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Abstract: We report a theoretical and experimental study on a novel type of aluminum super
absorber which exhibits a near perfect absorption based on the surface plasmon resonance in
the visible and near-infrared spectrum. The absorber consists of Ag/SiO,/Al triple layers in
which the top Al layer is patterned by a periodic nano hole array. The absorption spectrum
can be easily controlled by adjusting the structure parameters including the radius of the nano
hole and the maximal absorption can reach 99.0% in theory. We completely analyze the SPP
and LSP modes supported by the metal-dielectric-metal structure and their contribution to the
ultrahigh absorption. On this basis, we find a novel method to enhance the absorption via the
simultaneous excitation of SPP at different interfaces theoretically and experimentally.
Moreover, for the first time we clarify the EOT caused by the nano hole array can enhance the
absorption by experiment, which is not reported in previous works. This kind of absorber can
be fabricated by low-cost colloidal sphere lithography and the use of stable Al overcomes the
disadvantages brought by the noble metal, which make it a more appropriate candidate for
photovoltaics, spectroscopy, photodetectors, sensing, and surface enhanced Raman scattering.
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OCIS codes: (240.6680) Surface plasmons; (310.6628) Subwavelength structures, nanostructures; (250.5403)
Plasmonics.
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1. 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 [7], but
it was eliminated for its bulk thickness. Recently, surface plasmon resonance (SPR) around
metallic nanostructures provides an unprecedented way to manipulate the interaction between
the light and matter at nanoscale, which plays a vital role in various fields such as biological
and chemical sensors [8,9], surface-enhanced Raman scattering (SERS) [10], and energy
harvesting [11-13]. SPR is coherent oscillations of electrons at metal-dielectric interfaces that
can be categorized into propagating surface plasmons (PSPs) and localized surface plasmons
(LSPs) [14]. Absorbers based on SPR have been widely studied both theoretically and
experimentally in arrays of metallic gratings [15], nanoparticles [16], nano hole array [17—
19], and nano cube [20] in recent years due to their controllable and superior absorption
properties in the visible and near-infrared by engineering the shape, size, material of the
structure as well as its dielectric environment. However, these absorbers based on plasmonic
nanostructures usually involve expensive, time-costly and high-resolution nano fabrication
processing steps such as electron beam lithography (EBL) and focused ion beam (FIB) which
turn out to be a challenge for the application in large area of these patterned absorber.
Extraordinary optical transmission (EOT) was first discovered by Ebbesen and associates
in 1998 [21]. When incident light interacts with the subwavelength hole array patterned in the
optical thick metal film, the transmission intensity can be several orders stronger than the
prediction from classic Bethe theory. EOT has attracted much attention due to its fundamental
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importance and many potential use, including chemical sensors and biosensors [8,9].
Although the origin of EOT is controversial now, it is generally accepted that the excitation of
surface plasmon modes on both surfaces of the metal film and their coupling to each other
underlie the physics of the extraordinary transmission phenomena [22,23]. Yangyang Li and
associates first applied the EOT effect in the super absorber using a metal-dielectric-metal
(MDM) structure [24]. However, they just give several numerical simulations, lacking of
experimental support.

In this paper, we fabricate a triple MDM structure which consists of a periodic nano hole
array patterned in a 100 nm Al layer spaced by a thin SiO, film from a continuous 150 nm Ag
layer as Fig. 1(a) shows. In this structure, Ag is chosen for its low material absorption and
high reflection in the entire visible and near-infrared wavelength ranges. The middle SiO,
dielectric spacing layer functions as a bridge to couple the SPP on the two metal films. The
use of stable Al can overcome the disadvantages such as the intrinsic interband transition
below the wavelength of 500 nm and oxidization brought by noble metal Au or Ag. Using
this MDM structure, we proposed a novel method to enhance the absorption via the
simultaneous excitation of SPP at different interfaces theoretically and experimentally.
Moreover, we first clarify that the EOT effect has an important role in the absorption
mechanism by experiment. The nano hole array is fabricated by colloidal sphere lithography,
which has been widely exploited in the fabrication of nano structures, possessing advantages
of large area, low cost, and easy fabrication process.

2. Experiment design and fabrication

We use a self-assembled nanosphere lithography to fabricate the periodic nano hole arrays,
which is an efficient and inexpensive method to fabricate a large-area periodic nanostructures.
The procedure for the fabrication is shown in Fig. 1(a). 150 nm thick Ag film and 50 nm thick
SiO, film were deposited on the quartz glass substrate respectively with electron beam vapor
deposition. The 50 nm thick SiO, film was optimized using 3D finite-difference time-domain
(FDTD) simulation in order to obtain high absorption. We purchased 500 nm diameter
polystyrene (PS) colloidal spheres and a close packed PS nanosphere monolayer was prepared
by the interface method as the description in the references [25,26]. In order to obtain the
non-close packed 2D colloidal crystals, the size of the PS nanospheres was reduced by
oxygen plasma using reactive ion etching (RIE) in a controlled manner, with 250 w power, 30
mTorr pressure, 10 sccm O, flow rate. Afterward, a 100 nm thick Al layer was deposited
vertically on the non-close packed 2D PS nanosphere mask. Finally, we removed the PS
nanospheres using ultrasonic cleaning in toluene solution for 10 minutes, leading to the
formation of nanohole array in the top Al layer. The atomic force microscopy (AFM) picture
for the nano hole array is shown in Fig. 1(b). The period (L), radius (») and depth of the hole
are 500 nm, 170 nm and 100 nm respectively. The perpendicularity of the nano hole is
relatively well. In this fabrication process, the period can be adjusted by the size of the PS
nanospheres; the diameter of the nano holes can be controlled by different etching time of the
RIE procedure; the thickness of Al layer is determined by the deposition process. The
experimental reflection is measured using a PerkinElmer spectrometer equipped with an
integrating sphere.
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Fig. 1. (a) Fabrication process flow of the nano hole array in metal Al layer. (b) AFM image of
fabricated 2D nano hole array, and surface fluctuation profile along the red line.

3. Numerical investigation

We perform the 3D finite-difference time-domain (FDTD) simulation to investigate the
optical characteristic of the proposed 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 x 2 x 1 nm” is used for the Al layer. The permittivity
of Ag, SiO,, and Al used in simulation are extracted from the data of Palik [27]. The
thickness of bottom Ag layer 7 is set to be 150 nm which is several times larger than the skin
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depth so that the incident light transmission through the structure can be completely inhibited.
Therefore, the absorption is 4 = /-R where R is the reflection. The incident light with a
wavelength range from 400 nm to 1500 nm propagates along the negative z direction with the
E field polarization in the x direction.

First of all, we investigate the MDM structure with nano hole array patterned on the top
Al layer. We sweep the radius » of the nano hole with fixing period L = 500 nm and plot the
simulated absorption as a function of » and the incident wavelength. It is evident from Fig.
2(a) that three different modes lead to three distinct absorption peaks marked as B, B,, and
B; in which the location of Bj; strongly depends on the radius » and B;, B, almost stay
constant with varying r. In according to previous work [14], the LSPs properties of metal
nano structure mainly depend on its shape, size, material as well as the dielectric
environment; for the SPP resonance frequency is determined by the array period and the angle
of incident light. So in our situation, we attribute B;, B, modes to the excitation of SPP by
grating coupling, while B; mode is the LSPs around the nano hole. The black and white dash
lines on the left indicating the wavelengths of 465.5 nm and 530.5 nm are in agreement with
the B, and B, regions due to the (1,0) SPP propagating at the interfaces of Al/air and Ag/SiO,
whose resonance wavelengths are determined by the following equations [28]:
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Equation (1) is the Bragg coupling condition for the hexagonal arrays, in which &, = Y s the
c

free-space wavevector, 8 is the angle of the incident wave,i and j are the resonance orders, L
is the period. Equation (2) indicates the wavevector of the SPP, £, and &, are the dielectric

constant of metal and surrounding medium respectively. Only when k =k, does the energy

carried by the incident electromagnetic wave can be transferred to the SPP, which propagates
along the interface of the metal and dielectric. For better understanding the physical origin of
the absorption peaks B; and B,, we calculate the relative magnetic field distributions on the x-
z plane when radius 7 is 100 nm and period L is 500 nm. The simulated results are shown in
Figs. 2(b) and 2(c). The magnetic field intensity is mainly confined at the interfaces of Air/Al
and SiO,/Ag, and the decay length into the metal is shorter than it in the dielectric medium,
which indicate that the SPP mode is excited by the incident wave coupled with the nano hole
array.

In order to clarify the role of EOT in the absorption mechanism, we investigate the EOT
phenomenon of the 100 nm thick Al layer with nano hole array on the quartz glass substrate
(n = 1.45). Here, we sweep the radius r of the nano hole with fixing period L = 500 nm and
plot the simulated transmission as a function of » and the wavelength of the incident wave. As
we can see from Fig. 2(d) that two transmission peaks stay constant with varying r, due to the
fact EOT occurs when the SPP modes are excited and the resonance wavelength of SPP is
independent of the value of r. The black dash lines show the SPP resonance wavelengths
calculated by Eq. (1) and Eq. (2). The two different transmission peaks T; and T, can be
assigned as the (1,0) SPP modes at the Al/air and Al/glass interfaces, which appear at 465.5
nm and 661.2 nm, respectively. The relative magnetic field distributions at the two
transmission peak wavelengths are simulated on the x-z plane when 7 is 130 nm and L is 500
nm. As the Figs. 2(e) and 2(f) show, the magnetic field intensity is mainly confined at the
Al/air and Al/glass interfaces, which are consistent with the calculated results and indicate
that the SPP mode is excited.
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Fig. 2. (a) Absorption for the MDM absorber as a function of wavelength and the radius of the
hole » with period L = 500 nm. The three dash lines represent the calculated positions of SPP
using Eq. (1) and Eq. (2) in theory, in which from left to right are the (1,0) SPP at Al/air,
Ag/Si0,, and Al/SiO, interfaces, respectively. (b) and (c) The relative magnetic field
distributions at the wavelength of peaks B, and B, on the x-z plane when r is 100 nm and
period L is 500 nm. (d) Transmission as a function of wavelength and the radius » with period
L is 500 nm for a 100 thick Al layer with nano hole array coated on the quartz glass. The black
lines indicate the calculated positions of SPP using Eq. (1) and Eq. (2). (e) and (f) The relative
magnetic field intensity distributions on the x-z plane at two transmission peak T, and T, for r
=130 nm and L = 500 nm.

The MDM absorber we proposed includes a top 100 nm thick Al film with nano hole
array and a 50 nm SiO, film similar to the structure supporting EOT in Fig. 2(d), which
indicates that the EOT phenomenon may play a part in the absorption mechanism. Many
previous works have demonstrated that the SPP mode can enhance optical transmission [21—
23]. We also confirm that the EOT phenomenon exists in the triple-layer absorber in the
above section. So the nano hole array in the top Al layer enables enhanced light transmission
through the SPP mode, and the light transmitted through the holes enters into the middle SiO,
layer, and finally the energy gets absorbed at the interfaces of Al/SiO, and Ag/SiO,, which is
exactly as the description in the reference [24].

By contrasting Figs. 2(a) and 2(d), we can find two interesting phenomena: firstly, the
absorption peak B, and the transmission peak T, are at the same wavelength because of the
common origin of the excitation of (1,0) SPP at the Al/air interface. When the radius 7 is
increasing, the (1,0) SPP at Al/air (By) and SiO,/Ag (B,) interfaces couple with each other
leading to a hybrid mode which makes a contribution to a higher absorption. And the location
of the hybrid mode is between the resonance wavelength of the (1,0) Al/air and (1,0)
Si0,/Ag. Figure 3(a) shows the calculated the relative magnetic field distributions on the x-z
plane when 7 is 130 nm at the wavelength of the hybrid mode. The SPP is excited at the Al/air
interface, and then enters the cavity, finally couples to the SPP at bottom Ag/SiO, interface
across the SiO, layer. This process can be enhanced by the EOT effect, leading to more
incident light couples to the SPP mode at bottom Ag/SiO, interface and then is consumed up
there. When the value of r is further increasing, although the transmission intensity is



Research Article Vol. 24, No. 22 | 31 Oct 2016 | OPTICS EXPRESS 25891

Optics EXPRESS

stronger, the absorption reduces because the top Al film turns into an uncontinuous state
relative to the short wavelength, which limits the excitation of SPP mode.

Secondly, the absorption peak Bj is abnormal blue shifted as the increasing value of r.
This is because the size of metal Al structure is shrinking if » is enlarged. As mentioned
above, the absorption peak Bj; is the result of excitation of LSPs, so the relative magnetic field
distributions in Fig. 3(b) shows that the magnetic field is localized strongly in the SiO,
spacing layer, which is clearly different from Fig. 3(a) and confirms the localized nature of
the mode. In addition, the B; absorption intensity becomes stronger when its location is closer
to the transmission peak T,, which shows that more incident light passing through the nano
hole array enhanced by the SPP can be localized in the SiO, spacing layer and is consumed
by the metal Ag and Al. The plot of Poynting vector S (red arrows) in Figs. 3(c) and 3(d)
vividly describe how the incident light propagates in the MDM structure. At first, the incident
energy propagates along z-axis, and then enters the cavity through the nano hole. The
difference occurs after the light enters into the SiO, spacing layer. In Fig. 3(c) the energy is
running in parallel with the Ag/SiO, interface. While in Fig. 3(d) the energy whirls and
converges under the Al film forming one magnetic dipole resonance.
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Fig. 3. The period and radius of the hole are L = 500 nm, » = 130 nm for the MDM absorber.
(a) and (c) The relative magnetic field intensity distributions and the flow of Poynting vector at
the wavelength of the hybrid mode. (b) and (d) The relative magnetic field intensity
distributions and the flow of Poynting vector at the absorption peak B;.
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4. Experiment results and discussion

In order to fabricate the triple-layer absorber and verify the opinions we obtained from
numerical simulation, we applied the self-assembled nanosphere lithography to fabricate the
periodic hole arrays in the Al layer as Fig. 1(a) shows. Figures 4(a)-4(c) show the top-view
scanning electron microscopy (SEM) images of three selected samples with the same period
(500 nm) and different hole radius (100 nm, 130 nm and 170 nm), along with a magnified
view of an individual nano hole in Fig. 4(b).

(a) )
WA . =100 im"

12.00um

Fig. 4. (a), (b) and (c) The top view of three selected samples with same period 500 nm and
different radius » = 100 nm, 130 nm and 170 nm. The magnified view of an individual nano
hole is also shown in (b).

The experimental transmission and absorption are shown in Figs. 5(a) and 5(c) contrasted
to the simulated results in Figs. 5(b) and 5(d). As we can see, the experimental absorption
peak B, in infrared region is blue shifted when 7 is increasing from 100 nm to 170 nm. The
absorption is stronger as the peak shifting to the resonance wavelength of the SPP (1,0) at the
Al/Si0O; interface indicating the EOT peak T,, which shows that the EOT effect can play a
positive role in the absorption mechanism. To the best of our knowledge, this is the first
report to prove that the EOT caused by SPP can play an auxo-action in a such kind of
absorber by experiment, which is completely different from the many previous absorbers in
working mechanism. While for the absorption peak B, the locations of peaks are in accord
with the transmission peak T, assigned as the (1,0) SPP at the Al/air interface. When r is 100
nm, there are two absorption peaks at the wavelengths of 548 nm and 660 nm which are
attributed to the SPP at the Al/air and Ag/SiO, interfaces, respectively. Increasing r to the
value of 130 nm, the two absorption peaks overlap with each other, forming one single
absorption peak at the common resonance wavelength of 582 nm, which makes a contribution
to an ultrahigh absorption 90%. This experimental results proves that the excitation of SPP at
different interfaces simultaneously can enhance the absorption. It should be noted that the
experimental results have some deviation from the simulation, which maybe originate from
the fact that the shape of the nano hole fabricated by the self-assembled nanosphere
lithography method is not a standard cylinder structure used in the simulation.
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Fig. 5. (a) and (b) Experimental and simulated transmission of 100 nm thick Al layer with nano
hole array coated on quartz glass substrate. The period L is 500 nm and radius » are 130 nm,
170 nm respectively. (c) and (d) Experimental and simulated absorption for MDM structure
with the same period L = 500 nm, different » = 100 nm, 130 nm and 170 nm.

5. Conclusion

To summarize, we have successfully demonstrated a MDM super absorber based on surface
plasmon resonance in the visible and infrared spectrum. We thoroughly analyzed the SPP and
LSPs modes supported by the MDM structure and their relationship with the ultrahigh
absorption. A novel method to further enhance the absorption via the simultaneous excitation
of SPP at different interfaces is theoretically and experimentally studied, which is different
from previous works. Moreover, we clarify experimentally that EOT caused by SPP plays a
positive role in the absorption mechanism for the first time which provides a new perspective
in designing this kind of super absorber. The absorber we proposed can be fabricated by a
low-cost colloidal lithography, which make this kind of novel absorber to be a more
appropriate candidate for photovoltaics, spectroscopy, sensing, photodetectors, and surface
enhanced Raman scattering.
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