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Surface plasmon polaritons (SPPs) and standing wave modes provide interesting and exotic properties
for infrared metamaterial absorbers. Coupling of these modes promises further development in this
field but restricted by the complexity of modes analysis. In this work, we investigate the general
phenomenon of modes coupling supported by a metal (with grating)-dielectric-metal sandwich
structure based on rigorous coupled-wave analysis (RCWA) method and experiment results. Through
the analysis of fundamental modes, a new approach based on the boundary conditions is introduced to
reveal the coupling mechanism and the corresponding resonance shifting phenomenon with simple but
rigorous derivations. The strong coupling between SPPs excited on the dielectric-metal interfaces and
rigorous modes of standing waves in the dielectric layer can be manipulated to improve the detection
sensitivity of sensors and emissivity efficiency of infrared emitters.

Surface plasmon polaritons (SPPs) can greatly enhance local electromagnetic field and tightly confine the
enhanced electromagnetic energy to the metal-dielectric surface?, which promises broad application pros-
pects, such as high performance transmission®, near-field imaging*, sensing’, solar cell®, and so on. Since the
concept of SPPs was proposed, increasing researches have been carried out to explore how to excite and manip-
ulate SPPs efficiently. Recently, resonant metamaterial absorbers featured by metal-dielectric-metal sandwich
structures, have become one of the main resources to manipulate SPPs with different periodic patterns such as
one-dimensional (1D) grating’-°, 2D disk arrays'"'?, patch arrays'®, cross bars'* and aperiodic patterns such as
nanoparticles'® and single cavity'®. The interactions between SPPs and other kinds of resonances, e.g. magnetic
polaritons (MP)!”18, cavity resonance'®, and Fabry-Perot resonance®, have brought exotic characteristics in infra-
red spectral absorption?!22.

Even though many researches have been developed in this field, most of the sandwich structures possessed
a very thin dielectric spacing layer, typically lower than one tenth of the incident wavelength®*-?. In this con-
dition, the reported SPPs are mainly excited on the air-metal surface and only a few of them are excited on the
dielectric-metal interface?. As for the sandwich structure absorbers decorated by surface patterns, once SPPs on
the dielectric-metal surface is excited, SPPs on the upper and lower dielectric-metal interfaces may be coupled
and further complicated by the discontinuity of the upper interface patterns. On the other hand, standing waves
have been introduced to explain the electromagnetic scattering problems of the metal-insulator-metal infrared
absorber!®?728, In this paper, we focus on standing waves between the upper metallic grating and the lower metal-
lic base. When the thickness of dielectric spacing layer is comparable to the incident wavelength, this kind of
standing waves will have a significant effect on electromagnetic absorption and they may be coupled with SPPs
on the dielectric-metal interfaces and generate new absorption phenomenon. In addition, as both standing waves
and SPPs could be expressed in the form of plane waves, their existence can be judged directly and effectively by
the distribution of the Floquet modes*~3! but fewer researches have tried in this way.

To reveal the modes excitation and coupling phenomenon in SPPs structures, a sandwich structure consists of
one-dimensional metal grating and relatively thick dielectric spacing layer is proposed, fabricated and measured
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Figure 1. Configurations of the sandwich structured metamaterial absorber. (a) Schematic of the simulation
model marked by four lateral positions (t, to ;) to present the feature sections: Al, dielectric, Al grating and air.
(b) Scanning electron microscopy (SEM) image of the fabricated sample. The Al grating has a period p=6p.

m and width d =3 pm. The thickness of four lateral sections are t,=0.2 pum, ¢, — f, ranging from 0.05 to 8 um,
t,—t;=01pmand t; — t,=2pm.

for infrared absorption in this paper. Simulation and experiment results of the infrared absorption spectrum are
shown at first and then discussed by RCWA method to identify the absorption modes. In the “Modes Coupling
Analysis” part, effective medium theory is employed to explain the shifting of SPPs excitation wavelength and a
new approach based on the boundary conditions is introduced to reveal the coupling mechanism and the corre-
sponding resonance shifting of standing wave line.

Results and Discussion

Modes Simulation and Experiments. Figure 1(a) illustrates the geometry of the sandwich structured
metamaterial absorber for numerical simulation. Thickness of the bottom continuous and top grating Al layers
are fixed, but the thickness of dielectric layer is varied. The structure is surrounded by air. Complex permittivity
of Alis described by the Drude model with a plasma frequency of w,=2m x 3.57 x 10" rad/s and a collision fre-
quency of w, =27 x 19.41 x 10" rad/s*. The dielectric loss and dispersion will make the coupling between SPPs
and standing waves more complicated and the analysis with lossy dielectric is based on the analysis with lossless
dielectric, so the relative permittivity of dielectric layer is intrinsically set to 2.28, employing lossless and non-dis-
persive dielectric parameter to illustrate our theory. To compare with experimental results, lossy and dispersive
Al O; layer® is further introduced for simulation. More details about the effects of dielectric loss and dispersion
are shown in the Supporting Information. Scanning electron microscopy(SEM) images of the proposed meta-
material absorber prepared by standard e-beam deposition and UV lithography techniques is shown in Fig. 1(b),
in accordance with Fig. 1(a). The 200 nm Al ground plane was first evaporated onto a silicon substrate and then
covered by the Al,O; layer with different thickness. Lamellar grating of the 100 nm Al film was realized by the
lift-off lithography process on Al,O; layer. .

In simulation, a plane wave with wave vector k , is incident at our structure from air. The RCWA method?*%
is employed for modes simulation by retrieving the amplitude and phase of each Floquet modes. In the case of
TM polarization, the incident electric field is along the X direction and the total electromagnetic fields at any
arbitrary point 7 takes the form®

E(™) = S E, @),
i

)
H(7) = Y H,(2)e™,

Z: @)

ki = koy + 2ilp, 3)

where i represents the order of the Floquet modes, k , represents the X-component of the incident wave vector,
and p represents the period in Fig. 1(a). In the rest of this paper, the ith order Floquet modes is written as TM, for
TM polarization and TE; for TE polarization (with the incident electric field along the Y direction). Simulation
results for the spectral absorption of the proposed absorber at normal incidence for both TM and TE polarization
and the corresponding experimental results for TM polarization are shown in Fig. 2.

For TE polarization in Fig. 2(a), there is no SPPs but the excitation of standing waves. The strong absorption
positions are along the standing waves lines or at the cross region where two different modes of standing waves
couple together, especially when the incident wavelength is larger than 6 um. This is an expected absorption pat-
tern. In contrast, the absorption pattern in Fig. 2(b) is distinguished by two main features. One is the excitation
of strong magnetic polaritons at the top-left corner, as our former works have shown!”!8. The other is the twisting
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Figure 2. Simulation and experimental results of the sandwich structured metamaterial absorber at
normal incidence. (a,b) Contour plots of the spectral absorption « as a function of incident wavelength A

and thickness of the lossless dielectric layer for TE (a) and TM (b) polarization. The white solid lines represent
the predicted excitation of the zero order standing wave, while the dashed lines are for the first order one.

(c) Contour plots of the spectral absorption o with AL, O, layer for TM polarization. (d) Comparison of the
absorption peak wavelengths between the simulation and experimental results. Three absorber samples selected
at the characteristic regions of (c) are defined by the thickness of the Al,O; layer, with ¢, — t,=0.22um, 1.3 pm
and 2 pm.

of absorption bands nearby the SPPs wavelengths of A=4.5um, 6 pm and 9 um, which is the focus of this paper.
Our theory is also successfully extended to lossy and dispersive dielectric in Fig. 2(c), which are the simulation
results with AL,O; the dielectric layer. Even though the relative permittivity of Al,O; is strong dispersive in the
8-12 um wavelength range®, it keeps a similar absorption pattern. The calculated excitation wavelengths of SPPs
are A=4.62pm, A=6pm and A =7.83 um, matching with the simulation results in Fig. 2(c). Detailed calculation
can be found in the Supporting Information. In Fig. 2(d), three groups of the experimentally tested absorption
peak wavelengths match with the simulation results in general. Existence of the proposed two features in the
absorption spectrum of our absorber for TM polarization is therefore experimentally supported. More detailed
experimental datas are provided in the Supporting Information.

Identification of Absorption Modes. Since the Al,O; layer is continuous and sandwiched by two metal
layers, there will be standing waves between the upper Al grating and lower Al base. Considering the effects of Al
base on tangential and normal electric field, the excitation condition of standing waves at normal incidence can
be written as

2k, (t, — t)) + o, + g, =2mm, m=1, 2, 3..., (4)

where k, is the effective wave vector of the given Floquet mode in the dielectric layer, ¢, — t, represents the thick-
ness of dielectric layer and varies, ¢, and ¢, are the phase retardations on the upper and lower dielectric-metal
interfaces, respectively. For the simplicity of analysis, the lossy metal is treated as perfect electric conductor (PEC)
to employ the rigorous PEC boundary conditions, so ¢, = ¢, =7 for the tangential electric field E,, and
¢, = ¢, =0 for the normal electric field E,. The excitation of zero order standing waves, TM, and TE,), are pre-
dicted with k> = k) *Egietectric and £, — ty = 2mT — o, — ) M (AT Egigeeme) M= 1,2, 3..., and drawn in Fig. 2 as
the white solid lines. For the 1st order TM, and TE, standing waves, the white dashed lines in Fig. 2 are obtained
with k.2 = (€ gieectric ko> — k12) and t; — ty = Ap2mm — o1 — 0,)/ (AT P E gictectric — N-)»m=1,2,3..... In Fig. 2(a,b),
there are three white solid lines corresponding to m =2, m =3 and m =4 from left to right with ¢, =, = for
E,; there are also two white dashed lines corresponding to m =2, m = 3 from left to right with ¢, =, = for
E (also m=1, m =2 from left to right with ¢, =¢, =0 for E,). As shown in Fig. 2(a), deviation between the
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Figure 3. Simulated electric field amplitude distribution of the fundamental modes in the sandwich
structured metamaterial absorbers. (a—c) Modes related E-field distribution along the thickness Z direction.
(d-f) Total electric field distribution at the X-Z cross section. Three cases are carefully chosen from Fig. 2(b) for
modes analysis, with (t, — t,, A) of (2.55 um, 8.65um) for (a,d), (2.85pm, 6.05pum) for (b,e) and (3.45um, 4.475
m) for (¢,f). All the E-fields are normalized by the incident electric field E, in this paper.

simulated absorption band and the predicted lines, originated from the PEC assumption of metal, shows a really
limited effect on absorption performance. Therefore, the PEC boundary conditions are widely used in this paper.
On the other hand, the excitation wavelength of SPPs in a one-dimensional metal grating can be described

by*

ANIM; _ P | Eifm

spP i\eg+ ey, (5)
where ¢, is the relative permittivity of the dielectric and ¢,,, is the real part of the relative permittivity of the metal.
Therefore, SPPs supported on the air-Al or dielectric-Al interfaces in our absorber are figured out accordingly, as
A S{,]Ifl_lair =6pum, \ 371;%4_1 ielectric = I m and Asgg{ﬁielectric =4.5pm. Note that the energy of certain SPPs should be
concentrated on the corresponding Floquet mode, e.g., the SPPs energy should be concentrated on the TM,; mode
at ASYI;II‘,/I Yielectric’ and in the TM, mode at \ g\,’f 2 electric® In another words, the excitation of SPPs can also be figured
out by the energy distribution analysis of the Ffoquet modes. This method is crucial for this work, because the
twisting of absorption bands causes resonance shifting and Eq. (5) is no longer valid.

To characterize the SPPs related Floquet modes, electric field distribution of three fundamental modes in the
proposed metamaterial absorber, TM, TM, and TM,, at corresponding absorption peak wavelength are shown in
Fig. 3. In Fig. 3(a), the electromagnetic energy mainly distributes on Ey, , and Ey,, , and the studied case is
located at the cross region of TM,, standing waves and TM, dielectric-Al S$PPs in Fig. 2(b). The energy of TM,

standing waves could only be in tangential electric field, so it corresponds to E My On the other hand, SPPs is a
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Figure 4. Simulation for the proposed effective dielectric layer in TM polarization. (a) Contour plots of
the spectral absorption at normal incidence with the air section in Fig. 1(a) replaced by dielectric medium of
€=1.96. (b) Contour plots of the spectral absorption as a function of incidence angle 6 with t, — t)=1.5pm.
(c,d) Modes distribution and total electric field amplitude distribution at (1.5 pm, 8.6 um) at normal incidence,
respectively.

kind of surface wave, so its energy could not be in tangential electric field but correspond to Ey, .. Due to the
excitation of standing wave, the energy of Ey, . can be enhanced up to 18.5 times the incident energy. The value

max max

is calculated by ‘ETM . , where ETM s the maximum of ETM . in Fig. 3(a). The TM, dielectric-Al SPPs
enhances the energy of E, . up to 72times the incident energy. The value comes from the maximum of Erm,z

in Fig. 3(a) and then calculated by 2 Eﬁ}" Zl . The reason is that the energy is concentrated on the TM, mode and
its symmetry mode, TM_, mode. In Fig. (b ,e), the dominant TM, standing wave and TM, air-Al SPPs are evi-
denced as Er . and Er, _ are enhanced in the dielectric layer and on the air-metal interface, respectively. The
maximum SPPs energy is about 132 times the incident energy. Unlike the previous two cases, Fig. 3(c,f) just show
the TM, dielectric-Al SPPs because the enhancement of E, is not observed, and the energy of SPPs is up to 146

times the incident energy.

Modes Coupling Analysis

Focusing on the strong absorption nearby the excitation wavelengths of SPPs in Fig. 2(b), it is found that the
strong absorption wavelengths can be either larger or smaller than )\SPP dielectric — =9 pm for dielectric-Al SPPs (e.g.
the studied case for Fig. 3(a,d)) and keep larger than /\Sjl:’glalr =6 pm for air-Al SPPs (e.g. the studied case for
Fig. 3(b,e)). The reason is that there exists an effective dielectric layer combining the air layer with the dielectric
layer. This can be understood by an equivalent approach for the corresponding resonant modes at strong absorp-
tion wavelengths.

In the case of dielectric-Al SPPs w1th )\SI;II‘,/I ielectric = 2 WM, the TM, mode diffraction wave propagates in the
dielectric layer with a wavelength of AT di el e = 21/k, and k.2 = (€ gietectricko” — k1,2)- Since the TM; mode supports
the dielectric-Al SPPs, the enhanced energy mainly concentrates on Ey.), .. According to Fig. 3(a), Er,, . reaches
maximum value on the lower dielectric-Al interface and the distribution of Epy, . along Z direction can be writ-
tenas Eyy, _(2) = Egy/, cos(2m(z — to)/ A;ﬁtmc) t, >z > t, Ifthe thlckness of the dielectric layer is smaller
than \ 'M1 /4, then the enhanced Eryy,. will distribute into the air. Therefore, the SPPs is not simply excited on
the lowér dielectric-Al interface, but on an equivalent dielectric-metal interface. The equivalent dielectric layer
consists of the whole dielectric layer and an air layer with a certain thickness determined by the electric field dis-
tribution in the air. As the relative permittivity of air is smaller than € 4 jecie the equlvalent permittivity is smaller

than € gigjecuric @s well. Hence, the strong absorption wavelength becomes smaller than )\SPP ielectric = 9 Wm accord-
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Figure 5. Modes analysis of the coupling between SPPs and standing wave. (a) and (b) Distribution of E., Mz
and E;,, . amplitudes at the positions of (2.0 um, 8.3 pum), (2.2 pm, 8.45um), (2.4um, 8.575pm) and (2.6 um,
8.675 pmoi in Fig. 2(b), respectively. (c) Comparison of the simulated and calculated thickness of the dielectric
layer. (d) Distribution of E., amplitudes at the positions of (2.3 um, 8.3 pm), (2.35pum, 8.45um), (2.4 pm,
8.575pm) and (2.45 pm, 8.675 pm) in Fig. 2(a).

ing to Eq. 5. For the same reason, the equivalent dielectric layer should consist the dielectric layer for air-Al SPPs.
Since the equivalent relative permittivity is larger than pure air, the wavelengths of strong absorption keep larger
than )\SYI;II;/IIair =6pm.

Further evidence for the equivalent approach can be understood by Fig. 4. Since the air section in Fig. 1(a) is
replaced by a dielectric medium of € = 1.96, the corresponding excitation wavelength of SPPs on the incident
surface moves from 6 pm to 8.4 um and the strong absorption wavelength slightly increases with the increasing
thickness of the dielectric layer (in Fig. 4(a)), consistent with the equivalent approach. In Fig. 4(b), as the incident
angle increases, the absorption band splits into two bands, which is the unique character of SPPs. Considering the
modes and electric field distribution in Fig. 4(c,d), the E;,, . and electric field on both sides of the grating are
closely linked. It confirms the origin of strong absorption as SPPs.

Next, we will analyze the coupling between the TM, standing wave and the TM, dielectric-Al SPPs in the
wavelength range of 8.3-8.7 um in Fig. 2(b). When the thickness of the dielectric layer changes from 2.6 um to
2.0 pm, the corresponding maximum absorption decreases from 85% to 34% and deviates away from the stand-
ing wave line in Fig. 2(b). However, in Fig. 2(a), the corresponding maximum absorption only fells form 60% to
41% and the absorption band is nearly parallel to the standing wave line. The difference is originated from the
proposed coupling effect and can be understood by modes characteristics shown in Fig. 5.

In Fig. 5(a,b), when the thickness of the dielectric layer changes from 2.6 pm to 2.0 pm, the coupled TM,
dielectric-Al SPPs gradually deteriorates as the peak of Ey,, . decreases from 5.9 to 4. Meanwhile, the energy
transferred from SPPs to the TM, standing wave attenuates and causes the reduction of E;,, . peak from 4.5 to
2.4.In spite of the non-uniform distribution in the resonant dielectric layer, the SPPs strengthened E ;. Mox destroys
the original continuity of tangential electric field on both sides of the Al grating and forces the electromagnetic
energy to redistribute. However, as the Al grating is only 100 nm thick, the tangential electric field on both sides
should be continuous to fulfill the boundary condition. In Fig. 5(b), E1,, , = 0on the bottom dielectric-Al sur-
face. The continuity of tangential electric field can be expressed in the form of

air E dielectric sin 2T((tl B t())ﬂ/ Edielectric

ETMU,x — FTMgyx A >

(6)
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where t, — t, represents the thickness of dielectric layer and varies, ) is the incident wavelength, E3¥, . and
Edidectric are the amplitude of E,. M, i1 the air layer and the dielectric layer, respectively. According to Fig. 5(b),
the value of 2m(t; — ty) ./Cdiclectric IXis ranging from /2 to . When t, — , changes from 2.6 pm to 2.0 pum, E;}f,f x
increases and E d}\f}:imc decreases. In this case, 2 (#; — t;)./Egicteetric /N should be decreased to fulfill the boundary
condition. In another words, \/(t, — t,) should be increased. Since the standing wave line has a constant \/
(t, — ty), the absorption band must gradually deviate from the standing wave line, as is shown in
Fig. 2(b). Figure 5(c) is the comparison of simulation and calculation results about the thickness of the dielectric
layer and they are very close. The calculation results are get by picking up a series of E]% _and Efidectric from
Fig. 5(b) and then computing by Eq. 6. Therefore, the analysis approach based on boundary condltlon is con-
firmed quantitatively.

In Fig. 5(d), there is almost no change of Ef<r for TE polarization when incident wavelength varies as the
same way for TM polarization. It means that the standmg waves for TE polarization are very stable without the
coupling to SPPs. By comparing Fig. 5(b) with 5(d), it is found that the coupling affects standing waves in two
ways: one is the reduction of E;y My caused by absorption enhancement of SPPs; the other is the enhancement of
ESidetric caused by the energy transferred from SPPs, when the incident wavelength is close to 9 pm. These two
opp051te rules of variation and the continuity of tangential electric field mean that there is only a certain incident
wavelength corresponding to a certain thickness of dielectric layer to excite the coupled SPPs efficiently. Thus, the
excitation wavelength of the coupled SPPs is not exactly at 9 pum but around 9 pm when the thickness of dielectric
layer varies around 3 pm. Therefore, the absorption bands at the cross region of SPPs and standing waves are
twisted in Fig. 2(b,c).

Conclusion

In summary, a comprehensive analysis about the sandwich structure with different thickness of the dielectric
layer is conducted in this paper. The relationships between modes distribution and coupling are figured out by
RCWA method. Experimental results of absorption spectrum support the validity of our simulations. The shift
of excitation wavelength of SPPs is explained by the effective dielectric method and the coupling between SPPs
and standing waves is dedicatedly studied through the distribution of different modes. The coupling between
SPPs and standing waves shows a new way to study and manipulate SPPs and a method to achieve the transfer of
energy between different modes. A new approach based on the boundary conditions is successfully introduced to
reveal the coupling mechanism and the corresponding frequency shifting phenomenon. This study will assist in
improving the detection sensitivity of sensors and emissivity efficiency of infrared emitters.

Methods

Numerical simulations are performed by RCWA method. The proposed sandwich structure absorber is prepared
by standard e-beam deposition and UV lithography techniques. The 200 nm-thick Al ground plane was evapo-
rated onto a silicon substrate and then covered by the Al,O; layer with different thickness. Well patterning of the
100 nm-thick Al film was realized by the lift-off lithography process on Al,O, layer. The experimental results are
tested by PerkinElmer FT-IR Microscope.
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