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ABSTRACT

Optical metamaterlal (MM) absorbers in the visible or near-infrared range have 

been widely investigated in these years since they are crucial in many promising 

applications, such as solar energy harvesting systems, thermo-photovoltaic energy 

conversion devices, thermal imaging and emissivity control. This dissertation aims to 

design and investigate various optical metamaterial absorbers based on different 

mechanisms and theories, such as cavity resonance, impedance match, equivalent circuit 

model and waveguide stop light mode. First, via utilizing the cavity resonance, a tunable 

narrowband MM absorber/emitter for thermophotovoltaic (TPV) is designed and 

analyzed based on gold nanowire cavities to improve the overall efficiency of TPV 

systems. Second, a broadband absorber made of ultrathin silica-chromium-silica film 

working in visible and near-infrared (NIR) range is proposed and demonstrated using 

impedance transformation method. To further broaden the absorption range and enhance 

the absorption performance, another broadband absorber covering the visible and near­

infrared (NIR) is proposed firstly utilizing the combination of the multilayer impedance 

match in the short wavelength range and the double resonances in the long wavelength 

range. Finally, an ultra-broadband multilayer waveguide absorber is designed and studied 

via the stop light trapped at different waveguide width. The stop light mode is analyzed 

based on the waveguide mode theory considering the guided forward mode and backward 

mode at the same waveguide width position.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND
The term “metamaterial” (MM) is used by Walser in 2001 for the first time [1]. 

Wasler defined “metamaterial” as “macroscopic composites having a man-made, three­

dimensional, periodic cellular architecture designed to produce an optimized 

combination, not available in nature, of two or more responses to a specific excitation”. 

More sophisticated definition is given by Defense Advanced Research Projects Agency, 

USA, as “Metamaterials are a new class of ordered composites that exhibit exceptional 

properties not readily observed in nature” [2]. The prefix “meta” comes from Greek, 

meaning “after or beyond”. Therefore, MMs can possess novel properties which cannot 

be easily attainable from natural materials. Recently, people like to use a simpler 

definition; MMs are artificial media structured on a size scale smaller than the 

wavelength of external stimuli [3, 4].

In MMs, a large branch of MM has garnered interest due to its applications in 

various fields from microwave (GHz) to optical (IR & visible). Initial interests in 

electromagnetic wave absorbers were largely in the microwave range, improving radar 

performance and providing concealment against others’ radar systems in military [5]. 

Two well-known scientists who developed EM absorbers were W. W. Salisbury and J. 

Jaumann [6, 7]. Salisbury created the Salisbury screen which is a basic example of the 

resonant absorber. The absorber designed by Jaumann can conceptually be considered an 

extension of the Salisbury screen, acting as a resonant absorber over multiple 

wavelengths and achieving a broadband response [8-10].

The operating frequency range determines the applications of the MM absorber 

(as shown in Figure 1.1) including: radar system, stealth aircraft in gigahertz (GHz); 

biomedical imaging [11], environmental monitoring of earth [12], remote sensing of 

explosives [13], and spectroscopic characterization [14, 15] in terahertz (THz); thermal 

emitters, solar-energy harvesting (photovoltaics), and wireless communication in infrared 

(IR) & visible.
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Figure 1.1. The electromagnetic spectrum with applications located in GHz, THz and IR 
& visible ranges. Copyright (2006) Southwestern Universities Research Association.

1.1.1 MM Absorber Operating in Different Frequency Ranges. In the infrared, 

optical and ultraviolet spectral range, the photon is the principal particle and fundamental 

concept that governs interactions between materials and EM waves, whereas at gigahertz 

frequencies major electron oscillations in the material are best amenable to describe 

material-EM wave interactions. Thus, the operating frequency range not only determines 

the applications of the MM absorber, but also its design principles and fabrication 

requirements as well, since the working frequency decides the size scale of the absorber 

structures and under different scale, material properties and fabrication techniques are 

dramatically different.

1.1.2 GHz Range -  The First MM Perfect Absorber. GHz MM absorbers were 

initially used in radar system and much easier to be fabricated compared with the other 

MM absorbers since GHz is typically larger than 1mm. As the first of the MM perfect 

absorber, Landy et al. [16] theoretically and experimentally reported it in the GHz range, 

which was composed of conducting electric resonators on both front and rear sides of a 

dielectric substrate (as shown in Figure 1.2(a)). As shown in Figure 1.2(b), the obtained 

absorption has a peak with amplitude of 96% at 11.48 GHz and 88% at 11.5 GHz. Their 

results theoretically demonstrated that the origins of the absorption mechanism could be 

investigated for two reasons; the Ohmic surface loss and the dielectric loss outside the 

conductor. The latter loss occurs in between two MM elements where the electric field is 

large. Their structure turns out to be typical by fabricating two metallic layers: the first 

patterned metallic layer is for the minimized reflectance of EM wave by impedance
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matching with the incident medium, and the role of second metallic layer is for blocking 

the transmission, usually made of continuous metallic layer.

Figure 1.2. The first GHz absorber. (a) Schematic illustration of the first GHz absorber. 
(b) Simulated (red lines) and measured (blue lines) transmission and reflection [16].

1.1.3 THz Range -  Subwavelength Frequency Selective Surface (FSS). THz

electromagnetic (EM) waves, with a frequency ranging from 0.1 THz up to 10 THz, share 

common properties with GHz EM waves. Like micro- and millimeter waves, THz 

radiation can penetrate through a wide variety of non-conducting materials such as fabric, 

paper, plastic and wood. THz radiation is also non-ionizing and can be absorbed by 

molecules such as water and DNA. Additionally, since biological molecules exhibit a 

number of intermolecular and intramolecular modes with resonance frequencies in the 

THz regime, THz waves are expected to be able to interact with and reveal them with a 

certain degree of specificity [17]. These characteristics of THz waves make them suitable 

for a growing number of potential applications in biomedical imaging, environmental 

monitoring of earth, remote sensing of explosives, and semiconductor spectroscopic 

characterization.

As shown in Figures 1.3(a, b), similar to GHz MM absorber, THz MM absorber 

basically consists of a three layer system that includes a subwavelength frequency 

selective surface (FSS) layer, a dielectric spacer followed by a metallic back layer. The 

FSS is inspired by an electric-LC (ELC) resonator [18] which was capable of creating a
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medium with a desired electric permittivity, followed by a metallic rod that was also used 

as the metallic back plane. FSS structures can be designed based on an electric dipole or 

multipole creation on the metallic rings, rods and crosses or even by groove-like void 

patterns in metal [19, 20], or a combination of these [21] (as shown Figure 1.3(c)) to get 

multi-band or broadband absorption.

Figure 1.3. Schematic illustration of multipole and void FSS. Dark and green colors 
represent metal and dielectric, respectively: a) rod, ring, cross and Y shape FSS; b) FSS 

composed of void in a metal; and c) combination of different types of FSS [18].

The fundamental objective of design is to essentially realize a THz metamaterial 

antireflection coating device which is impedance matched with air and without any 

transmission through engineering proper FSS and dielectric spacer [22, 23]. Besides FSS, 

many papers have also proposed different ideas about the physical mechanism underlying 

the MM THz absorbers based on anti-parallel currents [24], out of phase currents [25] 

inside the absorber or according to the standing waves resonances inside the spacer [26], 

as well as destructive interference between the reflected waves of the FSS and the 

metallic back layer [27].

Soon after the first demonstration of THz absorber, different structures have been 

fabricated to enhance the functionality of the device, including achieving polarization 

independence [28, 29], dual band [28, 30], triple band [29, 31], multi band [26, 32], and 

broadband perfect absorbers [33-37]. Tunability of the absorption frequency via different 

methods has also been investigated [38-43].

1.1.4 IR & Visible Range -  Selective Solar Absorption. Applications utilizing 

solar energy are being actively developed due to increasing demand for environmentally 

friendly and sustainable energy solutions. The sun is a source of tremendous energy
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spanning from ultraviolet to infrared wavelengths, with the maximum energy in the 

visible range, corresponding to a blackbody temperature of 5780 K [44]. One of the 

better-known means of harnessing solar energy is photovoltaics (Figure 1.4(a)), where 

solar radiation is converted into electricity with the help of various semiconducting 

materials, exhibiting the photovoltaic effect and referred to as solar or photovoltaic cells 

[45, 46]. Exposure of the solar cell to light triggers the generation of electron-hole pairs, 

carrying an electric current, thus the system is dependent on the band structure of the 

corresponding material. The light incident on a photovoltaic cell, however, is not required 

to originate from the sun. In the field of thermophotovoltaics (TPV) (Figure 1.4(b)), a 

thermal emitter heated to a high temperature serves as a source of radiation [47, 48]. 

Solar TPVs (Figure 1.4(c)) use solar energy to heat the emitter and take advantage of 

concentrators that focus the radiation collected over a larger area onto a much smaller 

photovoltaic system, thus reducing the material costs. Solar thermal systems (Figure 

1.4(d)) use solar radiation to create heat, which can be used directly for applications 

including industrial processes or absorption cooling [49]. Since low IR emittance 

becomes especially important for higher temperature applications due to the T4 

dependence of radiative losses. Thus, there has been a recent push to develop engineered 

structures and materials with spectral selectivity in their absorption and emission profiles 

that withstand high temperatures.

In addition, the broadband response design is mainly focused on. One of the 

approaches to achieve a broadband response is to combine a number of resonators of 

various sizes in a multi-unit of resonators. Examples of this approach can be found in the 

structures shown in Figures 1.4(e, f). A sublattice of 16 individual metamaterial cross 

elements based on a Au/Al2O3/Au stack was designed to operate in the range of 0.5-1.8 

pm in order to match the bandgap of a gallium antimonide solar cell (Figure 1.4(e)) [50]. 

The total size of the combined lattice was 1080 nm with individual crosses of linewidth 

20 nm. A very accurate match of not only the wavelength range, but also the magnitudes 

corresponding to various wavelengths has been achieved due to the capabilities of this 

method. In addition, a combination of tungsten patches of various sizes has been used to 

predict close to 100% absorption throughout the solar operation range (Figure 1.4(f))
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[51]. Starting with the simpler structure of just two different slab sizes, the effects of all 

geometrical parameters on the performance of the of the absorber were investigated.

Experimental demonstrations of similar dual-size slab Au/ZnS/Au structures can 

be found in Ref. 52, showing a broadband response over the 7.58-9.47 pm range. The 

limitations of this approach are the limited number of resonator sizes that can be utilized 

within one period of the structure, as well as the larger size of the combined unit cell 

relative to the wavelength of incident radiation. The fraction of surface area occupied by 

each resonator of a particular size within a given unit cell is reduced as the number of 

resonator sizes per unit cell is increased. This leads to a trade-off between bandwidth and 

absolute absorption efficiency.

1.1.5 Applications of MM Absorber. The flexibility of MM absorbers in GHz, 

by employing ink-jet printing, has been pursued recently. On the other hand, inks of more 

kinds of electrical conductivity should be prepared to realize high-performance flexible 

MM absorbers, and the reproducibility of the process also matters. The flexibility 

continues to be the issue for other frequency ranges, such as THz and IR & visible, and 

furthermore, the flexible MM absorbers made by simpler fabrication processes come to 

be achieved.

The optimized MM absorbers in the THz region could work as improved 

detectors for imaging and detecting the harmful elements to human, and for detecting 

heat in enhanced and spectrally selective way. The match of MM absorbers in the THz 

region makes the relevant important applications of special interest worldwide, which 

comprises non-destructive quality and process control and environmental monitoring 

implementations [53]. On some of these devices, more sophisticated characteristics such 

as tunability, multi-band or broadband spectral response, and incident-angle- and/or 

polarization-independent responses should be demonstrated in the future.

MM absorbers in IR & visible frequency range keeps being studied [54]. The 

absorption mechanism is being further elucidated. Not only the interference theory can 

explain the broadband perfect absorption, and in parallel, plasmonic coupling and multi­

excitation of plasmon resonance due to the reflective nature of copper base film, also 

contribute to the high absorption of the structure. Owing to the simple fabrication 

technique, the production cost is very low compared with the competitive methods such
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as e-beam lithography. In addition, the higher fabrication tolerance makes it an 

outstanding candidate for future application in photovoltaic and sensors.

emitter

Heat

absorber
emitter absorber

♦ IR»IR heat ♦

fluid fluid
electric current e ectric current e ectric current

TPV Solar thermalSolar TPV

2 by 2
3 by 3

£ 2 0-4- <

0009000990000990001

Wavelength, X ( îm)Wavelength (pm)

Figure 1.4. Solar energy conversion systems schematics: (a) photovoltaic system, (b) 
thermophotovoltaic system, (c) solar thermophotovoltaic system, (d) solar thermal system 

[45-49]. Broadband multi-unit MM absorbers: (e) unit cell with multisized crosses, (f) 
unit cell with multisized squares [50-52].

MM absorbers operating in GHz, THz and IR & visible ranges need simpler 

design, easier fabrication, lower production cost, and higher fabrication tolerance. As we 

move upward in the design stack to more complex components and devices, new 

emergent phenomena and more complex functionalities might be synthesized at each 

level, paving the way to a new era for MM absorbers [55].

1.2. RESEARCH OBJECTIVES
This research aims at the creation of new knowledge in the understanding of 

optical metamaterial absorbers based on different mechanisms. Each design mechanism 

makes the absorber tunable and controllable due to the accurate prediction in theory and 

simulation. The developed models and equations can guide the designing procedure and
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provide a new way to further enhance the absorber performance. For the narrowband 

nanowire cavity absorber for TPV, effective media theory is used and the absorption peak 

can be tuned according to the finite element simulation results. For the broadband SiO2- 

Cr-SiO2 multilayer absorber, the impedance transformation matrix is utilized to 

determine the thickness of each layer thickness and maximize the absorption range. It can 

also guide the design in the same way to further broaden the absorption range and give 

out the limits of this sort of absorber. To achieve ultrabroadband absorption covering the 

visible and NIR range, the double ring absorber is designed based on the equivalent 

circuit model. It is the first time to combine the impedance match condition in short 

wavelength and coupled resonance in long wavelength to broaden the absorption range. 

Finally, the waveguide absorber consisting of 13-pair of Au and SiO2 is also 

demonstrated to be ultrabroadband due to the waveguide stop-light mode obtained at 

different waveguide positions.
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PAPER

I. IMETAMATERIAL THERMAL EMITTERS BASED ON NANOWIRE 
CAVITIES FOR HIGH-EFFICIENCY THERMOPHOTOVOLTAICS

Huixu Deng, Tianchen Wang, and Xiaodong Yang

Department of Mechanical and Aerospace Engineering,

Missouri University of Science and Technology, Rolla, Missouri 65409

ABSTRACT

Metamaterial thermal emitters based on gold nanowire cavities on a gold substrate 

are designed to achieve narrowband emission spectrum with the emission peak located 

slightly above the bandgap of photovoltaic (PV) cells, in order to improve the overall 

efficiency of thermophotovoltaic (TPV) systems. The metamaterial emitter made of gold 

nanowires embedded in alumina host exhibits an effective permittivity with extreme 

anisotropy, which supports cavity resonant modes of both electric dipole and magnetic 

dipole. The impedance match between the cavity modes and free space leads to strong 

thermal emission with the desired frequency range slightly above the bandgap of PV 

cells. Simulation results show that the designed metamaterial emitters are polarization- 

insensitive and have nearly omnidirectional emission angles. Moreover, theoretical 

analysis predicts that the overall efficiency of the TPV system can reach Shockley- 

Queisser limit at a low emitter temperature of Te = 940 K.

Keywords: Energy transfer, Metamaterials, Subwavelength structures

1. INTRODUCTION
Metamaterials with artificial structured composites can exhibit intriguing 

electromagnetic phenomena, such as negative refraction [1], invisible cloaking [2], near­

zero permittivity [3], and indefinite cavities [4, 5]. The macroscopic properties of 

metamaterials can be tailored flexibly by designing the artificial meta-atoms. 

Metamaterial absorbers and emitters working at THz and infrared frequency range have
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been designed and demonstrated recently [6-12], which hold great promise in light 

harvesting, thermal detection and electromagnetic energy conversion. In the application 

of thermal energy harvesting using photovoltaic (PV) cells, the main challenge is to 

improve the efficiency of thermophotovoltaic (TPV) systems in which the energy 

conversion process is from heat to electricity via photons. The maximum efficiency is 

defined by Shockley-Queisser (SQ) limit, which arises mainly from two loss 

mechanisms: on one hand, photons incident on the PV cells with energy lower than the 

PV cell bandgap energy will not be absorbed by the PV cell and lost in free space; on the 

other hand, photons with energy above the bandgap energy can be absorbed, but the 

excess energy will be lost in generating undesirable heat. An effective way to avoid these 

two kinds of loss is to design a thermal emitter with resonance frequency located slightly 

above the PV cell bandgap energy and narrow emission spectrum bandwidth.

In this paper, a thermal emitter based on metamaterial nanowire cavities is 

investigated in order to improve the overall efficiency of TPV systems. The unit cell of 

this thermal emitter with a period of P=600 nm is shown in Figure 1(b), and consists of 

two elements: the nanowire cavities array and the 140 nm thick gold substrate as a 

metallic mirror. The cavity is made of 6 by 6 gold nanowires with radius r0 and center-to- 

center distance D=60 nm embedded in alumina host which forms a cube with L=360 nm 

and h=140 nm. To model the thermal emitter in Finite-Element Method simulation, the

permittivity of gold is described by Drude model: sm (w) = 1—a 2/ <a(o + iy0), where ® is 

the frequency, wp = 1.37 x 1016rad/s is the plasma frequency and y0 = 4.08 x1013rad/s is

the bulk collision frequency, while the permittivity of alumina is sd = 3.0625. From the 

simulation results, the absorption spectrum a can be obtained by a  = 1 — R since only the 

reflection spectrum R can be calculated in simulation and the transmission is zero due to 

the thick gold substrate. In addition, according to Kirchhoffs law of thermal radiation, at 

thermal equilibrium, the absorption is equal to the emission, £ = a , for every frequency, 

direction and polarization. Thus, the emission behaviors of the thermal emitter can be 

unveiled based on the absorption spectrum.
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Figure 1. Schematic of the TPV system and the emission spectra of the metamaterial 
emitter. (a) The TPV system mainly includes three components: the heat source to 

provide thermal energy, the thermal emitter to emit photons at specific frequency and the 
PV cell to collect photons and generate electricity. (b) The structure of the metamaterial 
thermal emitter made of gold nanowires embedded in alumina host. (c) The simulated 

emission spectra where the yellow area is above the bandgap and represents the photons
that can be absorbed by the PV cell.

The emission spectrum of the thermal emitter is shown as the blue curve in Figure 

1(c), where the radius of the nanowire is r0=12.5 nm and normal incidence is applied. It 

can be seen that the main emission peak of almost 100% is achieved at the frequency of 

187 THz. The normalized emission spectrum of ideal blackbody 4BB is also presented as 

the black curve in Figure 1(c) at the temperature of T=940 K. And the thermal emissivity 

of the emitter Ee at T=940 K can be obtained by Ee =%BB as the red curve in Figure

1(c). Actually, the emission spectrum can be also calculated using the effective medium 

theory (EMT) by regarding the nanowire cavity as an anisotropic medium with the 

following permittivity components [13],

sx = s C1 + f m ) S  m 

“ C1 -  f m  ) S m

C1 -  f m ) S d

0 + f m ) S d ’ Sz f m S m +0  -  f m  ) S d (1)

where f m nrl / D2 is the volume filling ratio of gold nanowires.

2. ANALYSIS OF THE THERMAL EMITTER
In order to gain further insight into how the nanowire cavity enhances the thermal 

emission, the electric and magnetic fields are simulated in the structure which is excited 

by a normally incident plane wave at the resonant frequency. Figures 2(a) and 2(b) show
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the magnetic field profile Hy and the electric filed profile Ex in the x-z plane, 

respectively. The mechanism of high emission for the thermal emitter on resonance can 

be understood as the cavity supports electric dipole resonance and magnetic dipole 

resonance simultaneously. The electric dipole resonance can be observed from the 

accumulation of polarized positive charges and negative charges at the top left and top 

right corners of the cavity [Figure 2(c)] by calculating the divergence of the electric field 

( V -E = p / s0 , where P is the polarized charge density). Additionally, the magnetic 

dipole resonance can be seen from the anti-parallel displacement current [ 

8D / 8t = —ia>D = -im sE , Figure 2(d)] formed between the nanowire cavity and the gold 

substrate due to the large negative permittivity of metal.

To analyze the high emission on resonance quantitatively, effective permittivity 

and permeability of the structure are retrieved to obtain the impedance, by using the 

method described by Ref. [14]. from which the condition of impedance match to the free 

space can be achieved. With the calculated reflection (S11) and transmission (S21), the 

impedance z can be written as:

z = = + (1+ S„ )2 — s i 

\ ( 1 —S„ )2 — S\
(2)

At the resonance of cavity mode, z = 0.976 + 0.017/, which perfectly match the 

free space impedance z0. The corresponding effective permittivity and permeability are 

£eff =0.638+2.850i and peff = 0.513 + 2.735i, respectively, for the cavity mode shown in 

Figure 2.

To ensure the emission resonant frequency is slightly above the bandgap energy 

for different PV cells, the geometries of the thermal emitter can be tuned accordingly. In 

the current design, the cavity height h and the filling ratio fm are tuned to adjust both the 

resonant frequency position and the impedance match condition, in order to achieve high- 

efficiency TPV system. Figures 3(a) and 3(b) show the dependence of emission spectra 

on the cavity height h and the filling ratio fm at normal incidence, respectively. To 

optimize the TPV system efficiency, the cavity height h=140 nm and the filling ratio
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fm=14% are used for the PV cell of GaSb (with the bandgap energy of Eg=0.71eV). Note 

that the nanowire cavity can be designed for different PV cells with certain bandgap 

energy by simply tuning the cavity geometry.

Figure 2. Resonant field profiles. (a) and (b) are the magnetic field profile and the electric 
field profile of the nanowire cavity in the x-y plane, respectively. (c) The intensity and 

direction of the electric field distribution and (d) the displacement current distribution in
the x-z plane.

Figure 3. Emission spectra of the nanowire cavity.(a) and (b) show the dependence of 
emission spectra on the cavity height h and the metal filling ratio fm at normal emission 

angle, respectively. (c) The average of both the TE and TM emission spectra,
% = (£ ie +£ iM) /2  , which is taken as the actual emission of the thermal emitter.
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Furthermore, the designed thermal emitter is polarization-insensitive and nearly 

omnidirectional for all the emission angles. It is polarization-independent since the 

nanowire cavity possesses 4-fold rotation symmetry in the x-y plane. For oblique 

incidence, the emission spectra of both polarizations [transverse electric (TE) polarization 

and transverse magnetic (TM) polarization] are almost the same so that the average of

both the TE and TM emission spectra, % = (%Te + %TM) /2 , is taken as the actual emission

of the thermal emitter as shown in Figure 3(c). As the emission angle increases up to 80° 

for both TE and TM, the frequency of emission peak remains the same and the emission 

strength always keeps at a high level.

3. EFFICIENCY OF THE TPV SYSTEM

To evaluate the performance of the metamaterial thermal emitter made of 

nanowire cavities for TPV systems, the overall system efficiency is theoretically 

calculated. In general, the maximum efficiency of a system is limited by the Carnot 

efficiency (all heat energy is converted to electrical energy without loss) which can be 

given by vcar = 1 - Tc /Te. When the temperature of the PV cell collector Tc is 300 K and 

the temperature of the emitter Te is maintained at 1000 K, a maximum efficiency of 70% 

can be obtained. However, for TPV systems, efficiencies are limited by other factors in 

the energy conversion process from heat to electricity via photons. Following the analysis 

by Shockley and Queisser [15], the overall energy conversion efficiency of TPVs is:

V = V(T, Eg y V(T,Eg )x m{Vo ) (3)

where U is the “ultimate efficiency”, which is proportional to the energy 

contained in photon-excited electron-hole pairs divided by the incident radiation energy, 

v is an efficiency due to recombination process which means charge carries may be 

removed from the PV cell in additional ways, and finally m is called “impedance 

mismatch” efficiency caused by the difference between the open circuit voltage Vop and 

the optimal operating voltage.
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According to the assumption that one photon with energy larger than the PV cell 

bandgap energy Eg will excite one electron-hole pair resulting in the contribution of Eg

electricity energy to the TPV system, the ultimate efficiency can be achieved by 

calculating the energy carried by excited electron-hole pairs with respect to the incident 

radiation energy [15, 16]:

U
f " 2dg sin(20) J" d E {(E ,0 )lm (E ,T ) E  

J ’E ff  sin(20)J"dEt(E ,0)l„  (E,T,)
(4)

In this equation, the denominator is the incident radiation energy onto the PV cell, 

which is equal to the thermal emission energy from the emitter calculated by the integral 

of blackbody radiation IBB (when the emitter temperature is Te ) multiplying the 

emission of the emitter at all emission angles 0 (assuming the emitter to be planar with 

no azimuthal angular dependence). The numerator is the energy contained in excited 

electron-hole pairs by cutting off the photon energy below Eg and reducing the higher

photon energy into Eg . In order to average the emission in both TE and TM

polarizations, £ (E,0) = f „  (E ,0 ) /2 +1™ ( E ,0 ) /2  is considered.

Besides the efficiency of creating excited electron-hole pairs, the recombination 

efficiency v is utilized to measure the percent of charge carriers becoming the desired 

external current. And it can be expressed as the ratio between the open circuit voltage Vop

and the initial material bandgap voltage Vg = Eg / q , in which q is the charge of one 

electron [16, 17]:

V V
v = ln

V V
g  g

f
f

Q e  ( T ■ E g  )  ' 

Q c  ( T ,  E g  )

(5)
V
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where Vc = kBTc / q is the voltage of the PV cell related to the cell temperature Tc. Qe and 

Qc are photon number flux incident on the PV cell from the emitter, and from an ideal 

blackbody surrounding the cell at the same temperature of the PV cell Tc, respectively

[16]. Here, f  is chosen as 0.5 for an ideal case when both the emitter and the cell have 

planar geometries.

The third factor in Eq. (3), m(l^p), is evaluated when the operating voltage Vmax 

is chosen to maximize the electrical power for the PV cell [16],

m
(1 + Z m -  e ~ Zm ) ( Z m +  ln ( 1 + Z m ))

2z
(6)

with zm determined by the ratio between Vmax and Vc and related to

V / V = z + ln (1 + z )

When the filling ratio of nanowire is fm = 0.14, each efficiency factor in Eq. (3), 

U, v and m , is calculated as functions of the PV cell’s bandgap energy Eg and the 

temperature of the emitter Te. v and m  are both determined by the properties of PV cell. 

U and q are enhanced by the designed thermal emitter as shown in Figure 4. The resonant 

frequency of the emitter is tuned to 187 THz and the emitter temperature is set at about 

Te = 940 K to reach the SQ limit of 11SQ = 0.31. The emitter temperature required to

reach the SQ limit is much lower than the temperature of 2500 K in current existing solar 

TPV systems. If the temperature is too low, the efficiency will be reduced due to the 

decrease of v and m. When the temperature increases, the efficiency can even get higher 

and exceed the SQ limit, but it is limited by the melting point of the emitter materials

[18]. The melting temperature of gold is around 1337 K, which is much higher than the 

current operation emitter temperature of 940 K. In the future, new design of emitters with 

high melting point materials can improve the overall efficiency furthermore.
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Figure 4. Theoretical calculation of the TPV system efficiency as a function of the PV 
cell bandgap energy Eg and the emitter temperature Te. (a) The ultimate efficiency U, 

where the dashed line represents the bandgap energy of GaSb with Eg = 0.71 eV. (b) The 
overall conversion efficiency, 7/ = U x v x m , which can reach the SQ limit of 0.31 when 

the PV cell is GaSb and the emitter temperature is relatively low at Te = 940 K 
(represented by the vertical dashed line).

4. CONCLUSION
In conclusion, to improve the overall efficiency of TPV system, a metamaterial 

thermal emitter based on nanowire cavities is proposed and demonstrated. The cavity 

mode supports both the electric dipole resonance and the magnetic dipole resonance 

simultaneously. At the resonant frequency, the impedance of the metamaterial thermal 

emitter can match the impedance of the free space, resulting in high emissivity with 

narrow emission bandwidth. The resonant frequency can be tuned to match the bandgap 

energy of different PV cells by changing the cavity height as well as the filling ratio of 

gold nanowires. The emission as a function of different angles for both the TE and TM 

polarizations is also investigated for determining the efficiency of TPV systems. By 

tuning the emission frequency slightly above the bandgap energy of PV cell, the overall 

efficiency can reach SQ limit of / SQ = 0.31 at a low emitter temperature of 940 K. When

the emitter temperature is increased, the efficiency can exceed the SQ limit, but it is still 

limited by the melting point of the emitter materials.
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ABSTRACT
An ultrathin 3-layer broadband absorber made of the refractory metal Cr without 

patterning is proposed. To guide the design, a theory based on the impedance 

transformation method is developed and a desired metal permittivity is derived to achieve 

the broadest and highest absorption simultaneously. Meanwhile, it is found that the 

permittivity of refractory metals, like Cr, is closest to the desired metal permittivity in the 

visible and near-infrared (NIR) range compared with noble metals or other metals. 

Thereupon, a 3-layer Cr-SiO2 absorber sample is fabricated to demonstrate the broadband 

absorption in experiment. And its absorption can cover the range of 0.4 -1.4pm with 

amplitude over 90%. It is also proved experimentally that the absorber is angle- 

insensitive, polarization-insensitive and omnidirectional. Furthermore, other than using 

refractory metals, the absorption can be even improved by adding more layers, reducing 

the metal layer thickness and filling the metal layer with other high loss materials. Due to 

the high melting point of refractory metals, the proposed broadband absorber can also act 

as emitter working at high temperature. A broadband perfect absorber based on one 

ultrathin layer of the refractory metal chromium without structure patterning is proposed 

and demonstrated. The ideal permittivity of the metal layer for achieving broadband 

perfect absorption is derived based on the impedance transformation method. Since the 

permittivity of the refractory metal chromium matches this ideal permittivity well in the 

visible and near-infrared range, a silica-chromium-silica three-layer absorber is fabricated 

to demonstrate the broadband perfect absorption. The experimental results under normal 

incidence show that the absorption is above 90% over the wavelength range of
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0. 4 — 1.4 pm and measurements under angled incidence within 400 — 800 nm prove that 

the absorber is incident angle-insensitive and polarization-independent.

Keywords: Metamaterials; Absorption; Multilayer design; Thin films, optical properties.

1. INTRODUCTION
Broadband absorbers in the visible or near-infrared range have been widely 

investigated in these years [1, 2] since they are crucial in many promising applications, 

such as solar energy harvesting systems [3-5], thermo-photovoltaic energy conversion 

devices [6-12], thermal imaging [13-15] and emissivity control [16-18]. Recently, many 

efforts for designing broadband absorbers have been made based on different 

mechanisms. First of all, broadband absorption can be obtained by combining multiple 

resonances together which are located at distinct wavelengths. Typically, the excitation of 

multiple resonances can be achieved within metal-dielectric-metal (MIM) cavities by 

tuning the feature sizes of the localized resonators [16, 19-22]. Aydin et al. [21] 

demonstrated an ultrathin (260 nm) plasmonic super absorber consisting of a MIM stack 

with a nanostructured top silver film composed of crossed trapezoidal arrays. This sort of 

broadband absorber based on MIM stack is very thin with patterning on the top and 

usually operates in the visible range. Secondly, broadband absorbers can be also designed 

by exciting phase resonances based on the lattice scattering effect [23-25]. Wang et al. 

[23] proposed an efficient multiband absorber comprised of a truncated, one-dimensional 

periodic metal-dielectric photonic crystal and a reflective substrate. Thirdly, the 

impedance match mechanism can be utilized for designing broadband absorbers. 

Mattiucci et al. [26] proved an approach to tailor the absorbing characteristics based on 

the effective metamaterial properties of thin, periodic metal-dielectric multilayers. Its 

absorption is broad in the visible range and can be further expanded by adding more 

periodic layers. Finally, the excitation of slow light modes can be applied to broaden the 

absorption by employing the tapered multilayer waveguides [27-30]. Cui et al. [27] 

presented an ultrabroadband thin-film infrared absorber made of tapered anisotropic 

metamaterial waveguide which operates in the NIR range. For this type of broadband 

absorber, the tapered structure is necessary, and more layers can generally lead to broader
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absorption since it can make the waveguide width cover wider range resulting in allowing 

more waveguide modes supported at different positions. In summary, broadband 

absorbers can be designed according to different mechanisms and those mechanisms can 

be generally realized experimentally by utilizing diverse metal-dielectric stacks with 

patterning. It is also found that noble metals are widely used in the absorbers since they 

are easy to be fabricated and with good optical properties in the visible and NIR range.

In this paper, an ultrathin 3-layer broadband absorber made of the refractory metal 

without patterning is proposed. Since the absorber only consists of three layers without 

patterning, it is very easy to fabricate. A theory based on the impedance transformation 

method is developed to analyze the absorber and a desired metal permittivity is derived to 

guide the design to obtain the broadest and highest absorption simultaneously. At the 

same time, it is found that the permittivity of refractory metals, like Cr, is closest to the 

desired metal permittivity in the visible and near-infrared (NIR) range compared with 

noble metals or other metals. So a 3-layer Cr-SiO2 absorber sample is fabricated to 

demonstrate the broadband absorption in experiment. And its absorption can cover the 

range of 0.4 -1.4pm with amplitude over 90%.

2. THEORIES AND METHODS
Figure 1(a) shows the schematic of the 3-layer absorber consisting of two 

dielectric layers (with permittivity of sd and thickness of dd ), one metal layer (with 

permittivity of £m and thickness of dm ) in the middle and a mirror substrate (with 

permittivity of ss and a large enough thickness to eliminate transmission, T = 0) made 

of gold.

In order to investigate the absorption A of the whole structure which is only 

affected by the reflection R and equal to A = 1 -  R because of T = 0 , its wave 

impedance is calculated based on the impedance transformation method [31]:

Z (j  +1) -  iZ/ tan S;
Zj -  iZ (j  +1) tan S;Z (j  )= Z (1)
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where Z (j ) is the wave impedance at interface j  (represented as I, II, III and IV in 

Figure 1(a)) between two layers, Zj is the characteristic impedance of layer j  and 8j is 

the phase shift in layer j  .

(c) (d) "(,un)

Figure 1. Design of the 3-layer absorber. (a) Schematic of a 3-layer absorber consisting of 
two dielectric layers (with permittivity of £d and thickness of dd), one metal layer (with 

permittivity of and thickness of dm ) in the middle and a mirror substrate (with 
permittivity of ss and a large thickness of 200 nm to eliminate transmission, T = 0) 

made of gold. The impedance at interface I, II, III and IV can be calculated from bottom 
to top step by step according to the impedance transformation method. (b) Theoretically 
calculated absorption of the 3-layer absorber based on the desired metal permittivity as a 

function of wavelength A and dielectric thickness dd. The white dashed lines represent the 
beginning of each absorption band where * = 0, m = 0,1, 2 ..., and the first band is 

between m = 0 and m = 1, and the second band is between m = 1 and m = 2 , etc.. (c) 
Permittivity of each metal. Black lines are for the designed matched metal, red lines are 
for Cr and blue lines are for Au. (d) Impedance and absorption bands at A = 500 nm of 

the 3-layer absorber based on the desired metal permittivity when the dielectric thickness 
dd is tuned. The dark gray lines represent the end of each band (* = 0) and the bright 

gray lines represent the middle of each band (* = ).

In this way, the wave impedance at any interface can be derived step by step by 

imaging a reference plane going from bottom to top and finally achieve the ultimate wave
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impedance at the top surface, Z ( l) . Consequently, since Z (l) is the impedance for the 

entire structure, the ultimate reflection R of the whole structure can be calculated by:

R Z (1) -  Z 0
Z (1) + Z 0

(2)

where Z0 is the impedance of the free space. As indicated in this equation, with the 

impedance match condition, Z  (1) = Z0 , reflection can be zero leading to perfect

absorption. The purpose of this proposed design is to make the impedance of the whole 

structure approach the free space impedance and thus obtain high or even perfect 

absorption by selecting materials and optimizing thicknesses for both the dielectric and 

metal layers.

For the 3-layer structure described in Figure 1(a), under normal incidence, its 

wave impedance for the entire structure can be explicitly written as:

N  tan2 (D)\nl - iNMNm tan(M )] + nd tan(D )[2iNAuNm + + N j )tan(M ) ] - »2 [N„ - iNm tan(M )]

nd tan2 (D)[NMndNm - in\ tan(M )] + nd tan(D )[2in1dNm + NM (nj + N j ) tan(M )] + n\Nm [-N au + iNm tan(M )] ( )

where Nm is the complex refractive index of the metal, nd is the real part of the 

refractive index of the dielectric since the imaginary part is almost zero for dielectrics, 

NAu is the complex refractive index of the substrate made of Au and M  and D represent 

the phase shift in the metal layer and the dielectric layer, respectively. Here, M is equal 

to K0Nmdm , and D is equal to K0nddd where k0 is the wave number of the incident 

wave in vacuum. To simplify and further analyze Eq. 3, two assumptions are made: first, 

the metal layer is very thin compared with the incident light wavelength, 8m = K{]dm 1,

resulting in tan (M) « M ; second, since the real part of gold refractive index is close to 

zero in the visible and near infrared (NIR) range, NAu only contains the imaginary part 

and can be written as NAu = ikAu. Meanwhile, it is also noticed that permittivity is defined
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as refractive index squared, £d = n2d and £m = N 2m . Under these conditions, Eq. 3 can be 

finally simplified and rewritten as:

Z (i) = i
R  + R, £1 2 m

(4)

where

A  =£d tan2 (D) + nd [ 2kAu + £d$m ] tan (D) -  £d [kAu$m + 1] ,

A2 = kAuSm tan2 (D) + ndSm tan (D) ,

B1 = -£ d [kAu -  £d$m ]tan2 (D) -  nd [2£d + £dkAu$m ] tan (D) + £dkAu ,

B2 = -ndkAuSm tan (D) -  £dSm .

It is obvious that A1, A2, B1 and B2 are all real numbers, while only £m includes 

both the real and imaginary parts, £m =£m + i£m, resulting in a complex number of the 

impedance, Z  (l) = Z '(i) + iZ"(l) . By multiplying the conjugate of the denominator of 

Eq. 4, Z (l) can be rearranged as:

Z (1) = Z '(l) + iZ "(l) = (5)
Jd

where f R =£m (A1B2 -  A2B1 ) , f l  = ( A1 + A2£m )(B1 + B2£m ) + A2B2£m and

f D = (B 1 + B2 £ m ) + (B2 £ m ) .

It is easy to know that f D is always positive, and accordingly the sign of Z '(1) 

will be determined by the sign of f R . After factorizing f R, it can be seen that f R can be

n dalso treated as a positive number because the two roots for f R , *jr1 - - —— and
k  A„,

X JR 2
n d  +  k A u n d S m

k A u ~ £ d ^ m

are actually very close to each other, and fR can be rewritten as:
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f  * Pr (x2 +1) x + -n,, > 0
xAu J

2

(6)

where .x = tan(Z)), and PR = £mkAusdSm(kAu- s dSm) is always positive due to Sm <scl. 

However, different from the real part of Z (l), its imaginary part Z "(l) can be positive or 

negative. As a consequence, these conclusions guarantee the possibility to get the 

impedance match conditions that Z '(1) is positive and close to 1, Z '(1)^- 1, and Z "(1)

can be positive or negative but close to 0, Z "(1)^- 0± . Actually, in general, negative

impedance cannot be achieved without extra energy injected into the system, but Eq. 5 

still leads to such a conclusion mathematically which will make the discussion on the 

impedance match conditions easier.

At the same time, Eq. 4 implies that the impedance will be changed periodically 

as the incident wavelength A or the dielectric thickness dd varies since the impedance is

a function of tan (D) which is a periodic function of D . As a result, the absorption

would also be periodically altered with A and dd, corresponding to different absorption 

bands as shown in Figure 1(b). In this figure, the absorption is calculated as a function of 

A and dd with SiO2 as the dielectric and the desired metal permittivity sdm as the metal 

permittivity which will be discussed later. Specifically, the beginning of each absorption 

band and the middle of each band are corresponding to x = 0 and x = &, respectively, 

and the corresponding dielectric thickness can be calculated as:

m
x  =  0 : d d  =  —  A ,  m  =  0 ,1 ,2 ,...;

2 n d

(m + 0.5)
x = »  : dd = -----A  m = 0,1,2,... (7)

2nd

If the dielectric thickness dd is fixed, absorption will be changed periodically 

with the wavelength A  ; on the other hand, if the wavelength A0 is fixed, absorption will
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be changed periodically with the dielectric thickness dd . Accordingly, the bandwidth of 

each absorption band is determined by the ratio between dd and A , which is relevant to 

the dielectric refractive index nd and the band order m . Particularly, for the first 

absorption band, the absorption range in wavelength is only determined by nd when the 

3-layer absorber is made with a proper dielectric thickness. And when nd becomes 

smaller, the absorption range gets broader. Therefore, SiO2 is selected as the dielectric 

due to its relatively small refractive index ( nSî  = 1.45).

In view of selecting a material for the metal, sm in Eq. 4 is discussed and a 

designed permittivity of the metal sdm is given out to make the absorption highest and 

broadest at the same time. First of all, the beginning of each absorption band is 

considered. When x = 0 is substituted into Eq. 4, the impedance would be:

z  ( i )= i kAu5m + 1
5 (s + is ) — k,m\ m m J Au (8)

Since Sm 1, it results in Z(l) —» 0 - i  / kAu, which means that the real part of

z  (1) is zero leading to complete impedance mismatch and high reflection. So the

absorption at the beginning of each band is always close to zero no matter what metal is 

selected. It can be also understood by imaging the real case: when x = 0, it means that 

the metal layer is on the mirror substrate directly without dielectric layers, so the 

impedance is as metal and the reflection is very high. This conclusion can be also proved

nd nd
from the solutions to f R, xjr = ——— ,as discussed previously. Since —~— is close to

kAu kAu

zero, it implies that when x is close to zero, the real part of the impedance will approach 

zero.

Secondly, the middle of each absorption band is taken into account. For the 

purpose to make each absorption band broadest and highest simultaneously, the 

impedance at the middle of each band should be matched with the free space impedance. 

On one hand, the impedance is continuous and with no pole in the whole range since f D
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is always positive. On the other hand, it is already known that absorption is always close 

to zero at the beginning of each band. In consequence, the broadest absorption range 

covers the full band without break by making the impedance at the middle of each band 

perfectly matched with the free space impedance. In particular, at the middle of each 

absorption band, x is equal to infinite, and the impedance can be obtained as:

Z (0
kAuSm£m -  j (sd + kAuSmsm )

S d ( kAu -Z d$m )
(9)

Eq. 9 indicates that at the middle of each absorption band, the real part of the 

impedance is a function of the imaginary part of the metal permittivity only,

Z (1) ~ f  (sm ); while the imaginary part of the impedance is a function of the real part of

the metal permittivity only, Z (1) ~ f  (sm). This conclusion makes designing the metal

permittivity very convenient since the real part and the imaginary part can be achieved 

independently. To make the impedance perfectly matched with the free space impedance,

Z  (1) = Z0 = 1 + i0 , the desired metal permittivity can be given out as:

s £d s  ( ^ ) = Sd (kAu sd$m )
kAû m kAû m

(10)

Moreover, it is noticed that the desired metal permittivity is a function of the 

wavelength since Sm is a function of the wavelength and the gold refractive index is also 

relevant to the wavelength. The desired metal permittivity is plotted out as shown in 

Figure 1(c), and it can be seen that sm is close to zero compared with sm and almost a

constant, while sm is relatively high and almost linearly increased with the wavelength. 

Especially, the absorption bands based on the desired metal permittivity is shown in 

Figure 1(d) when the incident wave is 500 nm and dielectric thickness is tuned. As 

mentioned, the absorption band is broadest with the perfect impedance match at the 

middle of each band. In reality, among the natural metal materials, it is found that the



29

permittivity of the refractory metal, Cr [32-34], is closest to the desired metal permittivity 

in the visible and NIR range with the real part close to zero and the imaginary part 

relatively high compared with noble metals (e.g. Au and Ag [32]) as shown in Figure 

1(c). For this reason, a 3-layer absorber made of Cr is fabricated and the broadband 

absorption is demonstrated experimentally which will be discussed in details in the 

following section. In addition, the metal layer material is not limited to Cr, but also some 

other refractory metals and even some other high loss materials. Last but not least, it 

should be pointed out that the analysis method is not limited to 3-layer, but can be also 

applied on more layers by making some modifications to the equations.

3. EXPERIMENTAL RESULTS
In order to verify the prediction made in the theory section, a 3-layer sample made 

of Cr is fabricated. As shown in the scanning electron microscope (SEM) images (Figure 

2(a)), the absorber consists of three layers (SiO2-Cr-SiO2) on the Au substrate and the 

whole structure is deposited on a Si wafer. In details, the top and bottom SiO2 layers have 

the same thickness of 85nm, and the middle Cr layer is 8nm thick. The Au substrate, 

acting as a mirror, is 200nm thick to avoid any transmission through it. Since the Cr 

layer is very thin, to show it clearly in the SEM images, a Pt layer to protect the cross 

section is deposited on the top before cutting the cross section using Focused Ion Beam 

(FIB). The SEM images reveal that each layer is deposited with high quality. And it can 

be also seen from the atomic force microscope (AFM) image (Figure 2(b)) that the RMS 

roughness of the top surface is measured as 2.04nm . Additionally, as shown in Figure 

2(c), the absorption at normal incidence is achieved by measuring the reflection using 

both the HR550 detector to cover the visible range and FTIR to cover the NIR range. 

Since there is no transmission, the absorption spectrum can be directly derived from the 

measured reflection spectrum ( A = 1 - R ). The experimental absorption spectrum is in 

agreement with the theoretical prediction. As expected, the absorption can cover a broad 

range from 0.4 pm to around 1.4 pm with amplitude as high as 90% since the 

permittivity of Cr can follow the desired metal permittivity up to around 1.4 pm as 

shown in Figure 1(c). If the absorber is made of Au instead of Cr, the absorption will 

drop a lot as shown in Figure 2(c).
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To clarify how the broadband absorption can be achieved by the Cr absorber, its 

absorption as a function of the incident wavelength and the SiO2 thickness is plotted as 

shown in Figure 3(a). It indicates that the absorption bands also hold the same form as the 

absorber made of the desired metal permittivity. However, when the wavelength is 

increased, the absorption will be decreased since the permittivity of Cr is off the desired 

metal permittivity in long wavelength. Specifically, the impedance of the Cr absorber at 

A = 500 nm as a function of the dielectric thickness is also plotted out as shown in 

Figure 3(b) which is similar to Figure 1(d) for the absorber made of the desired metal 

permittivity.

Figure 2. Experiment result of the 3-layer absorber. (a) A cross-section SEM image of the 
3-layer Cr-SiO2 absorber with a total thickness of 180nm composed of two 85 nm thick 
SiO2 layers and one 8nm thick Cr layer. The sample is fabricated on a Si wafer and Pt is 
deposited on the top to protect the cross-section before cutting through the sample using 
Focus Ion Beam (FIB). The upper right image shows an overall view of the cross-section 
with a square of Pt deposited on the top. (c) A representative AFM picture showing the 

surface roughness distribution (the RMS roughness is 2.04 nm) for the fabricated 3-layer 
Cr-SiO2 absorber. (c) Measured absorption in experiment of the 3-layer Cr-SiO2 absorber 

(black curve) and its corresponding calculated absorption from theory (red curve). The 
blue curve is the absorption spectrum for a 3-layer Au-SiO2 absorber which is very low

over all the range.
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It can be seen that Z (l) (blue curve) and thus the absorption (pink curve) are

always close to zero at the beginning of each absorption band (black vertical lines), while 

the absorption is high at the middle of each absorption band (gray vertical lines) owing to

Z (1) close to one and Z (1) close to zero. Furthermore, this can be also elaborated from

Figure 3(c) where the absorption as a function of sm and sm is plotted when the SiO2 

thickness is 85 nm and the incident wavelength is 500 nm . The high absorption area 

(red area) will go along with the desired metal permittivity (white dashed curve) as the 

wavelength is increased. And the permittivity of Cr (blue dashed curve) will be located in 

the high absorption area first and then get away from it as the wavelength is increased. 

However, the permittivity of Au (red dashed curve) is not located in the high absorption 

area at all resulting in low absorption in the whole wavelength range.

Eventually, the electric field distribution Ex under a normal incident light of 

500nm plotted in Figure 3(d) proves the impedance match for the Cr absorber since the 

wave propagation inside the 3-layer structure remains the same form as the incident wave 

in the air. In another word, the 3-layer structure is viewed as air by the incident wave and 

there is no reflection from it. The only difference comes from the absorption inside the Cr 

layer with regard to the wave intensity. And this is illustrated from the time average 

power flow p  (black arrows) in Figure 3(d) which keeps the same intensity in the air and 

in the top SiO2 layer but decays fast after the Cr layer. Since the normalized time average 

energy density \W\ is mainly confined inside the metal layer as shown in Figure 3(e), the

heat generation density distribution is mostly located inside the Cr layer rather than the 

Au substrate as shown in Figure 3(f). This also demonstrates that the Au substrate just 

plays a role as mirror to reflect light back and eliminate transmission.

Optical measurements for absorption spectra at different incident angles were 

conducted on a self-designed optical setup equipped with a white light source and the 

iHR550 detector. Reflection of the absorber sample can be measured over a wide spectral 

range from 400 nm to 1050 nm at angles of 0 -  80 degrees. In Figure 4, the 

experimental absorption spectra at different incident angles are reported as well as the
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same quantities predicted by the aforementioned theory for comparison. The absorption 

with incident angles can be simply calculated by adding a cos# coefficient to Eq. 1.

Figure 3. Simulation results of the 3-layer absorber. (a) Theoretically calculated 
absorption of the 3-layer Cr-SiO2 absorber as a function of wavelength X and dielectric 
thickness d d when the metal layer thickness is 10nm. (b) Impedance and absorption 

bands at X = 500nm of the 3-layer Cr-SiO2 absorber when the dielectric thickness d d is 
tuned. (c) Absorption of a 3-layer absorber as a function of the real and imaginary part of 
the metal permittivity ( em, sm ) when dd = 85nm and dm = 8nm at X = 500nm. (d), (e) 
and (f) are electric field distribution Ex and time average power flow p  (black arrows), 
normalized time average energy density \W\ and heat generation density distribution Q 

under a normal incident light of 500nm, respectively.

It can be seen that the experimental absorption spectra are in high agreement with 

the theoretical predictions except for some high angle (close to 80 degree) results due to 

measurement errors and fabrication defects. As predicted in the theory, the broadband 

absorber is insensitive to the incident angle (the absorption is still over 80% up to 70 

degree). In addition, the angular absorption spectra include two polarizations (TE as 

shown in Figure 4(a-b) and TM as shown in Figure 4 (c-d)). The TE and TM spectra are 

the same under normal incidence and similar at low incident angles, but become different



33

at high incident angles. A dip is found in the TM spectra around 450 nm but there is a 

peak around 450nm for TE. In brief, since the absorption is kept at a high level over a 

large incident angle range for both TE and TM, the broadband absorber is angle- 

insensitive, polarization-insensitive and omnidirectional.

Figure 4. The measured absorption spectra (solid blue curves) and the calculated 
absorption spectra (dashed red curves) in the wavelength range of 400 — 800 nm at 

different incident angles (15 — 80 degrees) for (a) TE polarization and (b) TM 
polarization measured absorption (right panel) and calculated absorption (left panel) in 
the range of 400 ~1050nm under different angles and different polarizations (TE &

TM).

4. DISCUSSION
As mentioned in the theory session, the absorption can be further improved by 

adding more layers to the current 3-layer design. As shown in Figure 5(a), for a 5-layer 

absorber made of Cr and SiO2 alternatively, the absorption can reach over 2um if the 

SiO2 thickness is proper. This is because the order of the equations will be increased 

leading to solutions in a broader range. Another way to expand the absorption bandwidth 

is to decrease the metal thickness as shown in Figure 5(b) where the absorption 

bandwidth can go up to 3um when the Cr thickness is reduced to 5nm. The reason is that 

although the metal thickness is just reduced with several nanometers, the reducing 

percentage is significant since the original metal thickness itself is small and this will
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result in a better approach to the assumption of Sm << 1. Hence, the impedance can be 

better matched, and it will give more tolerance for the Cr permittivity getting away from 

the desired metal permittivity in long wavelength.

Once again, selecting a proper material matched with the desired metal 

permittivity is critical for improving the absorption. It is possible to utilize an artificial 

metamaterial (e.g. multilayer structure or nanowire structure made of different metals and 

dielectrics) replacing the current metal layer to make the absorption broader. Although it 

might increase the metal layer thickness, some modifications to the derived equations can 

be made to regain the impedance match conditions. Similarly, some oxide materials with 

doping, like Indium tin oxide (ITO) are also able to be used in the broadband absorber 

design because of their high loss. If so, the thickness of both the metal layer and the 

dielectric layer should be tuned to compensate the impedance match conditions.

Figure 5. Calculated absorption as a function of wavelength and dielectric thickness dd 
for different absorbers made of different layer numbers, different metal layer thickness or 
different metals. (a) is for a 7-layer absorber made of 8 nm thick Cr, (b) is for a 7-layer 
absorber made of 5 nm thick Cr, (c) is for a 3-layer absorber made of 8 nm thick W and 

(d) is for a 3-layer absorber made of 8 nm thick Cu.
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Furthermore, refractory metals are better than noble metals for the proposed 

broadband absorber. To show how other metals work in the broadband absorber 

compared with Cr, absorptions for different metals are calculated as a function of 

wavelength X and dielectric thickness dD at normal incidence. As shown in Figure 5(c), 

the absorber made of another refractory metal W is similar but not as good as Cr with its 

absorption band reaching 1.4 pm and declining suddenly beyond 1.4 pm . On the 

contrary, absorbers made of noble metals are not as good as the refractory metal 

absorbers. As shown in Figure 5(d), the absorption for Cu cannot be increased to a high 

level after 0.5um no matter what the dielectric thickness is.

Finally, since refractory metals are extraordinarily resistant to heat and with high 

melting points, the proposed broadband absorber made of refractory metal can also act as 

broadband emitter working at high temperature. For instance, the melting point of bulk 

Cr is 2180 K resulting in a peak wavelength of 1.33 pm for blackbody radiation. And the 

melting point of bulk W is even higher, 3695 K, resulting in a peak wavelength of 

0.784 pm. However, the melting point of bulk Au is just 1337 K leading to a peak 

wavelength of 2.17 pm. Although the melting points for metals in nanoscale would be 

below their bulk melting points due to size effect [36], refractory metals still hold higher 

melting points than noble metals. Therefore, emitters made of refractory metal possibly 

work at a relatively high temperature to emit light in visible range or NIR range.

5. CONCLUSIONS
In conclusion, an ultrathin 3-layer broadband absorber made of the refractory 

metal Cr without patterning is presented. In theory, the broadband absorption is analyzed 

based on the impedance transformation method and the desired metal permittivity is 

derived to guide the design for the optimal absorption. There are three deduced 

conditions in the analysis: firstly, the real part of the impedance is proved to be positive 

mathematically resulting in the possibility of achieving the impedance match conditions 

(Z'(1) ^  1 and Z"(1) ^  0); secondly, the beginning of each absorption band is found to 

be close to zero since the real part of the impedance is almost zero at the beginning of 

each band; finally, the impedance at the middle of each absorption band should be 

matched with the free space impedance to make the absorption broadest and highest
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simultaneously since the impedance is continuous and without pole in all the range. 

Meanwhile, it is found that the permittivity of refractory metals is closest to the desired 

metal permittivity in the visible and NIR range making the absorption up to 1.4 um. Thus, 

in experiment, the 3-layer Cr-SiO2 absorber is fabricated. And its absorption can cover 

the range of 0.4-1.4 um with amplitude over 90%. The absorption at different incident 

angles and with TE/TM polarizations are also measured, and it turns out that the 

broadband absorber is angle-insensitive, polarization-insensitive and omnidirectional.

Additionally, the current design can be further improved in several ways. On one 

hand, by following the desired metal permittivity, the metal layer can be filled with some 

artificial metamaterials or doped oxide materials. On the other hand, although it is 

realized that refractory metals are better than noble metals or other metals, the absorption 

for absorbers made of refractory metals can be also improved by adding more layers and 

reducing the metal layer thickness. Finally, refractory metals are not only good for 

broadband absorption, but also for emission because they can work at high temperature 

due to the high melting point. With all the features, the demonstrated ultrathin 3-layer 

broadband absorber can be used in many exciting applications, such as solar energy 

harvesting systems, thermo-photovoltaic energy conversion devices, thermal imaging and 

emissivity control.
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ABSTRACT
A broadband absorber in the infrared wavelength range from 1 pm up to 5 pm is 

designed and demonstrated with stacked double chromium ring resonators on a reflective 

chromium mirror. The near-perfect broadband absorption is realized by combining the 

multilayer impedance match in the short wavelength range and the double plasmonic 

resonances in the long wavelength range, which is illustrated with an equivalent circuit 

model for the impedance analysis. The broadband absorber is proved to be angle- 

insensitive and polarization-independent due to the geometrical symmetry. The thermal 

analysis for heat generation and temperature distributions inside the absorber structure is 

also investigated.

Keywords: Absorption, Resonance, Infrared, Metamaterials 

1. INTRODUCTION
Broadband infrared absorbers have been widely studied recently [1,2] due to their 

crucial roles in various applications such as solar energy harvesting [3,4], 

thermophotovoltaic energy conversion [5-7], thermal emission [8,9], thermal imaging 

[10], and stealth devices [11]. Diverse methods have been considered to obtain broadband 

absorption based on different mechanisms including the combination of multiple 

resonances in metasurfaces [4,8,12], exciting interferences in metal-dielectric stacks 

[3,13-15], achieving impedance match in multilayers with free space [16,17], and the 

generation of slow light in tapered multilayer waveguides [18-21].

In this paper, a broadband infrared absorber made of stacked double chromium 

(Cr) ring resonators on a chromium mirror is designed based on the combination of



40

multilayer impedance match in the short wavelength range and the double plasmonic 

resonances in the long wavelength range. The absorber structure is milled from two pairs 

of Cr-SiO2 layers with overall thickness of 360 nm on a reflective substrate. Different 

from combining multiple resonators in the same horizontal plane, the proposed absorber 

has double Cr ring resonators stacked in the vertical direction. At the same time, the 

stacked double ring structure can be effectively regarded as one-dimensional metal- 

dielectric multilayer lattice for satisfying impedance match conditions in the short 

wavelength range. An equivalent circuit (EC) model is developed to analyze and 

optimize the broadband absorber according to the transmission line theory for the 

multilayer impedance in the short wavelength range and the coupled lumped-element LC 

resonators [22-25] for the resonance impedance in the long wavelength range. The 

absorption spectra predicted by the EC model agree with both the simulated and 

measured absorption spectra and can explain the two absorption mechanisms thoroughly. 

Further investigations on the oblique incidence under different polarizations, resonant 

mode fields, heat generation and temperature increase are also performed.

2. ABSORBER DESIGN AND EQUIVALENT CIRCUIT MODEL
The designed infrared absorber is based on a multilayer stack consisting of two 

pairs of Cr-SiO2 layers with 30 nm thick Cr and 150 nm thick SiO2 in each pair deposited 

on top of a 200 nm thick Cr mirror coated on a silicon wafer. There is an additional 30 

nm thick SiO2 protecting layer deposited on top of the multilayer stack to prevent the top 

Cr layer from oxidation. The multilayer stack is grown by RF sputtering. The Cr is grown 

in an Ar atmosphere at 5 mTorr pressure at a deposition rate of 0.5 A/sec and the SiO2 is 

grown in a 12:1 mixture of Ar:O2 at a rate of 0.14 A/sec. Figure 1(a) shows a scanning 

electron microscope (SEM) image of the deposited Cr-SiO2 multilayer before milling 

where each layer can be clearly seen. The thick Cr mirror will block any transmission 

through the sample. At first, the absorption spectrum of the multilayer film is measured 

using Fourier transform infrared spectroscopy (FTIR). As shown in Figure 1(b), the 

experimental absorption is below 50% in the range of 1~5 pm, which can be matched 

well with simulation (COMSOL Multiphysics software), by using the Cr permittivity of
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£Cr = £Cr + i£Cr shown in Figure 1(c) calculated according to the Brendel-Bormann model 

[26-28]. The SiO2 permittivity is equal to a constant £SiO2 = 2.25 .

Figure 1. Experiment spectra of the multilayer (a) SEM image of the Cr-SiO2 multilayer 
film before milling. (b) Absorption spectra of the multilayer film from both experiment 

(red curve) and simulation (blue curve). (c) The real (solid curve) and imaginary (dashed
curve) parts of Cr permittivity.

The schematic of the designed absorber with stacked double ring resonators is 

illustrated in Figure 2(a). The absorber structure is fabricated using Focused Ion Beam 

(FIB) milling in two steps. First, the top pair of Cr-SiO2 layer is milled to form the top 

ring resonator; and then the bottom pair of Cr-SiO2 layer is milled to form the bottom 

ring resonator. During the FIB milling, a SiO2 layer with very thin thickness is remained 

on top of the second Cr layer to avoid oxidation. Due to the zero transmission from the 

absorber, the absorption A is merely determined by the reflection R and is equal to 

A = 1 - R . The Cr layers have the thickness of tm = 30nm and the two SiO2 layers have

the thickness of td = 150nm. In one unit cell, the period in x and y directions are both 

equal to P . For one design, when the period is P = 700 nm , the top ring width is
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wt = 350nm and the bottom ring width is wb = 600nm. The inner hole size of the two 

rings is the same with wt = 175 nm .

Figure 2. Design of the stacked double ring absorber. (a) Schematic of the designed 
broadband infrared absorber consisting of stacked double Cr ring resonators milled from 
two pairs of Cr-SiO2 layers on top of a reflective Cr mirror. (b) Equivalent circuit model 
of the total impedance for the double-ring absorber consisting of Zmul as a high-pass filter
and Zrs as a low-pass filter. (c) Transformation of two half-rings of width w and length 
l into two equal cut-wires of effective width w ' and effective length l '. (d) Equivalent 

circuit for Zres based on the coupled lumped-element LC resonators.

An equivalent circuit (EC) model is developed to evaluate the broadband 

absorption mechanism of the designed double-ring absorber by considering the 

combination of the multilayer impedance match in the short wavelength range and the 

double plasmonic resonances in the long wavelength range. The multilayer impedance 

Zmul can be regarded as a high-pass filter with no reflection at high frequencies and the 

resonance impedance Zres can be treated as a low-pass filter with no reflection at low

frequencies. As shown in Figure 2(b), the EC model is then built up by adding the two 

impedances together in series to estimate the total impedance of the absorber,
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Ztot = Zmui + Zra • And the absorption can be calculated as A = 1 - ({Ztot - Z0) l (Ztot + Z0))2 

, where Z0 is the impedance of free space.

Znml can be evaluated according to the transmission line theory by regarding the

double-ring resonators as effective one-dimensional metal-dielectric multilayer lattice in 

the vertical direction [17,29,30],

Z.mul Z  (1), and Z (j  )
Z (Z ( j  + 1 ) - iZ i tan£ )

1 v v — ' -----j--------u. j = 1 2  6
Z  - i Z (j  + 1)t a n ^  ’1 , , . "

(1)

where Z(1) represents the wave impedance of the whole multilayer structure seen from 

the top and can be calculated layer by layer starting from the bottom Cr mirror with the 

wave impedance of Z(6) up to the top SiO2 protecting layer with the wave impedance of 

Z (1), by considering the phase shift Sj and the characteristic impedance Zj for each

layer j  of the multilayer lattice. Sj = f pjK0 Njtj in which k0 is the wave vector of incident 

wave, Nj is the complex refractive index and tj is the layer thickness. Particularly, tj is

modified by a factor f pj to represent the effective layer thickness due to the material 

milling.

Zrs is estimated based on the coupled lumped-element LC resonators. As shown 

in Figure 2(c), when the incident light has the field components of Ex and H y , each ring

resonator can be divided into two symmetric half-ring parts [31-33] of width w and 

length l by the central line and transformed into two cut-wires of effective width w ' and 

effective length l Each cut-wire is a LC resonator consisting of three components: 

inductor Lm , resistor Rm and capacitor Cm . The capacitor Ce due to the electric 

resonance between two neighboring rings is ignored to simplify the circuit since the 

magnetic resonance is dominant in this structure [34]. Here, Lm can be expressed as the 

capacitance between two parallel plates separated by a distance [35], Lm = amy 0ltd l w , 

where ju0 is the permeability of vacuum and am is a numerical factor considering the
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effective length l ' of the cut-wire. Rm = crpl / (wtm) , where cr is a numerical factor, and 

p  = 1 / o  = R i o L ' = —1 /(ias0(sm -1 )) is defined as the combination of intrinsic

resistivity R ' and inductivity L ' [23] of the metal (with relative permittivity of sm ) since 

the contribution of the drifting electrons cannot be neglected at infrared frequencies 

[22,24,33]. Cm is formed between the half-ring and the Cr mirror due to the magnetic 

resonance and evaluated by the capacitance between two parallel plates separated by the 

dielectric spacer [32,35], Cm = bms 0sdw (0 51) / td , where ^  is the permittivity of

vacuum, sd is the relative permittivity of the dielectric spacer, and bm is a numerical 

factor representing the effective capacitance area.

The equivalent circuit for Zres is shown in Figure 2(d) consisting of two LC

resonators. The first LC resonator includes Lm1 and Rm1 representing the top ring and 

Cm1 between the top-ring layer and the Cr mirror. The second LC resonator is similar to 

the first one, but it is formed by the middle ring and the Cr mirror including circuit 

components of Lm2 , Rm2 and Cm2 . Meanwhile, when two ring resonators are placed

closely, they are coupled through the capacitor Cc = bcs0sdw1 (0.5lx) / td between the two

rings separated by the dielectric spacer [36,37]. Eventually, the calculated Zres can be 

expressed as:

=
C + c .

icdCC . (2Cc + C„2 )(C„1C„2 + Cc (C„, + C„2 )) + C„ + C .

Cc (Cm2 (Cm1 + Cm2 ) + Cc (CM + 3C„2 )) i V C ^ K ^  — O C ^ m ^  C„2 (—2 + m{Cc + C„2 )(— i ^  + ®L„2 ))

(2)

3. DEMONSTRATION OF BROADBAND INFRARED ABSORBER
The broadband absorption response of the double-ring absorber can be evaluated 

by combing the two impedances of Zmul and Zres together. As an example, for the

absorber with period of P = 700 nm, Figure 3(a) shows the absorption spectra calculated 

by the EC model and the simulation result (COMSOL Multiphysics software). In order to
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fit the simulated resonance peaks of two ring resonators and absorption amplitude, the 

coefficients used in the EC model for the double-ring absorber with P = 700 nmare set as 

the following: f pj = 0.8, 0.17, 0.8, 0.33, 0.97 for each effective layer of j  = 1, 2, 3, 4, 5

respectively; am1 = 1.0 , bm1 = 0.8 , cr1 = 0.4 for the top ring resonator, am2 = 1.9 , 

bm2 = 075, cr 2 = 0.9 for the bottom ring resonator, and bc = 3.2 for the coupling of two 

ring resonators. In the long wavelength range (2 ~ 5 pm ), the absorption is majorly due to 

the double ring resonances, and in the short wavelength range (1~ 2 pm ), the absorption 

is mainly due to the multilayer impedance match condition. To explain the combination 

of these two absorption mechanisms, Zmul, Zres and Ztot calculated by the EC model are

plotted in Figure 3(b). There are two peaks in the real part ofZres = Zres + iZres located at 

about Z = 2.1pm and Z = 3.7 pm representing the two Cr ring resonances in the long 

wavelength range. Correspondingly, two absorption peaks in the range of Z = 2~5pm 

can be observed in the EC model curve in Figure 3(a). Additionally, the real part of 

Zmul = Zmul + iZttml is close to Z0 = 1 at about Z = 1.8 pm indicating that the multilayer

impedance match condition can be achieved in the short wavelength range. The 

absorption peak of the theoretical absorption in the range of Z = 1~2pm is the

intersection of Zmul and Zres resulting from the real part of Ztot = Ztot + iZtot close to 

Z0 = 1.

In order to show how the absorption spectrum change with the absorber structure 

size, three double-ring absorbers with different periods and ring sizes are fabricated. As 

shown in Figures 4(a)-(c), the solid curves are the measured absorption spectra for the 

double-ring absorbers with periods of P = 600 nm (in magenta), P = 700 nm (in blue) 

and P = 800 nm (in red), respectively, while the ring dimensions keep the same ratios as 

Win = P /4 , Wt = P /2 ,  Wb = l = P -100(nm) (the gap between two neighboring bottom 

rings is always 100 nm). The dashed curves are the simulated absorption spectra. The 

insert in each figure is the SEM image of the fabricated double-ring absorber. The 

absorption spectrum range is affected by the period P and the ring length l . When P = 

600nm (with ring dimensions of wb = 500nm,w =300nm and wi = 150nm ), the
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absorption spectrum range with more than 80% absorption is A = 1~ 3.1 pm . As P is 

increased, the absorption spectrum range gets broader, but the absorption becomes lower. 

For P = 800nm (with ring dimensions of wb = 700nm,wt =400nm and = 200nm), 

the absorption spectrum range can reach A = 1~ 4.8 pm for the absorption over 80%. The 

absorber with P = 700 nm (with ring dimensions of wb =600nm,w =350nm and 

wi = 175nm ) is the optimized result by taking account of the trade-off between

absorption spectrum range and absorption amount. Its absorption spectrum range can 

reach A = 1 ~ 3.75 pm with the absorption over 80%.

Figure 3. Theoretical result of the double ring absorber. (a) Comparison of the absorption 
spectra calculated from the EC model (dashed black curved) and the simulation (blue 
solid curve) for the double-ring absorber with P = 700nm. (b) The corresponding real

parts (solid curves) and imaginary parts (dashed curves) of impedances for Zmul (in red),
Zres (in blue), and Ztot (in black).

The double-ring structure will change into double-square structure if the center 

hole has the zero width, which can make the fabrication process simpler. Similar to the 

double-ring structure, the double-square structure can also be regarded as two coupled 

plasmonic resonators. As shown in Figure 5, the double-square absorbers with the periods 

of P = 600 nm, P = 700 nm and P = 800 nm can also achieve the broadband absorption 

spectra with absorption above 80% similar to the double-ring absorbers. The absorption
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spectrum of double-square absorber is not as flat as that of double-ring absorber, but it 

has a small absorption peak in the long wavelength range.

Figure 4. Experimental (solid curves) and simulated (dashed curves) absorption spectra 
for the double-ring absorber with (a) P = 600nm, (b) P = 700nm and (c) P = 800nm, 

respectively. The insert is the SEM image of the fabricated double-ring absorber
structure.

500 ran

Experiment — ^Simulation

A (pm)

Experiment-----Simulati

A (pm) A (pm)

Experiment-----Simulation

Figure 5. Experimental (solid curves) and simulated (dashed curves) absorption spectra 
for the double-square absorber with (a) P = 600nm, (b) P = 700nm and (c) P = 800nm, 

respectively. The insert is the SEM image of the fabricated double-square absorber
structure.

Oblique incidence is also considered to show if the designed absorber can work in 

different incident angles and collect more infrared light. Since the double-ring structure is 

symmetric, the absorption is the same for TE and TM polarizations (configurations as 

shown in Figures 6(a) and 6(b)) under normal incidence. However, under oblique 

incidence, the absorption spectra vary differently for TE and TM polarizations when 

considering the incident angle from 0° to 85°, as shown in Figures 6(c) and 6(d) for the 

absorber with P = 700 nm . It is shown that the absorption for TM polarization can be 

kept around 80% even at high incident angles, while the absorption for TE polarization is
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not as high as TM polarization but still remains around 70% at high incident angles. 

This is because the double ring resonances are magnetic resonances and the multilayer 

impedance match can be sustained better for TM polarization at oblique incidence. In 

consequence, the designed broadband infrared absorber is angle-insensitive and 

polarization-independent and thus it is practical for energy harvesting applications.

To further explore the two plasmonic resonances of the stacked double Cr ring 

resonators, optical field distributions are analyzed at the resonant wavelengths using 

COMSOL Multiphysics software. As shown in Figure 7(a), the two magnetic resonances

can be illustrated with the normalized \Hy\ field profiles in y ~ z plane. At the first

magnetic resonance of & = 2.15pm dominated by the top ring, the magnetic field is 

mainly located between the two rings. At the second magnetic resonance of & = 3.75pm 

dominated by the bottom ring, the magnetic field is mostly confined between the bottom 

ring layer and the Cr mirror.

Figure 6. Absorption under oblique incidence. (a), (b) Configurations of TE polarization 
and TM polarization. (c), (d) Simulated absorption spectra of the double-ring absorber 
with P = 700 nm under oblique incidence for TE polarization and TM polarization,

respectively.
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Particularly in solar thermophotovoltaics (STPV) applications, the device working 

temperature is usually required to reach at least 800°C [38-40] which approaches or even 

sometimes surpasses the melting points of bulk gold (1063°C) and silver (961°C) [41], 

Chromium with a melting point of 1906°C [17] utilized in infrared absorbers can stand 

high operating temperature. In addition, chromium is significantly cheaper than gold or 

silver, making chromium a reasonable choice for high-volume production of infrared 

absorbers. In the broadband absorber, incident light will be eventually converted into heat 

because of the resistive loss (Rm) of metal. In this way, the Cr ring resonators act as

nanoscale heat sources resulting in the local temperature increase and eventually a 

thermal equilibrium will be reached since the heat is conducted away by air above the 

absorber structure and the Cr mirror below. To investigate the temperature distribution in 

the absorber, the heat transfer equation V»(-&V6?) = q is solved, where k  is the thermal 

conductivity and q is the heat power density generated in the Cr layers, 

q (r ) = (a /2 ) lm [s(o)\s0 \E(r)2 .

As shown in Figure 7(b), if a single wavelength light source (e.g. laser) with 

wavelength at the top ring resonance of & = 2.15 pm is used and the incident power is

20.4pW/pm2 (corresponding to 10 pW light into one unit cell), the highest heat 

generation density is about 2.06x1015W/m3 located at the top ring. If the single 

wavelength light source is tuned to the bottom ring resonance at & = 3.75pm, the highest 

heat generation can reach 2.92x1015W/m3 located at the bottom ring. At thermal 

equilibrium, the temperature increase distribution is a result of the balance between the 

heat generation and the boundary conditions where heat is conducted away. In 

simulation, the top and bottom boundaries are set as the fixed temperature and the side 

boundaries are insulated since the structure is periodic. The temperature increase 

distributions are plotted in Figure 7(c) at the two resonant wavelengths. According to the 

Fourier’s law where heat transfer rate is proportional to the thermal conductivity of 

material and the temperature gradient as well, the highest temperature 51.3°C is located 

in the top-ring for & = 2.15 pm since heat is mostly generated in the top ring. However, 

for /l = 3.75 pm, temperature increase in the top ring is still high (reaching to 72.7°C)
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although heat is mainly generated in the bottom ring. This is because the bottom ring is 

close to the Cr mirror with high thermal conductivity, while dielectric layer and air has a

much lower thermal conductivity.

Figure 7. Resonant field profiles. (a) Normalized magnetic field distributions, (b) heat 
generation density distributions q and (c) temperature increase distributions T in y  ~ z 
plane from simulation at & = 2.15 gm and & = 3.75 gm, respectively, for the double-ring
absorber with P = 700nm when the incident power is 20.4gW/gm2 (corresponding to

10 gW into one unit cell).

4. CONCLUSION
A broadband infrared absorber consisting of stacked double Cr ring resonators on 

a Cr mirror has been designed and demonstrated with an average absorption more than 

80% in 1 ~ 5 gm spectrum range. It is made of the refractory metal Cr based on the 

combination of two absorption mechanisms: the multilayer impedance match in the short 

wavelength range and the double plasmonic resonances in the long wavelength range. An 

equivalent circuit model has been constructed to analyze the impedance of the absorber. 

The designed absorber is proved to be angle-insensitive and polarization-independent 

under oblique incidence so that more light can be collected under different situations. The 

demonstrated Cr based absorber can work in high temperature environments due to the
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high melting point of Cr. The demonstrated broadband Cr double-ring absorber in 

infrared wavelength range will advance the relevant applications such as 

thermophotovoltaics, solar thermophotovoltaics, thermal detection, and thermal imaging.
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ABSTRACT
The ultra-broadband absorption covering a range of X = 1~6 pm with average 

amplitude of 95% is realized by the designed tapered hyperbolic waveguide absorber 

which is made of 13-pair Au-SiO2 multilayer on glass. The absorption is broadband since 

stop light with different wavelengths can be obtained at different waveguide widths in the 

tapered waveguide. A planar hyperbolic waveguide model is built to determine the stop 

light by considering the forward and backward guided modes. In simulation, the stop 

light fields located at each metal layer are plotted out and the stop light modes can be 

found at the absorption peaks calculated by reducing the Au loss manually. In 

experiment, six waveguide absorber samples with different top width were fabricated and 

the absorption ranges were measured. The relation between the waveguide width and the 

stop light wavelength turns out to be almost linear from all the results in theory, 

simulation and experiment. To show the designed absorber is practical in the applications 

of energy harvesting, the waveguide absorber is demonstrated to be angle-insensitive and 

polarization-independent, and the heat generation and temperature increase are also 

discussed.

Keywords: Absorption, Energy transfer, Metamaterials, Infrared

1. INTRODUCTION
Broadband absorbers in infrared (IR) range have been one of the most exciting 

issues in these few years [1], [2] since they are crucial in various applications, such as 

solar energy harvesting [3], [4], thermophotovoltaic energy conversion [5], thermal 

emission [6] and thermal imaging [7]. There are diverse methods to obtain broadband
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absorption based on different mechanisms including combining multiple resonances on 

the same metasurface [4], [8], exciting phase resonances in planar metal-dielectric stacks 

[9], [10], achieving impedance match for multilayers [11], [12]. In addition, it is also 

possible to get broadband (even ultra-broadband) absorption by generating stop light 

modes in the tapered hyperbolic waveguides [13]—[17]. Cui et al. [13] demonstrated the 

ultra-broadband absorption to be higher than 95% in A = 3 ~ 5.5 pm in theory and 

simulation. Ding et al. [14] achieved broadband absorption over 90% in A = 0.4 ~ 3.6pm 

utilizing the high loss metal of Chromium (Cr) in experiment. Zhou et al. [17] also 

fabricated a 9-stack Au-AhO3 tapered structure resulting in absorption in A = 1.5 ~ 3 pm 

and an 11-stack Au-Ge tapered structure resulting in absorption in A = 2.5 ~ 6pm . All 

the works proved that stop light in tapered hyperbolic waveguide is a robust way to get 

ultra-broadband absorption. However, the works were not able to fully utilize the stop 

light effect and to experimentally realize the absorption with ultra-broadband and high 

amplitude at the same time by using metal with relatively low loss. In this paper, the 

ultra-broadband absorption covering a range of A = 1~6pm with average amplitude of 

95% is realized by the designed tapered hyperbolic waveguide absorber which is made of 

13-pair Au-SiO2 multilayer on glass. The absorption can be ultra-broadband since stop 

light with different wavelengths can be achieved at different waveguide widths in the 

tapered waveguide. The relation between the waveguide width and the stop light 

wavelength is proved to be almost linear from all the results in theory, simulation and 

experiment.

2. DESIGN AND THEORY
The schematic of the proposed tapered waveguide absorber is comprised of 13- 

pair Au and SiO2 layers on glass (which is SiO2 as well) as shown in Figure 1(a). The Au 

layer thickness is tm = 20nm and the SiO2 layer thickness is td = 80n m. In one unit cell 

with period of P = 1500nm, the top width of the tapered waveguide is W = 250nm and 

the bottom width is the same as the period. As shown in Figure 1(b), while the 

permittivity of SiO2 is a constant sd = 2.1, the permittivity of Au can be calculated using

Drude model sm = 1 — 0 2/ o {o  + iy) where is the frequency, a>p =1.37x1016rad /5 is
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the plasma frequency and y = 3y0 = 12.24 x 1013 rad / s is the bulk collision frequency (the 

material loss) and three times of the original value.

Figure 1. Design of the tapered waveguide absorber. (a) Schematic of the tapered 
waveguide absorber consisting of 13 pairs of Au-SiO2 layers. (b) Permittivity of Au 
based on the Drude model when the loss is y = 3y0. (c) SEM image of the fabricated 

waveguide absorber with P = 1500nm and Wt = 250nm . (d) Spectra of absorption A (in 
blue), reflection R (in red) and transmission T (in cyan) from experiment (solid curves) 

and simulation (dashed curves), respectively.

A sample of the tapered waveguide absorber was fabricated using Focused Ion 

Beam (FIB) and the tapered structure was achieved by controlling the dwell time of the 

ion beam milling at different milling depth. From its SEM image as shown in Figure 1(c), 

it is clear to see the Au-SiO2 layer pairs in the tapered waveguide and some fabrication
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defects like coatings on the both sides of the taper are due to the Ga pollution during the 

long time ion beam milling. Different from most other absorber designs in which a thick 

metal mirror is used as substrate to eliminate transmission, the proposed absorber stands 

on glass and transmission is allowed. Thus, the spectra of transmission T (in cyan) and 

reflection R (in red) were measured using Fourier transform infrared spectroscopy 

(FTIR), and the absorption can be calculated as A = 1 - T - R (in blue) as shown in 

Figure 1(d), respectively. Since the transmission is close to zero due to the stop light 

phenomenon, the absorption can reach 95% in average covering the range of 

X = 1~ 6pm . The simulation results (dashed curves) calculated by COMSOL are also 

shown in Figure 1(d) and in good agreement with the experiment results (solid curves).

To explain why the broadband absorption can be achieved in the tapered 

waveguide absorber, a cladding/core/cladding planar waveguide model is built up. Due to 

the symmetry in x and y directions, the Au-SiO2 multilayer tapered waveguide can be 

regarded as a tapered waveguide with different width along the z direction and infinite 

long in y direction. As the light propagates in the waveguide along z direction, the change 

of waveguide width will lead to the change of waveguide mode. Thus, the whole tapered 

waveguide can be treated as a combination of infinite slices of waveguide with different 

widths stacked in the z direction, and each slice of waveguide with a waveguide width W 

is illustrated in Figure 2(a). The core represents the hyperbolic waveguide with tensor 

permittivity of £ = £x + £y + £z , and the claddings on the two sides are air with 

permittivity of s1 = 1. The core permittivity can be evaluated via the effective media 

theory for the Au-SiCh multilayer as

£x =fmsm +(} - fm )sd’ £z = 1 / ( / m 1 sm+i}~ fm )1 sd) in which f m is the filling ratio of 

metal. Since the Au-SiCh multilayer is symmetric in x and y directions, sx is equal to £y . 

It can be seen from Figure 2(b) that the waveguide is hyperbolic since sx is negative and 

is positive.
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Figure 2. Waveguide model in 2-D. (a) Schematic of the 2-D waveguide model where the 
core represents the hyperbolic waveguide based on the effective media of Au-SiO2 

multilayer and the claddings represent the air. (b) Effective permittivity of the Au-SiO2 

multilayer in x direction -x (in blue and equal to - y in y-direction) and in z direction -z
(in red).

To illustrate how the stop light is obtained, the forward and backward guided 

modes inside the waveguide are solved by considering the continuous boundary condition 

at x = ±W  / 2 (Eq. 1) and the dispersion relation (Eq. 2) [18]:

( W  = ± —  aW r aW  Y1tan
V 2 J

(W f+ — (aW f =r02W2 (-  - - )—

- z

(1)

(2)

where ( 0 = 2 n / h  is the wave vector of the incident light in vacuum, ( f  = J3 - ( , - l and

a  = \P2 -(— ) . P is the wave vector in z direction and should be equal in both-
-x

the waveguide core and the air claddings. However, the wave vector in x direction would 

be different: in the air claddings, the wave vector in x is ( ,  while in the waveguide core, 

the wave vector is a  . After solving these two equations, the wave vectors can be got and
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thus the effective index of the waveguide can be calculated by neff = neff + ineff = / k0.

Since there are two roots found during solving the equations, it indicates that the 

hyperbolic waveguide can support two waveguide guided modes at the same time: the 

forward guided mode where the phase velocity direction is the same as the group velocity 

direction and the backward guided mode where these two velocity directions are 

opposite. As shown in Figures 3(a) and (b), the real and imaginary parts of the effective 

index are plotted out as a function of the waveguide width W for different incident 

wavelengths A = 1,3 and 5 pm . The blue curves indicate that the effective indices of 

forward guided modes get higher as the waveguide width becomes larger. On the other 

hand, the effective indices of backward guided modes get decreased as the waveguide 

width becomes larger. As a result, the effective indices of both the forward and backward 

modes will finally merge at a proper waveguide width. In this way, the stop light is 

achieved since its group velocity can approach to zero and light will be absorbed at this 

place. For instance, when the incident wavelength is A = 5 pm, the stop light is located 

around W » 1340nm as the green region shown in Figures 3(a) and (b). The relation 

between the stop light wavelength and the waveguide width turns out to be almost linear 

as the magenta line shown in Figure 3(c). As the incident wavelength increases, the 

waveguide width where the stop light is located will also increase.

In order to show the stop light in the hyperbolic waveguide in details, the loss of 

Au is reduced manually to r  = r 0 and the absorption is recalculated in COMSOL for the 

tapered waveguide absorber with P = 1500nm and Wt = 250nm . The spectra of 

transmission (in cyan), reflection (in red) and absorption (in blue) for both y = 3y0 and 

y  = y0 are shown in Figure 4(a), respectively. It is obvious to see the absorption peaks for 

Au loss of y  = y0 representing the stop light occurs at each Au metal layer with different 

waveguide width. Specifically, for the absorption peak at the wavelength of A = 6.0pm, 

the stop light can be observed at the second bottom metal layer in the tapered waveguide 

as the magnetic field \H\ shown in Figure 4(b). As the metal layer width becomes smaller

from bottom to top, the wavelength of each stop light gets shorter. Consequently, the 

absorption of the whole tapered waveguide is broadband covering the range of
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A = 1~6pm with average amplitude of 95%. However, for the stop light at the first 

bottom metal layer when the wavelength is A = 6.52pm, its corresponding absorption 

peak is hidden in the decline part of the absorption spectrum. This is because the guided 

modes are weak at the very bottom since the first bottom metal layer is like the end of the 

hyperbolic waveguide and there is no mirror substrate in below.

forward
backward

500 1000 1500 2000
Waveguide Width (nm)

Theory
Simulation
Experimentslow light

—  forward
—  backward

' 3QC
Waveguide Width (nm) Waveguide Width (nm)

light

Figure 3. Stop light predicted by the waveguide model. (a) and (b) are the effective index 
(neff = neff + ineff) of the guided forward (in blue) and backward (in red) modes at 

A = 1,3,and5pm, respectively. The green region is the stop light mode at A = 5 pm where 
the forward and backward modes merge at the same waveguide width. (c) Relation 

between the stop light wavelength and its corresponding waveguide width from theory (in 
magenta), simulation (in blue) and experiment (in red), respectively.

It is also hard to determine the absorption peak with A = 1.68pm for the stop 

light at the first top metal layer in the spectra since there are too many sharp peaks in the 

range of A = 1~ 2 pm . They are caused by the high order modes at the waveguide bottom 

where the waveguide width is large. The relation between the stop light wavelength and 

the waveguide width can be also evaluated from the simulation result as the blue curve in 

Figure 3(c). Each blue dot represents the absorption peak wavelength and its 

corresponding waveguide width (the metal layer width) where the stop light is located. It 

can be seen that the simulation results are very close to the theoretical predictions (blue 

line in Figure 3(c)) when the waveguide width is much smaller than the structure period 

P = 1500nm , but get away from that when the waveguide width approaches to 

P = 1500nm. This is because when the waveguide width is close to the period, there 

exists the Bloch mode due to the overlap of the evanescent fields between every two 

neighboring tapered waveguides [14], [16].
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Figure 4. Stop light in simulation. (a) Spectra of absorption A (in blue), reflection R (in 
red) and transmission T (in cyan) for the tapered waveguide absorber with P = 1500 nm, 

Wt = 250nm and Au loss of y = 3y0 (solid curves) and y = y0 (dashed curves),
respectively. (b) Magnetic fields \H\ in the y-z plane for the tapered waveguide absorber 

in (a) with y = 3y0 at each peak wavelength, respectively.

3. RESULTS AND DISCUSSION
The relation between the absorption range and the waveguide width is also proved 

in experiment by changing the waveguide top width. As shown in Figures 5 (a)-(f), six 

samples were fabricated with P = 1500nm and Wt = 250,400,550,750,900 and 1050nm, 

respectively. The scalar bar in each figure is 1pm. The spectra of absorption A (in blue), 

reflection R (in red) and transmission T (in cyan) for each fabricated sample were also 

measured as shown in Figures 6(a)-(f), respectively. The spectra from simulation (dashed 

curves) are able to match the experiment results (solid curves) very well. And as the top
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width is decreased, the absorption range shrinks due to the right shift of the absorption 

peak determined by the top layer. The absorption peak determined by the bottom layer 

remains at the same wavelength since the period and waveguide bottom width of all the 

samples are almost unchanged.

The relation between the waveguide width and the absorption range (or the stop 

light wavelength) is summarized as the red curve shown in Figure 3(c). Each red dot on 

the red curve represents the stop light at the top metal layer of each sample except for the 

last red dot which represents the stop light at the bottom metal layer shared by every 

sample. For example, for the sample with Wt = 1050nm, its top metal layer width is 

W = 1085 nm leading to a stop light wavelength of A = 4.4 pm . And the width of the 

second bottom metal layer is W = 1465nm resulting in a stop light at A = 6.0pm . Thus, 

the absorption range of this sample is A = 4.29 ~ 6.0 pm . The absorption ranges of all the 

other samples are measured in the same way with respect to the top metal layer width, 

and all the red dots can be connected to an almost linear curve close to the simulation 

results (blue curve in Figure 3(c)) and the theoretical predictions (magenta curve in 

Figure 3(c)). As mentioned above, as the waveguide width approaches to the structure 

period, the stop light wavelength will get away from the theoretical predictions due to the 

Bloch mode.

In order to collect more light, the absorption under oblique incidence is 

considered. As shown in Figure 7(a), when the light is incident with an angle d under TE 

polarization, the magnetic field H  is tilted and the electric field E  is always unchanged 

and perpendicular to the cross-section plane. The TM polarization case is vice versa as 

shown in Figure 7(b). Since the waveguide propagation modes are mainly dominated by 

the electric field (seen from Eqs. 1 and 2), the absorption for TE polarization can be kept 

in the wavelength range of A = 1~7pm with absorption more than 80% even at high 

incident angles, while the absorption for TM polarization is not as good as TE but still 

remains in the range of A = 1~6pm at high incident angles. In consequence, the 

designed tapered waveguide absorber is angle-insensitive and polarization-independent 

and thus practical in the applications of energy harvesting.
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(a) Wt =  250 nm (b) Wt =  400 nm (c) Wt =  550 nm

(d) Wf = 750nm (e) Wt =  900 nm (f) Wt =  1050 nm

Figure 5. Experiment fabrication of the waveguide absorber. (a)-(f) are the SEM images 
of the fabricated tapered waveguide absorbers with P = 1500nm and 

Wt = 250,400,550,750,900 and 1050nm, respectively. The scale bar in each figure is
1pm.

To investigate the temperature distribution T in the absorber, the heat transfer 

equation V ^(-k V T  ) = q is solved, where k is the thermal conductivity and q is the

heat generation density in the lossy metal, q (r ) = ( 0  / 2) Im ̂ ( 0 ) ^  |E (r)| . As shown

in Figure 8, the heat generation density is located where the \E\ field is concentrated in

the metal since q is proportional to ~ Im [f(® )J |E (r )| . Particularly, with an incident

light power of 10pW onto one unit cell (corresponding to 4.44pW /pm2), the heat 

generation density can be 2.64 x 1013 ~ 2.94 x 1014W /m 3 at different metal layers where 

the stop light is obtained under different wavelengths.
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---- ^exp  ----  ^exp ----  T exp
Asim Rsim T'sim

Figure 6. Experiment measurement of the waveguide absorber. (a)-(f) are the spectra of 
absorption A (in blue), reflection R (in red) and transmission T (in cyan) for the tapered 

waveguide absorbers with P = 1500nm and Wt = 250,400,550,750,900 and 1050nm,
respectively.

Figure 7. Absorption under oblique incidence. (a), (b) Configurations of TE polarization 
and TM polarization, respectively. (c), (d) Simulated absorption of the tapered waveguide 
absorber under oblique incidence for TE polarization and TM polarization, respectively.
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Correspondingly, the highest temperature is always found at the place where the 

heat is generated. As shown in Figure 9, the temperature distributions at different stop 

light wavelengths are plotted. When the wavelength is short and the stop light is obtained 

at the top of the tapered waveguide, the highest temperature is also at the top and gets 

lower quickly to the bottom.

X =  1.68 [im I  I  X = 2.01 [im X — 2.75 [im l i d  — 3.16 [im I I  X = 3.53 [im

X = 3.95 [im X =  4.35 [im I I X =  4.76 [im I I X =  5.26 [im I I X — 6.0 [im I I X = 6.52 [im

Figure 8. Heat generation fields q in the x-z plane for the tapered waveguide absorber 
with P = 1500 nm, Wt = 250 nm and Y = 3y0 at each stop light wavelength, respectively.

Figure 9. Temperature fields T in the x-z plane for the tapered waveguide absorber with 
P = 1500nm, Wt = 250nm and Y = 3y0 at each stop light wavelength, respectively.
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However, when the wavelength is long and the highest temperature is located at 

the waveguide bottom, the whole waveguide is warmed up and the temperature gradient 

along z direction is small. This is because air has a much lower conductivity compared 

with the glass substrate, and to conduct the same amount of heat away, it needs a larger 

temperature gradient.

4. CONCLUSIONS
In conclusion, a tapered waveguide absorber made of 13-pair Au-SiO2 multilayer 

is designed and the ultra-broadband absorption due to stop light phenomenon is realized 

experimentally. For the fabricated absorber sample with P = 1500nm and W = 250nm, 

the absorption can reach 95% in average covering the range of A = 1~6pm . A 

cladding/core/cladding planar waveguide model is used to explore the relation between 

the stop light wavelength and the waveguide width. The stop light can be achieved at a 

proper waveguide width where the forward and backward guide modes have the same 

effective index. And it turns out that the stop light wavelength increases linearly with the 

waveguide width. This linear relation can be also observed in the simulation results by 

reducing the Au loss manually and plotting out the magnetic field at each absorption peak 

wavelength. In experiment, the linear relation can be proved one more time by measuring 

the absorption range of the six fabricated waveguide absorber samples with different top 

width. The absorption range shrinks as the top width gets larger due to the red shift of the 

stop light wavelength at the top metal layer. The tapered waveguide absorber is proved to 

be angle-insensitive and polarization-independent by considering the absorption under 

angled incidence for TE/TM polarizations. And the heat generation fields and 

temperature fields are also discussed to show the designed absorber is practical in the 

applications of energy harvesting.
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SECTION

2. CONCLUSION

In conclusion, various metamaterial absorbers are explored and discussed in this 

project. Different mechanisms are analyzed in detail leading to the design and 

optimization of different absorbers to achieve narrowband or broadband absorption.

First, the metamaterial thermal emitter based on gold nanowire cavities is 

designed and analyzed to improve the overall efficiency of solar thermophotovoltaic 

(STPV) systems via optimizing the emission spectrum to be narrowband and with the 

emission peak located slightly above the bandgap of photovoltaic (PV) cells based on 

finite-element method simulations in COMSOL. The cavity resonant modes of both 

electric dipole and magnetic dipole are demonstrated in the metamaterial absorber and the 

temperature distribution by coupling the optical fields and thermal fields together is 

achieved. Theoretical analysis is performed to prove that the overall efficiency of the 

TPV system can reach Shockley-Queisser limit at a low emitter temperature of 940 K 

and even exceed Shockley-Queisser limit at higher temperature.

Second, a broadband perfect absorber made of ultrathin film working in visible 

and near-infrared (NIR) range is proposed and demonstrated. In theory, equations based 

on impedance transformation method are derived to guide the design; and in experiment, 

a silica-chromium-silica 3-layer absorber is fabricated to demonstrate the broadband 

perfect absorption. The measured absorption is above 90% over the wavelength range of 

0.4-1.4 pm which matches the theory very well, and the absorber is angle-insensitive and 

polarization-independent.

Third, another broadband absorber covering the visible and near-infrared (NIR) is 

proposed firstly utilizing the combination of the multilayer impedance match in the short 

wavelength range and the double resonances in the long wavelength range. An equivalent 

circuit (EC) model is developed to analyze and optimize the ultrabroadband absorber 

according to the transmission line theory for the multilayer impedance and the coupled 

lumped-element LC resonators for the resonance impedance.
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Finally, an ultra-broadband multilayer waveguide absorber is designed and 

studied via the stop light trapped at different waveguide width. The stop light mode is 

analyzed based on the waveguide mode theory considering the guided forward mode and 

backward mode at the same waveguide width position. An absorber sample is fabricated 

comprising of 13-pair gold and silicon dioxide layers, and the broadband absorption is 

measured by FTIR.

Each design mechanism makes the absorber tunable and controllable due to the 

accurate prediction in theory and simulation. The developed models and equations can 

guide the designing procedure and provide robust methods to further enhance the optical 

absorber performance.
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