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Abstract We propose a metal-dielectric-metal super absorber
based on propagating and localized surface plasmons which
exhibits a near perfect absorption in the visible and near-
infrared spectrum. The absorber consists of Ag/Al2O3/Al triple
layers in which the top Al layer is a periodic nano disk array.
The absorption spectrum can be easily controlled by adjusting
the structure parameters including the period and radius of the
nano disk and the maximal absorption can reach 99.62 %. We
completely analyze the PSPs and LSPsmodes supported by the
MDM structure and their relationship with the ultrahigh ab-
sorption. Moreover, we propose a novel idea to further enhance
the absorption by exciting the PSPs and high-order LSPs
modes simultaneously, which is different from the previous
works. This kind of absorber using stable inexpensive Al in-
stead of noble metal Au or Ag is an appropriate candidate for
photovoltaics, spectroscopy, photodetectors, sensing, and
surface-enhanced Raman spectroscopy (SERS).
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Introduction

Super absorber [1] has attracted much attention due to its greatly
potential applications in solar cell [2, 3], photo detectors [4],
sensing [5], and thermal emitting [6]. The first absorber was
created in 1952 for the military to absorb radar waves with a
three-layer structure, but it was eliminated for its bulk thickness
[7]. Recently, surface plasmon resonance (SPR) around metallic
nanostructures provides an unprecedented way tomanipulate the
interaction between the light and matter at nanoscale, which
plays a vital role in various fields such as imaging [8], color filter
[9], surface-enhanced Raman scattering (SERS) [10], and energy
harvest [11]. The SPR is a collective oscillation of electrons at
the interface of metal and dielectric. It can be categorized into
propagating surface plasmons (PSPs) and localized surface plas-
mons (LSPs) [12]. Many absorbers based on plasmonic struc-
tures working from the microwave to the visible regime were
proposed and exhibited an ultrahigh tunable absorption spectrum
by engineering the shape, size, material of the structure as well as
its dielectric environment [13–15].

The super absorbers based on surface plasmons in many
previous works usually consist of a triple metal-dielectric-
metal (MDM) layers, in which the top patterned nanostructure
is usually the noble metals such as gold (Au) and silver (Ag)
[16, 17]. However, Au is costly that turns out to be a challenge
for the application in large area. What is worse, Au has intrin-
sic interband transition leading to a dissipative channel below
the wavelength of 550 nm. While the plasmonic structure
made of Ag is extremely easy to be vulcanized or oxidized.
Most recently, Aluminum (Al) has attracted much attention
for plasmonic structures because its d-band lies above its
Fermi energy supporting tunable plasmon resonance in the
entire visible spectrum [18, 19]. Compared to the noble
metals, Al also has many advantages including stable quality,
low cost, ease of processing, and large storage on the earth.
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In this paper, we propose a triple metal-dielectric-metal
structure which consists of a periodic nano Al disk array
spaced by a thin Al2O3 layer from a continuous Ag film as
shown in Fig. 1a. The top Al disk array is the electric resona-
tor, the bottom Ag layer serves as an optical mirror to ensure
no light can pass through, and the middle ultra-thin dielectric
layer acts as a cavity. The use of this plasmonic structure can
excite three different modes: every individual unit cell for
localized surface plasmons (LSPs), the periodic nano Al disk
array for propagating surface plasmons (PSPs), and also the
interaction between them (hybrid mode). By adjusting the
structure parameters including the period and radius of the
nano disk, we tune the electromagnetic modes in the visible
and near-infrared spectrum so that an ultrahigh absorption can
be achieved.

Numerical Investigation and Discussion

A representative unit geometry is schematically shown in
Fig. 1b. We choose silicon (Si) as substrate. And the t, d,
and h represent the thickness of the bottom Ag layer, Al2O3

spacing layer, and top Al disks. The radius and period of top
patterned nano Al disks are r and L, respectively, as shown in
Fig. 1c. In this structure, Ag is used for its low material ab-
sorption and high reflection in the entire visible and near-
infrared wavelength ranges. The thickness of bottom Ag layer
t is set to be 100 nmwhich is several times larger than the skin
depth so that the incident light transmission through the struc-
ture can be completely inhibited. Therefore, the absorption is
A = 1-R where R is the reflection. The incident light with a
wavelength range from 400 to 2000 nm propagates along the
negative z direction with the E field polarization in the x di-
rection as shown in Fig. 1a. The configuration of incident light
remains unchanged in this work.

We perform the 3D finite-difference time-domain (FDTD)
simulation to investigate the optical characteristic of the pro-
posed absorber, where the periodic boundary conditions are

used for a unit cell in the x-y plane and perfectly matched
layers (PML) are applied in the z axis. A discrete mesh with
the size of 2 × 2 × 1 nm3 was used for the cylinder disks. The
optical constants of Ag, Al2O3, and Al used in simulation are
extracted from the data of Palik [20]. Firstly, we sweep the
period L with fixing h = 36 nm, d = 24 nm, and r = 160 nm
and plot the absorption as a function of L and the wavelength
of the incident wave. It is evident from Fig. 2a that three
different modes lead to three distinct absorption peaks marked
as B1, B2, and B3, in which the location of B1 strongly de-
pends on the unit period L and B2, B3 stay constant with
varying L. In accordance to previous works [10, 21], the
LSP properties of a metal nanostructure mainly depend on
its shape, size, material as well as the dielectric environment;
the PSPs resonance frequency is determined by the array pe-
riod and the angle of incident light. So in our situation, we
attribute B1 mode to the excitation of PSPs by grating cou-
pling, while B2, B3 modes are the LSPs around the nano Al
disks. The black dash line is in agreement with the B1 region
due to the PSPs propagating at the interface of Ag and Al2O3

layer whose resonance wavelength is determined by the fol-
lowing equations [22]:

k ¼ k0 � sin θð Þ � i ∙
2∙π
L

ð1Þ

kpsp ¼ k0 ∙
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εm∙εd
εm þ εd

r

ð2Þ

Equation (1) is the Bragg coupling condition, in which k0
¼ w

c is the free-space wavevector, θ is the angle of the incident
wave, i is the order of grating,L is the grating period. Equation (2)
indicates the wavevector of the PSPs, εm and εd are the dielectric
constant of metal (Al) and surrounding medium (Al2O3), respec-
tively. Onlywhen k= kpsp does incident light couple to PSPs [23].

In contrast to Fig. 2a, absorption as a function of wave-
length and radius r with fixing h = 36 nm, d = 24 nm, and
L = 400 nm is shown in Fig. 2b. It is clear that the PSPs

Fig. 1 a Schematic of the incident light polarization configuration and
the super absorber which consists of Si substrate, a continuous Ag film,
an Al2O3 spacing layer, and a nano Al disk array. b A unit of the super

absorber with the thicknesses of Ag film, Al2O3 spacing layer, and Al
disks are t = 100 nm, d, and h. c Top view of the absorber. The radius and
period of nano Al disks are r and L
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absorption peak B1 slightly depending on the nano disk radius
r is exactly consistent with the black dash line which is calcu-
lated by equations (1) and (2) in theory. The inverse symmet-
ric Ez distribution pattern in Fig. 2c corresponding to a sym-
metric surface charge distribution further demonstrates the
PSPs mode with the characteristic of PSPs. While the LSPs
modes B2 and B3 strongly depending on the radius r can be
tuned in a wide range of wavelength band by changing r. A
little increase in r will lead to a redshift of the absorption
spectrum. For a larger r, exclusive of one main absorption
peak B3 associated with the fundamental LSPs mode at the
long wavelength, there is another peak B2 corresponding to

the high-order LSPs at shorter wavelength. Therefore, the
higher order absorption peak can be also used for the design
of this kind absorber at visible wavelengths, which avoids
using much smaller nanostructures. For example, in Fig. 2d,
the black line is the absorption spectrum for r = 160 nm ex-
tracted from Fig. 2b. The absoption peaks are marked as B1
(513.13 nm, 93.48 %), B2 (658.58 nm, 99.62 %), and B3
(1741.41 nm, 84.07 %). There is a higher order absorption
peak at the wavelength of 658.58 nm except the fundamental
peak B3 (1741.41 nm). Since the enhanced electric field of
LSPs is mainly confined in an extremely small volume near
the nano Al disk, we monitor the electric field intensity at the

Fig. 2 a Absorption as a function of wavelength and the unit period L
with fixing h = 36 nm, d = 24 nm, and r = 160 nm. b Absorption as a
function of wavelength and radius rwith fixing h = 36 nm, d = 24 nm, and
L = 400 nm. The black dash lines both in a and b represent the calculated
positions of PSPs using equations (1) and (2) in theory. H1 and H2 are the
crosspoints of B1 and B2. c Electric field Ez vector and charge

distributions at the Ag/Al2O3 interface at the resonance wavelength of
PSPs with fixing h = 36 nm, d = 24 nm, L = 400 nm, and r = 160 nm. d
The black and red curves corresponding to the left and right y axis
represent the absorption spectrum and the near-field intensity at position
1 for an isolated disk, respectively, when h = 36 nm, d = 24 nm,
r = 160 nm, and L = 400 nm
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edge of one isolate nano Al disk on the top of Al2O3 spacing
layer (the red point 1 shown in Fig. 2d) to measure the inten-
sity of LSPs. As we can see, the electric field intensity is

enhanced up to 26 times at the wavelength of 1741 nm con-
sistent with the corresponding absorption peak B3, while the
related electric field intensity at the wavelengths of peaks B1

Fig. 3 The relative electric and magnetic field intensity distributions on the x-z plane of the three absorption peaks extracted from Fig. 2d for the
absorber with L = 400 nm, r = 160 nm, h = 36 nm, and d = 24 nm

1040 Plasmonics (2017) 12:1037–1043



and B2 are very low, which proves that the electric field is not
mainly confined at point 1 which we will discuss later.

To further verify the resonance conditions of the three ab-
sorption peaks in Fig. 2d, the relative electric and magnetic
field distributions at three resonance wavelengths are simulat-
ed on the x-z plane. Figure 3a, d shows the relative electric and
magnetic field distributions extracted from peak B1; the mag-
netic field intensity is mainly confined at the interface of the
bottom Ag and the middle Al2O3 spacing layer, and the decay
length into the metal is shorter than it in the dielectric medium,
which indicate that the PSPs mode is excited by the incident
wave coupled with the nano Al disk array. We have already
attributed the absorption peak B3 to the excitation of funda-
mental LSPs, so that its electric field is strongly confined at the
corners of the disk with a decay length of several decade
nanometers shown in Fig. 3c, and the magnetic field is local-
ized strongly in the Al2O3 spacing layer under the nano Al
disk, which confirm the localized nature of the mode. For
higher order LSPs B2, the electric field intensity distributions
in Fig. 3b is weaker at the corners of the disk, but there is a
strong E field enhancement in the spacing layer due to the
high-order LSPs. It is evident from Fig. 3e that the oscillating
magnetic field can form three antinodes, which is different
from the just one antinode of the fundamental LSPs in
Fig. 3f. It should be noted that one and three antinodes formed
in the spacing layer indicate the excitation of first and third
order LSPs, which is often called the Bmagnetic mode^ [24].

To better understand the mechanism of ultrahigh absorp-
tion, the heat generation under light irradiation is investigated.
It can be seen in Fig. 3 that the electromagnetic resonance
modes supported by our MDM structure exhibit strong energy
localization around the nano Al disks or in the Al2O3 spacing
layer. The energy trapped by these resonance modes will be
dissipated by the dielectric or Ohmic loss, which is to say, the
incident light absorbed by the absorber is converted into

dissipated heat ultimately. The Al2O3 layer is almost lossless
within the wavelength we focus, so the energy only can be
consumed in the metal Al and Ag by the means of Ohmic loss.
In addition, the heat generated in the MDM absorber can be
directly calculated numerically by using the local Ohmic loss
for non-magnetic material [25]:

Q r;wð Þ ¼ 1

2
� w� Im εð Þ � E2 r;wð Þ ð3Þ

In which w is the angular frequency, Im(ε) is the imaginary
part of the dielectric permittivity, and E(r,w) is the local elec-
tric field. Here, the electric field intensity we used in the cal-
culation is the relative values extracted from the FDTD simu-
lation results in Fig. 3, so the heat Q(r,w) calculated by equa-
tion (3) is not the true value but the relative distributions.
Figure 4 shows the heat distributions for B1, B2, and B3 that
represent the PSPs, 3rd LSPs, and 1st LSPs, respectively,
when h = 36 nm, d = 24 nm, r = 160 nm, and L = 400 nm.
The heat mainly generates in the bottom Ag layer in Fig. 4a
due to the excitation of PSPs at the interface of Ag layer and
Al2O3 spacing layer. While for LSPs, Fig. 4b, c, the heat
generates both in the Ag layer and nano Al disks, which are
consistent with the characters of the 3rd LSPs and 1st LSPs.

In the previous section, we have investigated the influence
of single PSPs or LSPs on the absorption as well as the phys-
ical mechanism of the proposed absorber. Here, we will ana-
lyze the hybrid mode when the resonance wavelengths of
PSPs and LSPs are the same. In many previous works [12,
24, 26], they usually focus on the hybrid mode due to the
strong coupling between the PSPs and 1st order LSPs, which
leads to an anticrossing behavior. While we found that in
Fig. 2a, b, the resonance wavelengths of PSPs and LSPs can
be tuned in a wide spectrum by changing the period L and the
radius r. The absorption peaks B1 and B2 have crosspoints
marked as H1 and H2 at which we can see the absorption can

Fig. 4 Heat generation calculated by equation (3) when h = 36 nm, d = 24 nm, r = 160 nm, and L = 400 nm. a, b, c represent the peak B1, B2, and B3,
respectively
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be further enhanced. It is to say that our MDM structure can
support both the PSPs and high-order LSPs at the same reso-
nance wavelength. To prove this point, we choose period
L = 600 nm and sweep r with fixing h = 36 nm, d = 24 nm.
The simulation result is shown in Fig. 5b. Absorption peaks
indicated by SP1 (Ag/Al2O3), 3rd LSPs, 1st LSPs have the
same meaning as in Fig. 2b. SP0 (Al/ Al2O3) is caused by the
excitation of PSPs at the interface of nano Al disks and Al2O3

spacing layer, which is in agreement with the calculated result
(dash white line) using equations (1) and (2). In the green box,
an obvious anticrossing behavior is observed because of the
strong coupling between the PSPs and 1st LSPs which is
similar to the description in the references [12, 24, 26]. We
extract r = 132, 164, and 188 nm (the three white lines) and
give the absorption spectrums in Fig. 5a. As we can see, the

peaks 3rd LSPs, SP1 are 61.76, 82.79 % at the wavelengths of
577.77, 642.42 nm, respectively, when r is 132 nm. Increasing
r to the value of 164 nm, the two peaks SP1 and 3rd LSPs
overlap with each other, forming one single absorption peak at
the common resonance wavelength of 642.42 nm, which
makes a contribution to an ultrahigh absorption 99.35 %.
When the radius r is 188 nm, 3rd LSPs separates from SP1,
and the absorption decrease to 86.61, 86.76 % at the wave-
lengths of 642.42, 723.23 nm, respectively. From the magnet-
ic field distributions at the resonance wavelength 642.42 nm
for r = 164 nm in Fig. 5c, the magnetic field is strongly con-
fined both at the Ag/Al2O3 interface and in the Al2O3 spacing
layer, which indicates that PSPs and 3rd LSPs modes are
excited simultaneously at the same resonance wavelength.
Hereto, we have demonstrated absorption can be further

Fig. 5 Simulation results of the proposed absorber with L = 600 nm,
h = 36 nm, d = 24 nm. a Absorption spectrums for r = 132 nm,
164 nm, and 188 nm. b Absorption as a function of wavelength and
radius r. The black and white dash lines represent the calculated

positions of PSPs using equations (1) and (2) in theory. The three white
lines indicate three different r (132, 164, and 188 nm). c The magnetic
field distributions at resonance wavelength of 642.42 nm for r = 164 nm
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enhanced via tuning the resonance wavelengths of PSPs and
high-order LSPs to be the same, which provides a new per-
spective in designing this kind of super absorber.

Conclusion

In conclusion, we have successfully proposed a super absorb-
er based on PSPs and LSPs, which exhibits an ultrahigh
(99.62 %) tunable absorption from visible to near-infrared
spectrum by adjusting the period L and radius r. We thorough-
ly analyzed the PSPs and LSPs modes supported by theMDM
structure and their relationship with the ultrahigh absorption.
The mechanism of the absorber is also investigated which
belongs to the consuming of the metal Ag and Al via Ohmic
loss. And then, an obvious anticrossing behavior as a result of
the strong coupling between the PSPs and 1st LSPs is ob-
served. On this basis, a novel method to further enhance the
absorption via the excitation of PSPs and high-order LSPs
simultaneously is theoretically studied, which is different from
previous works. Moreover, the use of stable Al instead of
noble metal Au or Ag can be low cost and ease of processing,
which makes this kind of novel absorber to be an appropriate
candidate for photovoltaics, spectroscopy, sensing, photode-
tectors, and surface-enhanced Raman spectroscopy (SERS).
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