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Abstract — A perfectly absorbing metamaterial (PAMM)
coupled with vibrational modes has varied applications
ranging from surface-enhanced vibrational spectroscopy
to biological sensing. This endeavor considers a
subwavelength PAMM sensor design and analysis using
a commercially available finite element method (FEM)
solver and analytically with temporal coupled mode
theory (TCMT). A carbon double oxygen bond (C=0) at
52 THz or 1733 cm? that resides in poly(methyl
methacrylate), PMMA, will be used as a stand-in
analyte. Normal mode splitting that results from the
resonant coupling between the PAMM and analyte’s
molecular resonance is investigated and analyzed.

Index Terms — Electromagnetic Induced Absorption
(EIA), Electromagnetic Induced Transparency (EIT),
metamaterial, perfect absorbing, PMMA, resonant
coupling, superscattering.

L. INTRODUCTION

Metamaterial are engineered materials that are
designed with periodic or aperiodic elements known as
meta-atoms [1]. A perfect absorbing metamaterial
(PAMM), as the name implies, is designed to “perfectly”
absorb incident fields, and have been described with a
metamaterial impedance matched to free space [2-5]. A
commercially available finite element method solver,
Ansys high frequency structural simulator (HFSS), is
employed to design and simulate a gold patch array
metasurface with ground plane to form a subwavelength
optical resonant cavity.

Resonant coupling results in avoidance crossing
dispersion relationships, or normal mode splitting, that is
described with temporal coupled mode theory (TCMT)
[2, 6-9]. Coupled resonant models have been used a
classical analogy treatment of quantum phenomena,
namely Fano resonance with bright/dark mode
interactions [10-12], and electromagnetically induced
transparency or absorption (EIT or EIA) [2, 13-17]. Ina
Fano resonance, EIT, or EIA treatment a molecular
resonance is modeled as a dark mode. TCMT has also
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been used to describe light-matter interactions in
polaritonic systems [18].

In the case of this work, poly(methyl methacrylate)
(PMMA), a thermal plastic for very-large-scale
integration (VLSI) and material for plastic fibers, has a
carbon double oxygen (C=0) molecular resonance at 52
THz/1733 cm® with optical material properties measured
using ellipsometry [19]. PMMA’s C=0 infrared (IR)
active molecular bond will be used as an analyte stand-
in to demonstrate the mode splitting. Metamaterial
coupled to molecular resonances has varied applications
including, but not limited to, biosensing and surface
enhanced-vibrational spectroscopy [4, 9, 10, 13, 20, 21].

II. PAMM SENSOR

The PAMM unit cell under consideration is a gold
patch stood-off above from a gold ground plane by a
spacer of amorphous silicon as shown in Fig. 1. For the
preliminary analysis of the PAMM, a thin overlay of
material with the refractive index that of dispersionless
PMMA is introduced to reduce the red shifting induced
on the PAMM’s resonance [4]. The PAMM spacer
thickness range is on the order of 20 to 200 nm which
results in a subwavelength nanoresonator cavity.
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Fig. 1. PAMM unit cell modeled in Ansys HFSS.

A. Theory

Derived from circuit theory or mass spring
relationships [2, 6, 21], it can be seen from the TCMT
that the PAMM can be modeled as a single input
uncoupled system (SI-US) as seen in Fig. 2. The TCMT
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equations for normalized resonator energy “a” at
resonator frequency wo can be written as:

%=ﬁ%a—wo+nm+aﬁ. (1.2)
S™ =cS*+da, (1.b)
where [2, 6],
la| = /27e, (2.8)
d =./2y,., (2.b)
c=—|%|=—1, (2.c)

and vyo and vye represent internal and external losses,
respectively. The internal loss can be thought of as
Ohmic loss within the PAMM or circuit resonator.
External loss results from excitation that does not couple
into the PAMM or resonator, but reflects or scatters out
of the structure. The excitation and reflected field is
denoted as S* and S respectively.
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Fig. 2. Circuit visualization for a SI-US where the
resonator circuit models the PAMM.

Given the single input description of the PAMM and
from (1) and (2) it can be seen that the only scattering
parameter is the reflection coefficient:

J(e=Y0)+(w-wop)
[J(Ve+Vo) (w-wo) st @)
and at resonance (3) becomes:

S11(wg) = Ze_'_zz (4)

Due to the ground plane in the PAMM the
transmission spectrum can be taken as negligible;
therefore,

Alw)=1- |S11(0))|2; )
where A(w) is the absorbed power in the PAMM. It can
be seen from (4) when ye = yo then |S11(wo)| tends to zero,
or A(w) becomes unity. The condition ye = yo can be
described via impedance matching and results in the
“perfect absorption” condition in the metamaterial known
as criticallycoupled [2, 3, 6]. The condition ye < yoand
ve > vo is referred to as undercoupled and overcoupled
respectively. The “coupling” in critically-(CC), under-
(UC), and overcoupled (OC) is in reference to the
impinging field “coupling” into the PAMM and not
related to the molecular resonance.

B. PAMM numerical results

While maintaining the PAMM at approximately at
52 THz (molecular resonant frequency), the thickness of
the A-Si spacers was varied. A case of OC, CC, and UC
can be seen in Fig. 3 for spacer thickness of 150, 90, and
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50 nm respectively. From (4), it can be seen that the CC
case is the only case where approximately the perfect
absorption condition is met. Figure 4 is the spectral and
angular resolution for the absorption for the CC case for
both incident modes seen in Fig. 1. It can be seen that the
design patch metamaterial provides a polarization
insensitive to transverse electrical (TE), transverse
magnetic (TM), or either mode orientation while
providing a wide-field-of-view [3]. With the use of the
TCMT equations, the damping rates, external (ye) and
internal (yo), were determined by a parametric fit and the
absorption is plotted in Fig. 3 as seen as asterisks (*), and
linear fit as seen in Fig. 5.
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Fig. 3. Numerical (*) and mathematical model (solid
line) results are shown for case of over-(OC), critically-
(CC), and undercoupled (UC) cases.

TE Mode 1

TE Mode 2

- . - 1
f S,
L 0 E
i .
50 55 60 65 50 55 60 65
Frequency [THz] Frequency [THz]
TM Mode 1 TM Mode 2

55 60 65 50 55 60 65
Frequencv [THz] Frequency [THz]

Fig. 4. Absorption spectra and angular-resolved for the
criticallycoupled cases as seen in Fig. 1. Both TE (a, b)
and TM (c, d) polarizations are shown for both mode
orientations.
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Fig. 5. Linear relationship between external (ye) and
internal (yo) loss as a function of amorphous space
thickness. CC case is seen at around 90 nm Si spacer
thickness.

1II. PAMM-MOLECULAR COUPLING

A. TCMT description

Similar to a EIT/EIA or Fano resonate description,
the molecular resonance is a weak coupling to the
incident field and is a spectrally narrow resonance,
therefore; it can be model as a dark resonance mode [2,
10, 12, 13] as seen in the circuit realization in Fig. 6.
However, the PAMM provides a spectrally broad
resonance and couples very strongly with the incident
field, and thus can be thought as a bright mode as seen in
Fig. 6.
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Fig. 6. Circuit visualization for a single input couple
resonator system.

Using TCMT, an addition equation describing the
molecule resonance, “a,”, with complex frequency
2 + jy2. The interaction or mode coupling between the
PAMM and molecule resonance is describe with the
coupling strength “V”. The coupling strength is a result
of the interactions of the near field from the PAMM on
to the PMMA molecular bond. The TCMT system of
equations that results are as follow [2, 18]:

da

d_tl =jwia; — (V1 +ve)a, +jVa, + 0»’51+, (6.2)
da
d_tz = jwaa; —y2a, +jVay, (6.b)

ST =cST +da,. (6.c)

A SUBWAVELENGTH PERFECT ABSORBING METAMATERIAL PATCH ARRAY

B. PAMM molecular resonance coupled numerical
results

With the introduction of the PMMA phonon
resonance, it can be observed that for the CC and UC
cases in mode splitting or EIT [12, 14] while OC case
results in superscattering or EIA [15, 16] as seen in Figs.
7 and 8. Figure 8 (b) shows the avoidance crossing
dispersion relation [8] where the variation of the only the
A-Si spacer thickness resulting changing the PAMM
resonances or absorption maximum spectrally.
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Fig. 7. Numerical (*) and mathematical model (solid
line) results are shown for resonant coupling between
PAMM and molecular resonance.

Overcoupled

Frequency [THZ]

50 100 150
Amorphous Silicon Spacer Thickness [nm]

Undercoupled

Frequency [THz]

Amorphous Silicon Spacer Thickness [nm]

Fig. 8. Absorption spectra for PAMM resonantly
coupled to a molecular resonance at 52 THz (white
dashed line) for OC (a) and UC (b) cases for varies A-Si
spacer thickness.

IV. CONCLUSION
With the use of finite element method and TCMT, a
perfect absorbing patch metamaterial resonant coupled
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to a C=0 doubled bond at 52 THz of PMMA was
investigated. EIT and EIA responses and anti-crossing
dispersion are evident when resonated couple between a
PAMM and molecule resonance is presented.
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