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Abstract: We present a planar waveguide model and a mechanism based
on standing wave resonances to interpret the unity absorptions of ultrathin
planar metamaterial absorbers. The analytical model predicts that the
available absorption peaks of the absorber are corresponding to the
fundamental mode and only its odd harmonic modes of the standing wave.
The model is in good agreement with numerical simulation and can explain
the main features observed in typical ultrathin planar metamaterial
absorbers. Based on this model, ultrathin planar metamaterial absorbers
with multi-band absorptions at desired frequencies can be easily designed.
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1. Introduction

Metamaterials have attracted much attention in the past decade for their exotic properties and
interesting physics [1, 2]. One important topic is to design so called “perfect absorber” based
on fundamental resonance of the oscillators [3—6], which exhibits the ability to yield near-
unity absorption by manipulating the effective electrical permittivity, & and magnetic
permeability, u4. A typical metamaterial based perfect absorber consists of three layers: a
metallic structure (unit cells) on the top layer, an opaque metal plane as the ground layer, and
a middle dielectric spacer. By adjusting the shape, size, thickness, and properties of metallic
structure and dielectric spacer, the absorption frequency and amplitude can be tuned. Due to
the nature of sharp resonance response with high quality factor, these absorbers typically
exhibit narrow operating bandwidths which only has advantages in some applications such as
narrowband filtering, frequency selection, sensing and modulation. For other applications
such as solar energy harvesting and high efficiency signal detection, a broadband perfect
absorber is desired. Many efforts have been put in to try to enlarge the respond band. So far,
dual- or triple-band ultrathin perfect absorbers with single layer metamaterial structure have
been realized in microwave [7-9], visible [10], infrared [11], and terahertz wave [12] and
some broadband absorbers with multi layer structure [13] had been proposed.

To interpret the phenomena observed from ultrathin planar metamaterial absorbers,
several models and theories have been proposed. In the effective medium model [6], the unity

absorption was attributed to the effective impedance Z = (u/£)"> matching to the free space

impedance Z, at the resonant frequencies and this impedance matching has been believed to
involve and rely on magnetic resonant response with direct evidence from anti-parallel
surface currents. However, multiple reflections interference model [14] reveals that the two
layers of metal structure in metamaterial absorbers are linked only by multiple reflections
with negligible near-field interactions or magnetic resonances. The transmission line model
[15] explains the absorber based on LC resonance of the electric split-ring-resonator (eSRR)
structure but is limited to only weak couplings between the eSRR and wires layer, and normal
incidence of the electromagnetic (EM) wave. Fabry-Pérot resonance model [16, 17] and the
multiple reflections interference model [14] can explain well the unity absorptions for those
metamaterial absorbers with the thickness d of the spacer to be at least a quarter wavelength
A i.e. d = A/(4n) ,where n is the refractive index of the dielectric spacer material. However,
Typical Fabry-Pérot resonance model is not good at interpreting the unit absorptions in the
case of the ultrathin planar metamaterial absorbers, in which the thickness of the spacer could
be much less than the incident EM wavelength i. e. d << A/4n. For example, some absorbers
have been shown as thin as A4/40 [8] and A/69 [18]. Recently, a modified Fabry-Pérot

#174856 - $15.00 USD Received 23 Aug 2012; revised 26 Oct 2012; accepted 14 Nov 2012; published 29 Nov 2012
(C) 2012 OSA 3 December 2012 / Vol. 20, No. 25/ OPTICS EXPRESS 27757



resonance model [19] was proposed and provided an alternative interpretation of ultrathin
metamaterial-based perfect absorption. Further analysis [20] proved that the appearance of
two almost, but not exactly out-of-phase currents inside a metamaterial was necessary for a
perfect absorber and although evanescent waves do not contribute to far fields scattered by
the perfect absorber, they consume the electromagnetic energy significantly.

In this paper, we analyze the perfect absorption phenomena of the metamaterial absorber
from different view. We propose a planar waveguide model and the standing wave resonance
mechanism to interpret the absorption phenomena in a typical planar metamaterial absorber.
In this model, two metallic layers with the dielectric spacer in between is considered as a
planar metal-insulator-metal waveguide and the EM waves from adjacent gaps propagating
oppositely in the spacer layer result in standing wave resonances in the waveguide. The
standing wave dissipates in the lossy dielectric spacer layer, contributing to the absorption
peaks of the metamaterial absorber. The model can well explain the phenomena of
waveguide-style ultrathin metamaterial absorbers reported before and can be easily used to
design an absorber with the desirable multi-absorption peaks.

2. Theory

The planar waveguide model is schematically exhibited in Fig. 1(a). For the sake of
simplicity, we assume that the unit cell of the planar absorber consisting of a rectangle
metallic patch on the top layer with the dimensions of L X P , a ground metallic layer, and a
dielectric spacer layer with thickness of d in between. The refract index of the spacer layer is
n, which is a function of frequency f (or wavelength A) of the incident EM wave. The
periodicity in y direction is P (= L + d.), where d_ is the gap distance between unit cells and is
smaller than A. The thicknesses of both metallic layers are larger than their skin depth,
meaning that no EW wave can penetrate them. The zero position of x, y, and z direction was
set at the symmetrical center of the rectangle patch and the interface between the top metallic
structure and the spacer layer, respectively. Assuming a plan wave incident normally at the
surface of the absorber from air, with electric field E,, magnetic field H,, and wave vector k;
(k, =2m/4,). When the incident EM wave impinges the gaps, it is diffracted into the spacer
layer then reflected by the ground metallic layer, then guided into the dielectric spacer layer
between two metallic layers. The diffracted EM wave has electric field E, magnetic field H,
and wave vector k (k =nk, =27zn/ A,). Considering the case of electric field in the incident

plane (TM polarized) as shown in Fig. 1(a), the diffracted wave can be separated into two
components: the wave propagating along the y direction with electric field £, = £ sin€ and

wave vector k, =k sin@ and the wave propagating along the z direction with electric field

E_=FE cos@ and wave vector k_ =k cos@ . The relations among three vectors and their

components are zoomed and shown in Fig. 1(b). Due to the symmetrical design, the guided
EM waves from adjacent gaps propagate oppositely and combine to form a standing wave in
the waveguide. The waves propagating along the + y direction and —y direction can be
represented by the equations below:

E; :EZOeXp[i(kyy — ot +¢, +7)] (1
And

E;=E_,expli(-k,y —apt +¢,)] 2)
Here oy is the initial phase of the incident EM wave. Due to the thickness of spacer d<<L,
we only consider the attenuation in the y direction. Thus the amplitude of the guided EM

wave E_; =E exp {—ﬂ(%}ﬂ y@sinﬁ, where 4 is the attenuation coefficient of the lossy
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dielectric material of the spacer layer, @ is the diffraction angle, and the angular frequency of
the incident EM wave @, =2xf, =27mc / A,, c is the velocity of EM wave in vacuum. The

superposition of two opposing waves forms a standing wave and its equation can be
expressed as:

27nsin @ 27c
——— |sin| —71+¢, |(3)
A ]Sln( J

L
E._ =E'+E_ =-2Esinfexp|—u| —- sin
zsw z z p|: ‘ll(z |y|Ji| ( 20

Incident wave

Fig. 1. Illustration of standing wave resonance model of a typical ultrathin planar metamaterial
absorber. (a) Structure of the waveguide and the incident EM wave; (b) Zoomed vectors and
their components of the diffractive EM waves from adjacent gaps; (c) Normalized electric field
of the fundamental mode and its odd harmonic modes at x = 0 and z = - d/2 in the case of
strong diffraction effect calculated according to Eq. (3).

)

2nsin @

,j=0,1,2,3..., the amplitude is always zero, are the nodes.

%

Whereas the anti-nodes are located aty =+(2j —1)————
4nsin@

At locations y =+

,j=1,2,3..., are the locations of

maximum loss energy densities. Considering the symmetrical geometry and the free boundary
conditions at both ends of a unit cell, the symmetrical centre is always a node and both ends
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of the unit cell are the anti-nodes. Therefore only following resonant modes of the standing
wave are possible:

c
o =2j-)————,j =1,2,3,... 4
Son =@ )ZaninH J )
Or
- :M,j =1,2,3,... 5)
(2 -1

where L is the length of the top layer rectangular patch and it can be thought as the rough
length of the planar waveguide. Considering the ultrathin condition (4y >> d), the higher order
metal-insulator-metal waveguide modes are evanescent and only the fundamental waveguide
mode is allowed to propagate along the waveguide, therefore we havesin& =1, Eqgs. (4) and
(5) may be simplified as:

C
L =Q2j-D—.,j =123,. 6
Sow = @i =D o) (6)

_ 2nL

IR

Equations (4) to (7) indicate that only the fundamental standing wave mode (j = 1) and its

odd harmonic modes are available, as can be seen in Fig. 1(c). The results agree with ref [21].

that the second-order mode could not be excited for normally incident light. These modes

correspond to the absorption peaks of the metamaterial absorber. Given a target frequency f;

(the 1st mode or fundamental mode, corresponding to j = 1) of the absorption peak and the

refractive index n(f;) or n(A;) of the dielectric spacer material at this frequency f; (or

wavelength A,), the dimension L of the top layer planar metamaterial structure of the absorber
may be easily estimated according to following equation:

LA ¢
2n(4) 2n(f)f,
Above discussion is based on the TM polarization of incident EM wave. In contrast, for
the TE polarization of incident EM wave, i.e. the electric component £ of EM wave is
perpendicular with yz plane, no standing wave resonance of the electric field can be formed in
the waveguide. Hence, no corresponding absorption peaks can be observed.

j=1,23,. )

®)

3. Simulation results and discussion

To validate our model, we performed simulations using CST Microwave Studio. The typical
absorber is designed working at terahertz (THz) range in which the plasmonic effect is weak,
consisting of a periodic array of alumina (Al) rectangle patch, an Al ground plane and a thin
lossy silicon dielectric layer in between. One of the unit cells from the front view is shown at
the top in Fig. 2(a), with the rectangle dimension L = 60 um in y direction and the
periodicity P =L +d, =70um , The zoomed cross section of a unit cell with three layer

structures is shown at the bottom with Si spacer layer thickness of d = 3.4 um. The
thicknesses of both metallic layers are set as 0.2 um to guarantee no transmission of EW
wave through them. The substrate is used to support the whole structure. A plane wave was
incident from top onto the Al square. The conductivity of Al was assumed as 3.72 x 10’ S/m
in our numerical simulations. Since every absorption peak has its own thickness d of the
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spacer, we optimize the thickness d of the lossy silicon layer at 3.4 ym with most number of
perfect absorption peaks.

The absorption spectra of TM polarized THz waves are shown in Fig. 2(b) in black. One
can observe that there are eight distinct narrow absorption peaks distributing across the entire
THz band at frequencies of f; = 0.667 THz, f, = 2.02 THz, f; = 3.35 THz, f4 = 4.63 THz, f5 =
5.65 THz, fs = 6.49 THz, f; = 7.49 THz, and f; = 7.87 THz, respectively. Among these peaks,

1.0 1.0
08 0.8
c c
2 s 0 06
s a
i e
o 04 5 04
-] o
- a
< 02 < 02
S\ 0.0 0.0
2 4 6 8 10
Frequency (THz) Frequency (THz)
|e| E atx=0 Power loss density at x =0

l&. EE R

Fig. 2. Diagram of the ultrathin THz planar metamaterial absorber based on standing wave
resonances and the simulation results in the case of incident wave with TM polarization. (a)
Front view at the top and side view at the bottom of the structure; (b) Simulated absorption
spectra induced by incident EM wave with TM (black line) and TE Polarization (red line). The
dashed line represents the frequencies of the standing wave modes calculated according to Eq.
(6). (c) Simulated absorption vs. the thickness d of the dielectric spacer layer of the absorber;
(d) Electric field component Ey at x = 0 corresponding to different absorption peaks at different
phase when the strength of E, is strongest; (e) Electric field component E, at x = 0
corresponding to different absorption peaks at different phase when the strength of E, is
strongest; (f) The power loss density distribution at x = 0.

seven have absorption strengths greater than 90% and some peaks achieve nearly perfect
absorption- with strengths>99%. Seven peaks correspond to the frequencies as seen in Fig.
2(b), the frequency intervals between two adjacent peaks are nearly same from f; to fi,
indicating that f, to f; are the odd harmonics of fj. We compared the frequency positions of
the peaks from simulation results with that of the fundamental mode and its odd harmonic
modes calculated with Eq. (6), showed by dashed green vertical lines in Fig. 2(b). In the

#174856 - $15.00 USD Received 23 Aug 2012; revised 26 Oct 2012; accepted 14 Nov 2012; published 29 Nov 2012
(C) 2012 OSA 3 December 2012 / Vol. 20, No. 25/ OPTICS EXPRESS 27761



calculation the refract index of silicon layer is set as 3.4496 within entire THz range by using
1/2
the equation n :{[(e‘f +& )1/2 +8,:|/ 2} [22]. One can see calculated results from Eq. (6)

matched very well with the simulation results for the fundamental mode (f;). The small
discrepancy is due to that the real length of the waveguide is larger than the top Al rectangle
patch. The discrepancy becomes larger with increasing mode order. This is because the higher
the order of the mode, the more sensitivity to the change of thickness of the spacer layer. In
the case of higher frequency range, f5 to fg do not comply with the same rule, indicating that
the main absorption mechanism is different from the lower frequency range from f; to f; if the
wavelength of incident EM wave is comparable with the gap dimension. There are no
fundamental and its harmonics observed in the case of TE polarization of incident THz wave
as shown in Fig. 2(b) in red.

We change the thickness d of dielectric layer to investigate how it affects the absorption
peaks. As can be seen in Fig. 2(c), not only the amplitude of each peak is changed but the
peaks are red shifted with the increase of d. The absorption peaks at higher frequency are
more sensitive to the change of d. With the same increment of d, the higher frequency of the
absorption peak, the larger the red shift of the absorption peak will be. When the change of d
is small, such as changing from 3 to 4 pm, the red shifts of f; and f; peaks are too small to be
clearly observed. It should be mentioned that, for f; this small change of d does not affect the
fact that d < A/100, the reason why the absorber is called “untrathin”.

To further understand the absorption mechanisms, we simulated the electric field
distribution of the absorber structure in the case of TM polarization of incident THz wave.
Since the x component of electric field E, is zero through entire the structure apart from only
a very small distribution limited at the edges of the rectangle patches, we only present the
distributions of £, and E, at x = 0 corresponding to different absorption peaks with
frequencies from f; to f; at different phase @, that corresponding to the strongest electric field
for each frequency, as shown in Figs. 2(d) and 2(e), respectively. For the simplicity, we use
the normalized scale to present each E, and E,. As can be seen, from f; to fi, E, is small and
only limited around the edges of the rectangle patch while E, shows the typical fundamental
standing wave mode and its 3rd, 5th, and 7th harmonic modes, respectively. Clearly, the
standing wave resonance is the main mechanism for the absorption peaks corresponding to f;
to f4. From f5, E, becomes stronger and distributes nearly the whole gaps. This is because the
diffraction effect becomes weaker with the increase of frequency of the incident THz wave.
Note that near the ground plane the E| is always zero due to the superposition of the incident
wave and the reflected wave with anti-phase. From f; to f;, the E, shows the 7th, 9th, 11th and
11th harmonics of the standing wave, respectively. Comparing the strength of E, and E, of
same frequency, we find that £, become stronger and E, becomes weaker with the increase of
frequency. In the case of f;, Ey > E,, indicates that the mechanism of the superposition of E, in
the gaps play a more important role for the absorption of incident EM wave.

Above analysis can be further identified with the power loss density distribution. Since the
surface power loss density (Ohmic loss on the metallic layers) is around 5 orders of
magnitude smaller than that of in the spacer layer, here we only present the power loss
density in the dielectric layer at x = 0 as shown in Fig. 2(f). One can see clearly that the
patterns of the power loss density in the dielectric layer corresponding to each absorption
peak are similar to the standing wave modes shown in Fig. 2(e), denotes that most energy of
the incident EM wave is dissipated in the dielectric layer between two metallic layers through
the standing wave resonance mechanism. On the other hand, the incident THz wave with TE
polarization does not induce the standing wave modes of electric field. The main mechanism
for the two absorption peaks within 6-10 THz for the incident THz wave with TE polarization
as shown in Fig. 2(b) is the resonance of the superposition of incident THz wave and its
reflected wave in the gaps.
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It should be noted that Fig. 2(c) only show the pattern of standing wave modes at x = 0.
Actually the electric field of the standing waves distributes in the whole area under the
rectangle Al patch. An example of 2D electric field patterns at the central plane of spacer
layer (z = - 1.7um) corresponding to eight absorption peaks are shown in Fig. 3. Apparently
the shapes of patterns are relevant to the shape of the top metallic plane.

E;atz=-1.7pym

Yy 2

[T e

- S b . .
Fig. 3. Distributions of electric field component Ez at z = —1.7um corresponding to eight

absorption peaks shown in Fig. 2(b) in the case of incident EM wave with TM polarization.
The inset shows the front view of the unit cell.

We also validated our model by using it to explain the phenomena observed in other
reported absorbers in which their structures could be treated as planar waveguides. For
example, the infrared near-unity absorber with cross-shaped resonator [4], frequency-
selective surface (FSS) of a fishnet structure with rectangular or cross openings [23], the
infrared wide-angle absorber with circular plates [24], and the planar absorber with no
second-order harmonic mode excited for normally incident light [21] et. al. can all be
explained and demonstrated with our model. These published papers have demonstrated their
perfect planar metamaterial absorbers with so called ultrathin single-band (one absorption
peak), which actually corresponded to the fundamental modes of the standing waves in the
waveguide structures since only a small frequency or wavelength range was investigated. As
an example, here we present our simulation results that come from an infrared planar absorber
with a cross-shaped resonator in one unit cell, in which all the parameters are similar to ref
[4]. The structure is shown in Fig. 4(a), in which L = 1.7 um, p = 2.0 pm, w = 0.4 um, d =
0.13 pm. The golden cross and the golden ground plane constitute a waveguide. The
dielectric constant €, and loss tangent €; of the Al,O; dielectric spacer are 2.28 and 0.04,
respectively. The absorption spectrum is shown in Fig. 4(b). Here we focus on the absorption
peak due to the contribution of the fundamental standing wave resonance formed in the
dielectric layer between the transverse strip (marked as “I”) of the metallic cross and the
ground plane as shown in the inset of Fig. 4(a). To compare the simulation results with our
model, we calculate the frequency corresponding to the fundamental mode f;. f; is calculated
according to Eq. (7) of our model. It is 58.43 THz as shown in Fig. 4(b) with dashed green
line. As can be seen in Fig. 4(b), the calculation result 58.43 THz with our model is in good
agreement with the simulation result that the frequency of the peak position is 57.5 THz. The
electric component E, at x = 0 shown in Fig. 4(c) and E, at z = - 0.065 pum (the central plane
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of the spacer) in Fig. 4(d) also indicate the fundamental standing wave mode formed in the
spacer layer between the strip I and the ground plane.

As to the multilayer planar metamaterial absorbers with different dimensional cross-
shaped resonators [13, 25], they can also be treated as multi layer planar waveguides with
different length hence the multi-band or broadband absorption can be interpreted with our
model. It should be noted that our model is suitable for the demonstration of the ultrathin
planar metamaterial absorbers with two metallic layers that can be treated as a planar
waveguide and in the case of strong diffraction of the incident EM wave.
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Fig. 4. Ultrathin planar metamaterial absorber with a cross metallic top layer. (a) The front
view of the unit cell (top) and the side view of the unit cell (bottom); (b) Simulation result of
the absorption spectrum of an infrared absorber. The dashed line represents the fundamental
mode calculated with Eq. (6). (c) Electric field component E, at x = 0 um; (d) Electric field
component £, at z = - 0.065 pm. (e) Simulation results of the Ist and 3rd modes of the cross-
waveguide style absorber working at the infrared and THz domain vs. the results calculated
with Eq. (6) at different dimension L of the cross. (f) Simulation results of the optimized
thicknesses d, and d; corresponding to the 1st and the 3rd modes at different dimension of the
cross, respectively. The straight lines are the linear fits.

Based on Egs. (6) to (8) one may easily obtain an ultrathin metamaterial absorber with the
expected working frequency. Figure 4(e) shows the frequencies of the 1st and 3rd standing
wave mode corresponding to the absorption peaks calculated with our model versus the
simulation results at different dimension L of the golden cross layer (shown in Fig. 4(a)) of
the planar metamaerial absorbers working at infrared and THz domain. In the simulation, the
thickness of both the golden ground and cross layer is 0.2 um. The periodic parameter P =
1.2L, the width of the strips of the cross is W = 0.1L. The spacer material is silicon with
dielectric constant £ =11.940.004; . Due to the small change of the refractive index n of

#174856 - $15.00 USD Received 23 Aug 2012; revised 26 Oct 2012; accepted 14 Nov 2012; published 29 Nov 2012
(C) 2012 OSA 3 December 2012 / Vol. 20, No. 25/ OPTICS EXPRESS 27764



silicon in infrared and THz domain, » is set as a constant 3.4496 in the calculation with our
model. It can be seen clearly from Fig. 4(e) that both the calculation results of the 1st and 3rd
modes with our model are good in agreement with the simulation results. This agreement
further validates our model and indicates that the waveguide-style ultrathin planar
metamaterial absorber with an expected working frequency can be easily designed. The
optimized thicknesses d; and d5 corresponding to the 1st and 3rd modes (perfect absorption
peaks) are obtained from the simulation as shown in Fig. 4(f), respectively. Clearly both d,
and d; increase linearly with the dimension L of the cross and d; is larger than d; at the same
L.

4. Conclusion

In conclusion, we have proposed a planar waveguide model and a simple analytical formula
to explain the unity absorption in ultrathin waveguide-style planar metamaterial absorbers
based on standing wave resonances. It shows that only the absorption peaks corresponding to
the fundamental mode and its odd harmonic modes can be excited. Numerical simulation
results verified our model and indicate that the majority of energy is dissipated in the
dielectric spacer layer through the standing wave resonances. Our model explains well the
main features observed in previously reported planar waveguide-style metamaterial absorbers.
It provides a simple way to design multi-band ultrathin planar metamaterial absorbers with
expected working frequencies and makes it much easier to design even super broadband
ultrathin metamaterial absorbers for potential applications in filters, detectors and energy
conversion devices.
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