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Abstract: We report a theoretical study of a perfect absorber based on the metal-insulator-
metal (MIM) structure, which achieves perfect absorption of single and double peaks in
the visible range. The top Ag and middle SiO, are arranged in a periodic nanopillar array.
Adjusting the structural parameters of the nanopillars to indirectly control the absorption
spectrum, theoretically the maximum single-peak absorption can reach more than 99.0%
and the maximum double-peak absorption can reach more than 90.0%. We investigate its
absorption mechanism through simulations and calculations, and explain the results well
with the SPP scattering mode and F-P cavity theory. We find that through the double-
peak absorption process, the mode split phenomenon appears as the thickness of SiO,
increases. Therefore, the selective appearance of absorption peaks can be achieved, which
provides the possibility of application in absorbers.

Index Terms: MIM structure, Surface plasmon polariton, F-P cavity, perfect absorber.

1. Introduction

Plasmonics is one of the research hotspots in nanophotonics. Its main concern is to realize the
transfer of electromagnetic radiation energy at the interface between metal and dielectric using
microstructures. Studying the interaction between light and matter with the help of microscopic
fields opens up a new perspective for us [1]-[4]. Surface plasmon polariton (SPP) is an electromag-
netic wave that propagates along the interface between metal and dielectric. It has been shown
to exhibit the characteristics of strong enhancement of local field and large in-plane momentum
[5]. It can effectively confine the energy of a photon in a very thin area, which shows a trend
of attenuation along the vertical direction of the interface [6]-[9]. Furthermore, the wave vector of
SPPs is relatively long, which can break the diffraction limit [10]. The SPP around the nanostructure
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Fig. 1. Conceptual illustration of the three-layered MIM absorber structure.

has unique and significant manipulability to light. This makes it useful in biochemical sensors [11],
energy harvesting [12]-[15], nonlinear optics [16]-[18], and solar batteries [19], [20].

Perfect absorption [12] has attracted much attention for its important applications in the fields
of thermal radiation [20], photodetectors [21], [22], nonlinear [23], and sensing [24]-[26]. Many
theoretical and experimental works concerning perfect absorption based on plasmonic mode have
been demonstrated in recent years. To achieve selective perfect absorption, various nanostruc-
tures such as metal grating [27]-[32], nanopore array [33]-[35], nanopillar array [36]-[38], and
nanosphere [39] have been investigated, whose shape, size, materials, and dielectric environment
can significantly affect the spectral bands [40]. When an electromagnetic wave propagates through
a nanostructured surface, it may change its phase, amplitude, polarization, or coherence. This
can lead to many exotic electromagnetic phenomena, and allows the electromagnetic response
to be almost completely controlled by the researchers [41]. Among these plasmonic structures,
the metal-insulator-metal (MIM) structure is one of the most common structural units [42]. It
exhibits excellent characteristics, such as spectral tunability and almost perfect absorption [43],
[44]. The spectrum of the MIM can be easily tuned by changing the metal and dielectric layer
thicknesses [45]. Combining MIM and plasmonic in the same platform has provided new paradigms
for perfect absorption. The resulting nanostructured MIM absorber has converted metal losses into
advantages [46]-[49].

In this article, a triple MIM layer structure is mainly proposed and studied. By designing the
structure parameters, tunable perfect absorption can be achieved at the resonant wavelength in
the visible region. Fig. 1 is the schematic diagram of the proposed MIM structure. A periodical
nanopillar array of SiO, and silver (Ag) is arranged on the bottom Ag layer with a thickness of
100 nm, in which the thickness of top Ag layer and SiO, are H; and H,, respectively. The width
and period of the nanopillar array are D and P. Silver was chosen because of its high reflectivity
in the visible range. This ensures a high absorption only at the resonance wavelengths; the SiO,
dielectric layer was selected because of its high transmission and stability in the visible region.
By designing the structure parameters of the nanostructure, the highest absorption in the visible
range can be achieved. Moreover, we further explored the double-peak absorption and its physical
mechanism. Because of its excellent ability to control the light field, which has great potential value
in the field of optical sensing and nonlinear optics

2. Results and Discussions

The finite-difference time-domain (FDTD) simulation tool was used to simulate the absorption
characteristics of the absorber under plane wave with normal incidence. We set the periodic
boundary condition in the X and Y directions. In the z-direction, we use the perfectly matched
layer (PML) condition for obtaining absorption (A). We use a high mesh accuracy to ensure the
convergence of the simulation. The duty cycle of the nanopillar array is defined as the ratio of the
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Fig. 2. (a) H; = 20 nm and (b) H; = 70 nm, the simulated two-dimensional profile of absorption
spectrum, duty ratio = 0.2, SiO thickness Hy = 48 nm; (c) side length of nanopillar structure D = 44
nm, 52 nm, 60 nm, 68 nm, 76 nm, 84 nm, and 92 nm; (d) side length of the nanopillar structure D = 80
nm, 82 nm, 84 nm, 86 nm, 88 nm and 90 nm absorption spectrum.

side length to the period (D/T). With the fixed duty ratio 1/5 and the intermediate dielectric SiO,
thickness H, = 48 nm, we sweep the side length D from 40 nm to 100 nm with an interval of 2
nm using the FDTD simulation. Finally, the simulated absorption is shown in Figs. 2(a) and 2(b).
Since the bottom silver layer is much thicker than its skin depth, transmitted light will be completely
suppressed (T = 0). Accordingto A+ T+ R = 1, when the transmittance is 0, A+ R =1, so the
absorption characteristics of the structure can be determined by the reflection spectrum, as show in
Figs. 2(c) and 2(d). In Fig. 2(a), a strong mode C appears in the visible range. When the side length
D increases to around 78 nm, a very weak mode B appears leading to a strong absorption peak.
As the side length D increases, both the strong and weak absorption peaks produce a significant
red shift. Fig. 2(c) shows the absorption spectra when the side length D are 44 nm, 52 nm, 60 nm,
68 nm, 76 nm, 84 nm, and 92 nm, respectively. When the duty cycle D/T is fixed, the maximum
value of the absorption peak corresponding to the resonance wavelength moves from 475 nm to
613 nm. After the side length D is increased to 60 nm, the maximum absorption will reach more
than 99%, which achieves perfect absorption. As we can see from Figs. 2(a) and 2(b), when the
thickness of the upper layer silver H; increases from 20 nm to 70 nm, the intensity of mode B is
significantly improved. When the side length D is greater than 78 nm, two absorption peaks can
be obtained in the visible range, as shown in Fig. 2(d). Based on this mechanism, it is expected to
achieve single-peak and double-peak selective absorption in the visible range.

The effect of the intermediate dielectric SiO, thickness on the absorption are further explored
using FDTD simulation. Firstly, the side length D and period P are fixed as 84 nm and 420 nm,
respectively. The absorption of the proposed structure array is shown in Figs. 3(a) and 3(b), which
indicates that the thickness of the upper silver H; are 20 nm and 70 nm, respectively. It is found
that the effect of mode B gets stronger when the thickness H; increases. In addition, the resonance
wavelength of mode B does not change with the thickness of the upper Ag and the intermediate
layer SiO,. For mode C, blue shift occurs when the thickness of upper Ag layer and intermediate
layer increases.
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Fig. 3. The side length D of the nanopillar is 84 nm, the period P is 420 nm, and the thickness H; of
the upper Ag is (a) 20 nm and (b) 70 nm.

To reveal the physical mechanism of spectral selective, we take the structure parameters in
Fig. 3(b) as an example. It can be seen that mode B is affected by the period, size, and structure
thickness. In according to previous works, the resonance wavelength of the SPPs is affected by
the period and the angle of incidence. The dispersion formula for the SPPs transmitted along the
interface of two half-spaces can be expressed as [50]:

[ P [ emeq )
spp — T+ /.2 em + &4

where 1, corresponds to resonance wavelength in SPPs, P is the period of the structure, and
i, j are resonance orders. We know that only if A = A,,,, the energy carried by the incident
electromagnetic wave can be transferred to the interface between the metal and the dielectric.
By the calculation, mode B can be assigned to the (1, 0) SPP mode propagating at the air-Ag
interface as shown by the black line in Fig. 3(b).

Mode C has an obvious blue shift phenomenon as the thickness of H; increases. For the MIM
structure, as we know, the thickness of the SiO. layer H. can effectively affect the mode in the
cavity. F-P cavity resonance can form between the upper silver and the lower silver. The waveguide
resonance condition corresponding to the F-P cavity can be expressed as [51]-[53]:

28D+ ¢ = 2mn (2)

where 8 is the complex propagation constant, D is the side length of the nanopillar structure, m
is the resonance order, and ¢ is the phase shift of the propagating wave on both sides of the
waveguide. By means of the formula of the resonance condition, we use g to obtain the resonance
order m. We can obtain g via the following dispersion equation [54]:

kyH.
eqkm + emkyg tanh <%> =0

B? —eq k5 = K§
B2 —emke = K2 (3)

where ¢, is the dielectric constant of SiO,, ¢,, is the dielectric constant of Ag, H. is the thickness
of SiOy, and ky = 2n/x, is the free space wave vector. Combining the above formulas, we can
obtain the B value and the resonance order m (m = 1). Different propagation wavelengths will
produce different phase shifts. The phase shifts ¢ for different SiO, thicknesses at the resonance
wavelengths can be calculated, and the function between SiO, thickness and phase shift can be
obtained by fitting as shown in Fig. 4(a). The effective refractive index of a MIM waveguide is
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Fig. 4. (a) Linear fitting function between SiO- thickness and phase shift; (b) comparison of calculation
results and simulation results.
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Fig. 5. Comparison of absorption spectrum when Hz = 20 nm and H; = 70 nm and 20 nm, respectively.

defined as n. = B/ky, so the expression of the resonance wavelength can be expressed as [55]:

B 2Dne
~[m—(¢/27)]

where D = 84 nm and m = 1. When determining the equivalent refractive index ne and phase
shift ¢, we can get the resonance wavelength. The phase shift ¢ can be obtained from the fitted
curve, and the equivalent refractive index is obtained by (3). The comparison between calculation
results and simulation results is shown in Fig. 4(b), which shows the results obtained by FDTD
simulation and dispersion model are in good agreement. The calculation results can confirm that
the resonance wavelength shifts to shorter wavelength with the increase of the SiO, layer thickness
Ho.

Fig. 2(a) shows that mode B appears in the visible range when the parameter of nanostructure
reaches a certain size. We have compared the absorption curves when the thickness of upper Ag
layer H; are 20 nm and 70 nm as shown in Fig. 5. There are two absorption peaks in the visible
range, which are caused by mode B and mode C, respectively. Compared to absorption peak 2,
the effect of absorption peak 1 is almost negligible. It is interested that when the thickness of Ag
layer H; is 70 nm, there are two absorption peaks indicated 3 and 4 whose maximum absorption
can reach more than 90%. Therefore, we can achieve double-peak absorption in the visible range
by adjusting the structure parameters of the nanopillar.

(4)

r
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Fig. 6. Distribution of magnetic field intensity at resonance wavelength (a) A3 = 451 nm and (b) », =
600 nm.

400 450 500 550 600 650 700

300 0 5
0.6{mode B .. : l: H=160nm | o o
250 Y mode C Haaote
0.5+ 05
200 2
E 2 044 0.4
=
c B
150 g 0.3- Lo.3
T 1
100 < 024\ B 7 S S S Lo.2
[/ X[ SR P, L R S, L0.1
30
ot 0.0 0.0

400 450 500 550 600 650 700
Wavelength(nm)

400 450 500 550 600 650 700
Wavelength(nm)

(a) (b)

Fig. 7. Scanning chart of the thickness of the upper silver layer H; at (a) 70 nm, the thickness of the
intermediate dielectric layer Hz from 10 to 300 nm; (b) when the thickness of SiOy H2 is adjusted to
160 nm and 200 nm, the modes B and C appear separated.

In order to further clarify the physical mechanism of the wavelength selective characteristic, we
studied the magnetic field distributions at the resonant wavelength (15 = 451 nm, 1, = 600 nm)
when the thickness of upper Ag layer H; is 70 nm as shown in Fig. 6. The distribution of magnetic
field intensity shown in Fig. 6(a) is located at the interface of the air and upper Ag layer, which
indicates that the incident wave excites the SPP mode at the Air/Ag interface. While in Fig. 6(b),
the distribution of the magnetic field is located in the cavity of SiO, layer, which indicates that the
mode C is a typical F-P cavity resonance. The analysis of the physical generation mechanism
of each absorption peak is helpful to explore the proposed structure further, and also provides a
strong support for the reliability of the theoretical analysis in the study.

In Fig. 3(b), it is found that when the thickness of SiO, dielectric layer H, increases, mode B
tends to disappear. To confirm it further, we increased the simulated range of SiO, thickness from
10 nm to 300 nm. When the SiO thickness H, is in the range of 125 nm to 160 nm, mode B
disappears, while when the thickness H; is in the range of 180 nm to 205 nm, mode C disappears,
which lead to the split of the original continuous mode as shown in Fig. 7(a). It means that the
selective appearance of two absorption peaks can be obtained by controlling the thickness of SiO4
layer H, as shown in Fig. 7(b). In the meanwhile, if the thickness H. is equal to 160 nm, mode B
is in the “off” state, and mode C is in the “on” state, while if the thickness H, is equal to 200 nm,
mode C is in the “off” state, and mode B is in the “on” state, which make it possible to be applied
as perfect absorbers in the visible range.

Using FDTD to simulate the electric field distribution near the fractures of modes B and C, the
electric field distribution along the z-direction can be obtained. The thickness of the intermediate
dielectric layer H, for mode B fracture are 112 nm and 188 nm, while the thickness H, for mode
C fracture are 162 nm and 212 nm, as shown in Fig. 8. It can be clearly seen that the electric
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Fig. 8. The electric field distribution along the z-direction when the thickness of the intermediate
dielectric layer Hy is (a) 112 nm, (b) 188 nm, (c) 162 nm, and (d) 212 nm, respectively, corresponding
to the resonance wavelengths near the two mode fractures.

field phase has changed by = near the fracture of the mode split. This shows that as the thickness
of the intermediate dielectric layer H, increases, the electric fields of mode B and mode C both
change direction, which also means the moment from negative to positive will inevitably appear
as ‘0’. Therefore, in the process of increasing the thickness of the intermediate H. dielectric layer,
there must be a mode split, such as in Fig. 7.

3. Conclusion

In summary, we show a mechanism of single and double peak absorption in the visible range based
on the MIM structure. The resonance wavelength was calculated by the SPP mode dispersion,
F-P cavity resonance conditions. The calculated results were in good agreement with the FDTD
simulation results, which verified the validity of our theory and simulation. The energy captured
by these resonance modes will be dissipated through dielectric loss or ohmic loss, that is, the
incident light absorbed by the absorbed body will eventually be converted into dissipated heat,
thus achieving super absorption at a specific wavelength. Theoretically, the single-peak absorption
can reach more than 99.0% achieving perfect absorption, and the double-peak absorption can
reach 90.0%. We analysed the SPP mode and F-P cavity mode supported by the MIM structure in
details, and explained the relationship between each absorption peak and the two modes. Based
on the phenomenon that the mode disappears as the SiO, thickness H, increases, the selective
appearance of absorption peaks can be controlled, which provides the possibility of application
in the visible range. And provides theoretical support for applications in optical sensing and other
fields.
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