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Abstract; Arising from the proposed Transmission Line(TL) model for ERR and wire structure, a TL model

for a metamaterial absorber is proposed. The S-parameters obtained by this TL model demonstrate the same

shapes as the simulation. An investigation of the TL model and average absorption power densities shows that

the metamaterial absorber does not simply convert the electromagnetic wave into thermal energy, but concen-

trate the electromagnetic wave into a small space where it is finally absorbed. This suggests that the metamate-

rial absorber can be applied to solar cells for the purpose of light trapping.
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1 Introduction

A Metamaterial Absorber (MA) is a kind of three-
layer metamaterial with a thickness significantly
smaller than the wavelength, which can absorb an
electromagnetic wave completely over a narrow

frequency band'' ~*/.

This unique property makes it
an ideal candidate for bolometric pixel elements.
However, the mechanism of the unit absorption is
still being studied. N.I. Landy has suggested using
the matching between the effective permittivity and
permeability to interpret this phenomenon'. But
the strong non-reciprocity of the MA indicates that

this interpretation may be inappropriate , because the

MA thickness is too small compared to the wave-
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length. This means that the effective medium theory
can not be applied to it and the effective permittivity
and permeability approach is not able to describe the
MA',

Earlier studies have proved that the absorption
derives from the ERR structures and is enhanced by
the coupling between the ERR and wire structures.
We have also tried to understand the time-domain
working mechanism of the MA, which leads to the
non-reciprocity. However, the nature of the coupling
is still not understood nor why the parameters of each
layer in the MAs, especially the thickness of the
dielectric layer, must be carefully chosen. In this
paper, basing on the reported TL model for ERR
structure and wire structures'’’ , a TL model for the

MA is proposed. This model provides answers to all
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these questions, can be confirmed by the field analy-
sis, and significantly displays the same non-reci-
procity as the simulation. Based on the investigation
to the TL model and the distribution of average ab-
sorption power densities, it is pointed out that the
MA does not simply convert the electromagnetic en-
ergy into thermal energy, but concentrates the elec-
tromagnetic wave into a small space, and then it is
absorbed completely. This working mechanism indi-
cates that the MA is actually an ideal light concen-
trator and has great potential in the application to the

solar cells.

2 TL model for metamaterial absorber

Generally, the MA is constructed from three layers:
the ERR layer; the isolation layer; and the wire lay-
er. In the TL model of the MA, it is assumed that
the TEM wave propagation through free space and
the substrate has intrinsic impedances Z; and Z,
respectively, and there is no coupling capacitor or
coupling inductor between the ERR layer and wire
layer. These two layers are individually modelled as
shown in Fig. 1. The TL model of the ERR proposed
by Abul K. Azad is used in the ERR layer part of
the MA, because it is simple and able to described
the behaviour of the S-parameters of the ERR struc-
ture. In this TL model, the LC resonance and dipole
resonance are represented by one set of values of L,
C and R, respectively, and the transformer coupling
parameter M is used to specify the coupling between
the two resonances. The wire layer part is modelled
by the TL model reported by L. Fu, and the single
resonance of the wire structure is expressed by sec-
ond set of values of L, C and R. The effect of isola-
tion layer in the MA is modelled by a transmission
line which connects the ERR and wire structure. All
of the parameters of the components need to be opti-
mized so that the S-parameters calculated by the TL

model fit the simulation results.
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Fig. 1 Transmission line model for the metamaterial ab-
sorber. In the ERR structure part, the parame-
ters R, L,, C, and R,, L, and C, describe the
LC and dipole resonance, respectively, parame-
ters M describe the coupling between the two
resonances. Components R;, L, and C; specify
the resonance of the wire structure and TL refers
to the transmission line and represents the isola-

tion layer of the MA.

Once all of the parameters in Fig. 1 are deter-
mined, the S-parameter values of the MA can be de-
rived as followed.

The ABCD matrix of the ERR structure layer,

isolation layer and wire structure are, respectively

1 0
[AICHR BERR] _ 1 |
Dy XX,
ERR ERR M
X, + X, "
[AM B cos(kl) jZ sin(kl) 0
C.. D. ksin (kL) cos(kl) |
s s Zc
1 0
wires wires - 1
. . — 1
wires wires X3
. 1
where X, :ja)Cl +R +jw(Ll, -M), X, :ijZ+

R, +jw(l, = M), X, = +R, +jul,, kis the
’ chs ’

wave vector of the TEM wave, [ and Z, are the
thickness and characteristic impedance of the isola-

tion layer, respectively.
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Therefore the ABCD matrix of the MA is

[A B] _ [AERR BERR] _ Aisu Biso] _ [Awires Bwires _
C D CERR DERR Cisu Disu Cwires Dwires
iZ sin(kl
cos(kl) + 125D iZ.sin(kl)
X3
1 1 7z N (2)
S - e 7 kl ’
XX, Y X, kos(kl) + BINUED| Yo+~ cos(kl) 4 SZesnCkD)
Yoex Mo O s A4,
P P X, + X,
and the S matrix can be calculated as
AZ, +B - (CZ, +D)Z, 2 ./JZ.Z,
[S“ 512] AZ, + B+ (CZ, +D)Z, AZ , +B+ (CZ,+D)Z, (3)
Su Sy 2 JZ.Z, -AZ, +B - (CZ, -D)Z,

AZ, + B+ (CZ, +D)Z,

3 Simulation of metamaterials

The first proposed MA was composed of ERR and
wire structures, then later MAs with other structures
were reported to display the near-unit absorption.
Here we take a most familiar and common MA as an
example to investigate the validity of the TL model
based description of the MA.

The structure of each metal layer in the MA
simulated by CST is shown in Fig. 2 with units of

AZ, + B+ (CZ, +D)Z,

pm. The metal in the simulation is gold with
conductance of 4. 09 x 10" S/m and thickness of 800
nm. The space between the ERR structure layer and
wires structure layer has thickness 7.8 pm and is
filled with polyimide with & =3.5 +0.010 5i, u =
1. The material of the slice of the MA, is GaAs with
e=12.9 +0.077 4i, u = 1. From the positive
direction to the negative direction, the system is
constructed along the z axis as port 1-vacuum-ERR
structure-GaAs  slice-

structure-  polyimide-wires

port 2.
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Fig.2 Dimension details of the MA,.

In order to determine the L;, C, and R, (i =1,
2,3) in the TL model, each layer in the MA is sim-

ulated. The metamaterial with the same ERR struc-

ture( MERR) and the same wire structures( MW ) as
MA, is illustrated in Fig. 3. From the positive direc-

tion to the negative direction along the z axis, the
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MERR is constructed as port 1-vacuum-ERR struc-
ture-polyimide-GaAs slice-port 2, and the MW is

constructed as port 1-vacuum-polyimide-GaAs slice-

port 2. In all of the simulations, the TEM waves are
radiated by port 1 or port 2 and the electric fields are

parallel to the x axis.

=>
N>

~=>

(b)

Fig.3 Schematic drawing of the MERR(a) and MW (b).

4 Discussion of results

Fig.4(a) and (b) qunatify the S-parameters of the
MERR and MW simulated by the CST and calculat-
ed using the TL model in the frequency band 0 —
1 700 GHz. It can be seen that the TL model of the
MERR with optimized parameters shows the same S-
parameters as the corresponding simulation results
across the whole studied frequency region. Howev-
er, it seems that one group of RLC values is not able
to fully describe the MW, because there is a small

disagreement between the simulation results and the

S-parameters

0.0 1 1 1 1 L
0 400 800 1200

Frequency/GHz
(a)

1600

TL model calculation results of the MW. They share
the same S-parameters in the frequency close to and
below the resonance point. But the transmittance
(S,, and S,,) of the simulation results rise faster in
the higher to 0.64 at
1 700 GHz. By contrast, the transmittance calcula-
tion results only yield the value 0. 55 at 1 700 GHz.

There are also some small differences in S,; and S,,

frequency region up

between the simulation and calculation results.
Since the discussion is largely focussed on the fre-
quency region near the resonance point, it is reason-
able to assume that the TL model can characterize

the responses of the MW accurately enough.

S-parameters

00 0 400 800 1200 1600
Frequency/GHz
(b)

Fig.4 Simulated and calculated S-parameters of MERR(b) and MW (a).
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The simulation results of MA, shown in Fig. 5
demonstrate the same behaviour as the experiments
do. Utilizing the same optimized parameters in the
TL model of both MERR and MW, the TL model
calculation results of MA, were obtained and shown
by the dotted curve in Fig.5. The calculated results
show a strong absorption peak at 1 100 GHz, where
most of the input power is absorbed by the compo-
nent R, , which is used to represent the loss of LC
resonance of the ERR. The S-parameters derived by
different methods almost show the same shapes in the
frequency band 0 — 1 150 GHz, where S,, and S,,

decrease until the frequency point reaches
1 100 GHz, S,, locates at 1 100 GHz with value of
0.15, and S,, keeps rising in the low frequency
band and yields the maximum about 0.95 at 1 100
GHz. But the variance between the these results be-
come obvious in the frequency band higher than
1 150 GHz. The calculated reflectance S,; and S,,

end up with

1.0

0.8

0.6

S-parameters

0.4
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Fig.5 Simulated and calculated S-parameters of MA, .

Reference :

value 0.9 in the frequency spectrum, and the simu-
lated reflectance displaying the much higher decrea-
sing speed, yields the about 0.65 at
1 700 GHz. The transmission S,, and S,,, natural-

value

ly, shows the opposite variation tendency comparing
to the reflectance.

Therefore it can be deduced that the TL model
is able to describe the electromagnetic property
exactly at frequencies below the absorption peak,
but is less accurate in the higher frequency band. As
mentioned before, the components in the TL model
of MA1 are copied from the TL model of the MERR
and MW. When these two structures are put togeth-
er, the distance between is so small that the
coupling capacitance can not be ignored at high fre-
quency. This is thought to be the reason for the dis-
crepancy between the calculated and simulated

results.

5 Conclusions

The TL model can describe the MA, exactly at fre-

quencies below the absorption peak, but the error
becomes larger at higher frequencies. The reason
why the thickness isolation layer affects the absorp-
tion so much is that the isolation layer actually acts
as an impedance transformer in the MA. Both the TL
model and the field distribution show that the elec-
tromagnetic wave is concentrated in the space near
the outside framework of ERR structure and finally

absorbed by the isolation layer.
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