
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the interface between the metal and the dielectric layer. The
electric field of the surface structure has a positive effect on
the absorptivity. Moreover, there is a standing wave excitation
in the z-direction of the dielectric layer, which proves that the
main resonance is formed in the cavity, which is the charac-
teristic of guided-mode resonance.*'! In addition, the electric
field at each wavelength contains local electric fields of dif-
ferent intensity, we can speculate that there is more than one

resonance mode of the structure.
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Fig. 2. (a) Absorptance spectrum of the proposed structure. (b) Real (black line) and imaginary (red line) parts of the input impedance of the

structure.
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Fig. 3. Electric field distributions in the x—z plane at (a) 454 nm; (b) 502 nm; (c) 551 nm, and the white lines represent the interfaces between

materials in the structure.

In order to further research the origin of the resonance
of the structure, we use the rigorous coupled-wave analysis
(RCWA) to calculate the absorption of the structure of the
first-order diffraction without the monolayer MoS,. We cal-
culate the variation trend of resonance wavelength of the first-
order diffraction with dielectric layer thickness H3, as shown
in Fig. 4(a). This hybrid structure can be broadly considered
as a Fabry—Perot (F-P) cavity resonator. After the wave is
reflected several times by the reflection surface in the cavity,
there will has the effect of constructive interference, which
leads to the reinforcement of the wave. When the propagat-
ing phase in the dielectric layer increases by integer multi-
ples of 27 and the increase in the thickness of the dielectric
layer by As/2 (As = A /ns being the wavelength inside of the

spacer medium), the conditions of constructive interference
are still satisfied therefore higher-order cavity modes will be
generated. 3?33 The resonance wavelength of the first-order

diffraction satisfies the phase matching condition3*!

2nh = (q— %) A,

where n is the refractive index of the FP cavity, 4 is the thick-

&)

ness of the dielectric layer, @ is the total shift of the upper and
lower interfaces of the FP cavity, ¢ is an integer, A is the reso-
nance wavelength of the FP cavity. We calculate the variation
trend of resonance wavelength with the thickness of the dielec-
tric layer through Eq. (5), as shown in Fig. 4(b). As can be seen
from Fig. 4, the positions of the calculated formant are basi-
cally consistent with those calculated by RCWA, which proves
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that the resonance of the first-order diffraction of the structure
designed by us comes from FP resonance. It can be concluded
that the three main resonance peaks in Fig. 2(a) are generated

by the high-order diffraction of the incident light.!3!

‘2 500
£
tT 450

450 500 550 600 450 500 550 600
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550

Fig. 4. Spectra of the structure of the first-order diffraction without the
monolayer MoS,. (a) Absorption calculated by RCWA. (b) Resonance
wavelength calculated by Eq. (5).

Next, we calculate the variation trend of the absorption
containing high-order diffraction with the change of the thick-
ness of the dielectric layer H3 through FDTD, as shown in
Fig. 5(a). At the same time, we estimate the variation of reso-
nance wavelengths associated with waveguide layer thickness
H; in TE mode by slab waveguide theory.*-38] The effective
propagation constant of the mode is

ﬁi—k<nlsin9ii), (6)

where k = 2m/A, A is the wavelength in the free space, n
is the refractive index of the incident dielectric, 0 is the inci-
dent angle, i is the diffraction order, and P is the period of the
structure.

According to the effective media theory (EMT), the top
TiO, layer can be replaced by a plane plate with a certain re-
fractive index in the calculation, and the effective refractive
index ny of TiO; layer can be approximated as

ny = /(1 f)md+ fn, 0

where n, and 7, are the refractive index of the grating groove
and grating ridge, respectively, f is the grating filling factor.
Thus, we can obtain the intrinsic equation of the four-layer
waveguide by using the known refractive of the four layers of
materials.

The wavenumbers of the cover layer (here is air), the
TiO, pattern layer, the HfO, layer, and the substrate can be
expressed as
n1/2

P = (B —koni) ®)
b:%@ B2, )
ks = (kgn3 — %)%, (10)
pa= (ﬁ2 K3n3)'"?. (11)
The eigenvalue equation of the four-layer waveguide is
kydy, = mm + arctan (2) + arctan (‘Zj) , (12)

where py = ky tan[arctan(p; /kz) — kad,] , B is the propagation
constant of the waveguide, m is the order of waveguide mode.
To excite the guided-mode resonance in the structure, the inci-
dent light must satisfy the wave vector matching condition

B =8, (13)

where i is the diffraction order.

Thus, we estimate the resonant wavelength using the dis-
persion relation of the slab waveguide. Figure 5(b) shows the
relationship between cavity thickness H3 and resonance wave-
length. From Fig. 5(b), we can get the resonance wavelength
of different orders guided-mode resonance at the second-order
diffraction. The resonance peaks estimated by using the dis-
persion relation of slab waveguide are nearly consistent with
the calculated result of FDTD. Therefore, we can get that
the resonance of the structure comes from the second-order
diffraction guided-mode resonance. When the resonance con-
ditions of the first-order diffraction resonance and the second-
order diffraction resonance are reached simultaneously, the
two modes will intersect, and high absorption occurs. If they
have an odd m-phase difference, destructive interference will
occur, the energy can not be effectively located, forming the
breakpoints in Fig. 5(a).
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Fig. 5. Absorption property (a) calculated by FDTD; (b) estimated by the
slab waveguide theory. And other parameters are set as default.

In order to investigate the effects of structure parameters
on absorptivity, we change some sizes of the structure for anal-
ysis. As can be seen in Fig. 6(a), all three peaks will change
regularly with the change of period. As the Py increases from
560 nm to 600 nm, the location of peak 1 moves from 444 nm
to 464 nm, the location of peak 2 moves from 491 nm to
516 nm, and the location of peak 3 moves from 534 nm to
569 nm. With the increase of the period, the resonance wave-
lengths of the three absorption peaks of the structure all show
a red-shift phenomenon. The change of period also leads to
the change of absorptivity, but most of the peak absorptions
remain above 90%. The change of structure parameters will
not cause the change of absorptivity if it is a single resonance
mode. However, in our proposed structure, there has reso-
nance coupling at two diffraction orders, so the absorptivity
will change as the period changes. We also study the effect
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of P, on the absorption spectrum. When P, increases, a weak
blue shift occurs in the absorption spectrum, and the absorptiv-
ity of peak 2 and peak 3 decreases significantly. The change of
period not only affects the coupling between modes, but also
affects the effective refractive index of the pattern layer, which
leads to the change of the resonance and absorptivity. For
parallelogram blocks, if Lz and Py increase at the same time
and the others remain unchanged, the shape of two symmet-
rical parallelograms will also change. As shown in Fig. 6(c),

when L3 increases from 120 nm to 150 nm, the location of
the three absorption peaks will also have a very significant
red-shift phenomenon. By changing the L3 parameters of the
parallelogram, the displacement of the three absorption peaks
covers almost the whole band of 450 nm to 600 nm. The rea-
son for the phenomenon is that the three absorption peaks are
induced by cavity mode, the increase of L3 will increase the
effective refractive index of the upper interface of the cavity,

so the peaks experience a red-shift.
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Fig. 6. Absorption spectra of the structure analysis with varying (a) P, (b) P, and (c) L3, respectively. And other parameters are set as default.

We further investigate the influence of the incident light
on the spectral absorptance of the structure. When the po-
larization angles change by 90°, the polarization direction
changes from TE to TM. We can observe from Fig. 7(a) that
when the polarization angle is increased gradually from 0° to
45°, the location changes of the three peaks are not great, but
the absorptivity will change a lot. With the further increase
of polarization angle, the resonance wavelength of the absorp-
tion peaks will change. The resonance wavelengths are differ-
ent when TE and TM polarized lights are the incident light,
but a high absorptivity can be maintained respectively. The
resonance wavelengths caused by TE and TM incident light
are different, which is caused by the mode splitting between
TE and TM.[31 When the polarization angle is not 0° or 90°,
the incident light can be decomposed into two vectors of TE
mode and TM mode, and the absorptivity is the superposition
of the absorption caused by the light with different energy in
two polarized directions. Therefore, when the polarization an-
gle changes, the absorptivity of TE and TM modes will also
change respectively. Since our microstructure is an axially
symmetric pattern with no chiral response, there is no differ-
ence between the absorption of left-circularly polarized and
right-circularly polarized light incident.

Figure 7(b) shows the absorption spectra with different
incident angles. We can observe that when the incident an-
gle varies from 0° to 10°, there still appears a strong res-
onance absorption phenomenon. However, each absorption
peak splits into two bands, the two peaks after splitting ap-
pear red-shift and blue-shift respectively with the increase of
the incident angle. Since the absorption peak mainly comes

from the cavity mode, when the incident angle is not 0°, the
spatial symmetry of the diffracted wave in the cavity will be
destroyed, no effective interference can be formed, so absorp-
tion peaks exhibit frequency splitting phenomenon. #0411 At
the same time, when the incident light at some angles, the
resonance absorption phenomenon becomes weakens or dis-
appears. This proves that in these cases, there is no strong res-
onance or effective standing wave in the cavity. Therefore, we
can flexibly adjust the position and intensity of the absorption
peak in the spectrum by regulating the incident light angle.
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Fig. 7. Absorption spectra of the structure versus (a) polarization angle
of incident light; (b) incident angle.

4. Conclusion and perspectives

In conclusion, we propose a three-band perfect absorber
in the visible light range based on a dielectric—dielectric—metal
structure. At three resonance wavelengths, the structure not
only achieves nearly perfect light absorption but also effec-
tively enhances the interaction between light and monolayer
MoS,. The high light absorptions of the structure are caused
by the coupling of high-order diffraction guided-mode reso-
nance and FP resonance, and this structure is effective in en-
hancing the light absorption of other 2D materials, not lim-
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ited to MoS,. The calculation of impedance shows that the
real and imaginary parts at absorption wavelength satisfy the
impedance matching theory. In addition, the influence of the
geometrical parameters of the structure on the spectral absorp-
tion is investigated, and it is proved that the absorption spectral
nearly coverages from 450 nm to 600 nm can be achieved by
adjusting the geometric parameters. The proposed structure
can be applied to narrow-band selective sensors, thermal emit-
ters, optical detection devices and has potential applications in
spectral imaging.
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