ADVANCED ELECTROMAGNETICS, Vol. 2, No. 3, December 2013

Dual-Band Coherent Perfect Absorption/Thermal
Emission From Ultrathin Bilayers

Simin Feng

Michelson Lab, Physics Division,
Naval Air Warfare Center, China Lake, California, USA
*corresponding author, E-mail: simin. feng@navy.mil

Abstract

Dual-band perfect absorption/thermal emission is shown to
be a general property of an ultrathin bilayer consisting of
a dielectric and a totally reflective layer if the permittivity
of the dielectric can be described by Drude-Lorentz (DL)
model. The two bands coexist and reside on opposite sides
of the Lorentzian resonant frequency where the material
loss is small. However, the perfect absorption mechanism
for the two bands is distinguishably different. One band
is related to Fabry-Pérot phenomenon and the surge of re-
fractive index near the Lorentzian resonance. This band is
polarization insensitive. The other band is associated with
excitation of Brewster-type mode at the e-near-zero (ENZ)
wavelength and occurs only for p-polarized wave at oblique
incidences. This mode has a fast-wave non-radiative char-
acter and propagates along the ultrathin ENZ layer superim-
posed on the highly reflective surface. Both bands exhibit
wide-angle high emission with a small shift in their center
frequencies which can be tuned by tuning the Lorentzian
resonance. The resonance-enhanced dual band absorption
occurs in the ultrathin DL layer at the weakly absorbing
wavelengths as a consequence of an interaction between the
total transmission and the total reflection. We demonstrate
this phenomenon in a silicon carbide/copper bilayer. The
suggested structure may have applications in biological and
chemical sensors, IR sensors, thermal emission controls,
thermophotovoltaics, and photodetectors.

1. Introduction

There has been considerable interest in various absorbers
and thermal emitters due to high demand applications in
thermal sensing and energy harvesting. Thermal emission
is often characterized by broadband, incoherent, and quasi-
isotropic due to the intrinsic random nature of thermal fluc-
tuations. For renewable energy application, it is desirable to
have a narrow-band radiation that matches with electronic
transition of photovoltaic cells [1] to maximize energy con-
version efficiency. In the past few years, photonic bandgap
materials have been investigated for changing absorption
spectrum and reducing radiation bandwidth [1]-[5]. On the
other hand, the ability of controlling emission spectrum and
direction also has important applications such as tailoring
radiation [6, 7] and thermal sensing. To increase coherence
and modify emission characteristics, there has been increas-

ing attention on patterning surface microstructures, such as
subwavelength gratings [8]—-[11], microcavities [12]-[15],
and metamaterials [16]-[19]. Itis of great interest in manip-
ulating light to achieve total absorption at a subwavelength
scale. Dual-band absorption [20]-[23] is a desired feature
for infrared sensors, thermal emitters, and integrated multi-
functional devices. In this paper, we will show that dual-
band wide-angle perfect absorption is a general property
of ultrathin bilayers composed of a primary dielectric layer
and a secondary reflective layer if the permittivity of the
dielectric can be described by Drude-Lorentz (DL) model.
Coherent enhanced absorption is resulted from an interplay
between the total transmission of the primary layer and the
total reflection of the secondary layer. In the following, we
will analyze this phenomenon with both real metal substrate
and perfect electric conducting (PEC) ground and demon-
strate this property in a silicon carbide (SiC)/copper (Cu)
bilayer structure.

2. Coherent perfect absorption
2.1. Basic theory

Figure 1 shows the geometry of the bilayer structure and
the coordinate system used in the simulation. Due to the az-
imuthal symmetry, the polar angle 6 is sufficient to describe
the direction of the absorption/thermal emission. Consider
transverse magnetic (TM) modes, corresponding to non-
zero field components H,,, E;, and E,. Assume a harmonic
time dependence exp(—iwt) for the electromagnetic field.
From Maxwell’s equations, the magnetic field H, satisfies
the following wave equation:
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where kg = w/c; the € and p are, respectively, the permit-
tivity and permeability of the material. Equation (1) permits
solutions of the form v(z) exp(ifx). Here the transverse
wave number  is determined by the incident wave, and is
conserved across the interface,

B2 = kiep — a?, )

where « is the wave number in the z direction. The func-
tional form of ¢(z) is either a simple exponential exp(icz)
for the semi-infinite regions or a superposition of cos(az)



Figure 1: A schematic diagram of a bilayer structure.
The permittivity of the primary (top) layer is described by
Drude-Lorentz model while the secondary (bottom) layer is
highly or totally reflective substrate, such as metal or PEC.
The angle 0 represents the direction of thermal emission or
absorption.

and sin(«z) terms for the bounded regions along the z di-
rection. The other two components F, and F, can be
solved from H, using Maxwell’s equations. Only non-
magnetic materials are considered. Assume the permittivity
of the primary layer in Fig. 1 is described by Drude-Lorentz
model, which is given by

w2

p
6_600+w3—w27i7w’ 3)
where the permittivity at the high frequency limit e, = 3.8.
The plasma frequency w, = 0.43 um™!; the Lorentzian
resonant frequency wg = 0.11 um~!; and the damping fac-
tor y = 8 x 1073 um™!. The dispersion in Eq. (3) and
the corresponding refractive index are shown in Fig. 2. The
Lorentzian resonant wavelength is about 9.1 pym. For ideal
perfect absorption to occur, the substrate should be totally
reflective, such as PEC. However, we use copper (Cu) as
the highly reflective substrate in our simulation for future
potential practical implementation, meanwhile we will use
PEC ground to assist our analysis. The complex permittiv-
ity of copper can be obtained from Palik [24]. Thus, perfect
absorption here is not in a strictly mathematical sense, but
rather in a practical sense, meaning close enough to 100%.
The complex permittivity of copper and refractive index are
provided in Fig. 3 for convenience.

The electromagnetic field can be solved by scattering
matrix method and matching boundary conditions at the in-
terface of each layer, i.e. the continuity of H, and E,. The
transmittance (7') and reflectance (R) of electromagnetic
(EM) power can be calculated via the Poynting vector S,
given by S = R(E x H*). The fraction of energy ab-
sorbed by the structure is described by the absorptance (A),
where A = 1 — T — R as required by energy conserva-
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Figure 2: Real (left-top) and imaginary (left-bottom) parts
of the permittivity given by Eq. (3), as well as the real
(right-top) and imaginary (right-bottom) parts of the cor-
responding refractive index.

0 25

-1000 20
& 15
< 2000
= 10
-3000 5
4000, 0
8 10 12 14 2 4 6
A um)
3000 80

O(n)

8 10 12 14
A (um)

60
2000

S 40

1000
20

O(e)
0O(n)

0,

0
8 10 12 14 2 4 6
A (um)

2 6 8 10 12 14

A (um)

Figure 3: Real (left-top) and imaginary (left-bottom) parts
of the permittivity of copper given from Palik [24], as well
as the real (right-top) and imaginary (right-bottom) parts of
the corresponding refractive index.

tion. From the absorption spectrum, the emission spectrum
can be obtained from Kirchhoff’s law which directly relates
the absorptance with the emissivity [25, 26]. For a PEC
substrate, there is no transmission and the tangential com-
ponent of the electric field £, = 0 at the PEC-dielectric
interface. Thus, the magnetic field H, is proportional to
the cos(az) term if the origin of the z-coordinate is located
at the PEC-dielectric interface. By matching boundary con-
ditions at the air-dielectric interface, it is straight forwards
to derive the reflection coefficient of the magnetic field as

14+ ntan(aqd)

= —i201d
"T1o n tan(asd) exp(~i2ad),
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where the subscripts 1 and 2 refer to, respectively, air and

the dielectric. The «; (j = 1,2) is given from Eq. (2); and

the d is the thickness of the dielectric layer; and
2o e
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where Z; and Z; are the impedance generalized for oblique
incidences; the €; and €5 are, respectively, the permittivity



of air and the dielectric material. The reflected electric field
E, = Z;H,. From the Poynting vector calculation, the
reflectance of the power is given by R = |r|?; and thus
the absorptance A = 1 — R can be obtained. Perfect ab-
sorption occurs when the reflection coefficient is zero where
the effective impedance (Z.) of the ENZ-PEC structure is
matched to that of free-space. From Eq. (4), we have
Ze = 72‘22 tan(agd) = Zl . (6)
For the real metal substrate, it is an open boundary and the
numerical simulation is based on scattering matrix method
which computes the transmission and reflection coefficients
of the magnetic field (H,). The associated electric field can
be derived from the magnetic field by solving Maxwell’s
equations. Then, the transmittance (7°) and reflectance
(R) of the electromagnetic power can be calculated via the
Poynting vector. Thus, the absorptance A =1 —-T — R.

2.2. Simulation and analysis

In the following discussion and figures, we will use the
term “emissivity” and “absorptance” interchangeably for
convenience. Figure 4 compares the emission character-
istics of the DL/Cu and DL/PEC bilayer structures. The
results are very similar using the real metal or PEC as the
substrate. Two bright bands with broad emission angle are
located on opposite sides of Lorentzian resonance where
the material loss is small (see Fig. 2). The angle of per-
fect emission or absorption depends on the wavelength, di-
electric constant, and thickness of the layers. The longer
wavelength band around 10 ~ 12 pm is associated with
Fabry-Pérot (FP) resonance and Lorentzian enhanced per-
mittivity and refractive index (see top panels in Fig. 2),
which allows the Fabry-Pérot resonant condition to be sat-
isfied for the ultrathin layer. This band has a broader band-
width and also appears for TE polarized wave; and thus
it is insensitive to the polarization as long as the material
is isotropic. The shorter wavelength band around 4 pum is
due to the e-near-zero (ENZ) effect [27]-[29] and occurs
only for p-polarized waves at non-zero angles of incidence
where the normal component of the electric field inside the
ENZ medium is extremely high due to the continuity of
the normal component of electric displacement field. Since
the transmission of the bilayer is zero, perfect absorption
occurs at an angle where the reflection of the p-polarized
wave is zero, corresponding to excitation of Brewster-type
mode [30], which is a fast-wave non-radiative mode propa-
gating along the ultrathin ENZ layer [29]. When the reso-
nant transmissions from the DL layer are totally reflected
by the substrate, the coherence-enhanced absorption can
occur via multi-reflection and repeated absorption. In the
Drude-Lorentz/metal bilayer structures, the shorter wave-
length band has a Brewster-type total transmission while
the longer band has a Fabry-Pérot type total transmission.
The strong coupling between the total transmission of the
DL slab and the total reflection of the substrate results in
the coherent perfect absorption.
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Figure 4: Emissivity of the bilayer in Fig. 1 vs. emission
angle (f) and wavelength. The permittivity of the primary
layer is described by Drude-Lorentz model given by Eq. (3).
The secondary layer is copper (left) and PEC (right). The
thickness of the DL and Cu layers is, respectively, 0.35 um
and 0.15 um. Color bars represent the magnitude of the
emissivity. The shorter (longer) wavelength band is located
at the left (right) side of the Lorentzian resonance (see left
panels in Fig. 2).
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Figure 5: Top panel: absorptance versus wavelength at the
perfect absorption angle § = 34.7° of the shorter wave-
length band when the substrate is Cu (blue-solid) and PEC
(green-dashed). Bottom panel: reflectance (blue-solid) and
transmittance (green-circles) of the DL/Cu bilayer versus
wavelength at the corresponding angle. Simulation param-
eters are the same as those in Fig. 4.

Interestingly, the large imaginary part of the permittiv-
ity at the Lorentzian ENZ wavelength A\ ~ 9 um does not
introduce strong absorption in the ultrathin slab because
the huge dissipation destroys the coherence. Thus, at the
Lorentzian ENZ wavelength the optical coherence cannot
be built-up inside the DL cavity; and the absorption is small
due to the ultrathin layer. Absorptance versus wavelength
at the perfect absorption angle of the shorter wavelength
band is illustrated in the top panel of Fig. 5 for both copper
and PEC substrates. The bottom panel of Fig. 5 shows the
corresponding transmittance and reflectance for the copper
substrate. With the zero transmittance, perfect absorption
corresponds to the zero reflection. The spectral and angular
locations and bandwidths are related to the permittivity and



material dispersion. With the advance of metamaterial fab-
rication, the desired spectral locations of peak absorption or
emission and other spectral features can be engineered by
properly designing the Lorentzian resonant frequency and
the damping factor.
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Figure 6: Top panels: absorptance of the DL/Cu bilayer
vs. AOI at the perfect absorption wavelength of the shorter
band A = 4.02 pm (left) and the longer band A = 10.88 um
(right). Bottom panels: total round-trip FP phase ®  (in the
unit of ) vs. AOI at the corresponding wavelength.
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Figure 7: Total round-trip FP phase @ (in the unit of )

vs. wavelength at the perfect absorption angle of the shorter

wavelength band (§ = 34.7°, blue-solid) and the longer
wavelength band (§ = 40.7°, green-dashed).

The total round-trip Fabry-Pérot phase (® ) of the DL
cavity is given by

47d
Op =1 + 2 + %%(\/E) cos Oy, %

where the d is the thickness of the DL cavity. The ¢; and ¢4
are the reflection phases from the DL medium to air and to
the substrate copper, respectively. The third term in Eq. (7)
represents the propagation phase inside the DL cavity. The
permittivity € is given by Eq. (3). The refraction angle 6,
inside the DL medium is given by

e () o ().

where the § is real and determined by the angle of inci-
dence; and o can be obtained from Eq. (2). It is straight
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forward to calculate the reflection phases ¢; and ¢ from
the reflection coefficients at the interface of the two media.
In the longer wavelength band in Fig. 4, the blue-shift of the
emission frequency as the angle increases can be explained
from the cosine factor in Eq. (7). To satisfy the FP resonant
condition, as the angle increases, the reduced propagation
phase can be compensated by increasing the refractive in-
dex (see top-right panel in Fig. 2) through blue-shifting the
resonant frequency.

Figure 6 shows the absorptance and the total round-trip
Fabry-Pérot phase & versus angle of incidence (AOI) at
the perfect absorption wavelength of the shorter and longer
wavelength bands. Figure 7 shows the total FP phase as a
function of wavelength at the perfect absorption angle of the
shorter and longer wavelength bands. For a single slab, res-
onant transmission occurs when the total Fabry-Pérot phase
is an integer multiple of 2m. As illustrated in Figs. 6 and 7,
the near-zero total FP phase at the central wavelength of the
longer band is a clear indication of FP resonance-assisted
perfect absorption. The shorter band is related to Brewster-
induced total transmission and occurs only for p-polarized
wave at the oblique incidences (AOI # 0). Regardless of
different transmission mechanisms, the primary layer forms
a resonant cavity whereas the secondary layer provides an
optical feedback via reflecting the total transmission from
the primary layer, leading to the cavity-enhanced coherent
perfect absorption, as a result of the multiple-reflection and
repeated absorption.

3. Emission from SiC/Cu bilayer

In this section, we will demonstrate above phenomenon by
replacing the ideal Drude-Lorentzian medium with a real
material — silicon carbide (SiC). The permittivity of silicon
carbide can be obtained from Palik [24]:

2 2
wi —w
L T
ezeoo<1—|—2 SR ),
Wi — w? —iyw
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where €., = 6.7 and the damping factor v = 4.76cm™!.
The frequency wy;, = 969cm~! is the longitudinal opti-
cal phonon frequency whereas the wy = 793cm™! is the
transverse optical phonon frequency. Silicon carbide has a
Lorentzian resonance in infrared region as shown in Fig. 8.

The emissivity of the SiC/Cu bilayer as a function of
emission angle and wavelength is provided in Fig. 9. A
dual-band wide-angle thermal emission from this bilayer
structure can be observed. The two coexisting wavelength
bands are located on opposite sides of Lorentzian frequency
where the material loss is small. Again, there is no strong
absorption at the Lorentzian ENZ wavelength (~ 12.5 ym)
since the huge dissipation destroys the coherence of the
electromagnetic field inside the ultrathin cavity. Thus,
the cavity-enhanced absorption cannot be achieved at this
wavelength. Due to the smaller damping factor in the
Lorentzian resonance of the silicon carbide, the emission
bandwidths are narrower than those in above DL model.



400 20

200 15
- ~
] 0 [, 10
-200 5
-400 0
8 10 12 14 16 8 10 12 14 16
A (Hm) A (Hm)
600 20
15
400
= S
= 5 10
200
5
0 0
8 10 12 14 16 8 10 12 14 16
A (um) A (um)

Figure 8: Real (left-top) and imaginary (left-bottom) parts
of the permittivity of silicon carbide obtained from Eq. (9),
as well as the real (right-top) and imaginary (right-bottom)
parts of the corresponding refractive index.
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Figure 9: Emissivity of the SiC/Cu bilayer structure vs.
emission angle and wavelength. The thickness of the SiC
and Cu layer is, respectively, 320nm and 150 nm. Color
bar represents the magnitude of the emissivity. The shorter
(longer) wavelength band is located at the left (right) side
of Lorentzian resonance (see left panels in Fig. 8).
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Figure 10: Top panels: emissivity vs. emission angle at the
perfect emission wavelength of the shorter wavelength band
(left panel, A = 10.31 pm) and the longer wavelength band
(right panel, A = 12.88 um). Bottom panel: emissivity vs.
wavelength at the emission angle 8 = 41.0°.
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Figure 10 illustrates the emissivity versus emission angle
at the perfect emission wavelength of the shorter (top-left)
and longer (top-right) bands, as well as the emissivity vs.
wavelength (bottom) at the emission angle § = 41°. The
separation between the two bands are less than that in the
previous model due to the relatively smaller damping factor
in the silicon carbide.

4. Conclusions

In conclusions we have demonstrated the cavity-enhanced
dual-band wide-angle absorption/thermal emission around
Lorentzian resonance in ultrathin bilayer structures. Many
engineered materials can often be effectively described by
Drude-Lorentz model, thus the proposed bilayer structures
is applicable for a broad range of materials. The layered
geometry allows easy integration. The dual-band spectrum
and wide acceptance angle are desired features for multi-
functional devices including thermal emitters, IR sensors,
photodetectors, absorbers, and bolometers.
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