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Abstract

Metamaterials are arti�cially engineered structure with unique electromagnetic prop-

erties that can not be found in nature. They have many potential applications, and

one of its most important applications is metamaterial absorbers. The designing of

metamaterial absorbers is based on simultaneous ex citations of an electric dipole and

a magnetic dipole resonances. Metamaterial absorber is typically a tri-layer structure

with top metallic patterns structured at a sub-wavelength scales, a bottom metallic

ground layer and a insulator layer in the middle. The top periodic structure functions

as electric resonators driven by the electric �eld of the incident electromagnetic waves.

The magnetic response of the structure is determined by the coupling of the two metallic

layers and the dielectric layer. The metallic ground plane needs to be thicker than the

skin depth to block any transmission. By altering the geometry sizes of the elements

in the structure, the e�ective permittivity and permeability can be tuned to match the

free space impedance, leading to a perfect absorption at certain wavelength.

In the past few years, due to the demands of chemical detection and biological

sensing, mid-infrared perfect metamaterial absorbers have been studied. For the broad-

band metamaterial absorber, we proposed a metal-dielectric-metal structure with top

metallic patterns based on uniform raindrop shape. The absorption spectra and elec-

tromagnetic �eld distributions of the structure were numerically calculated by the �nite

element method based on commercial package COMSOL Multiphysics. Then we de-

signed a braodband metamaterial absorber based on multiple sizes of raindrop shaped

resonators. The fabrication of the proposed metamaterial absorbers was performed by

E-beam lithography method. Following is the measurement of the absorption spec-

tra using Fourier transform infrared spectrometer and the comparison with simulation

results.

Also, a �ve-band terahertz absorber with high absorbance was proposed and de-

signed. The designed absorber is insensitive to both TE and TM polarization incident

waves. The physical origins of the characteristics exhibited by this absorber can be

attributed to dipolar and hexapolar resonances, as established by analyzing the elec-

trical �eld density. Moreover, the in
uences of the main structural parameters and
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con�gurations on the absorption frequencies were studied. By varying several struc-

tural parameters, such as square ring length, dielectric thickness, and cross length, the

absorption frequencies can be shifted to higher or lower values. In addition to the ad-

justment of absorption frequencies, the number of total resonance bands can also be

adjusted by revising the structural con�gurations.
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Chapter 1

Introduction

Electromagnetic metamaterials are arti�cially structured materials with subwavelength-

sized composite arrays of resonant structures which can not be found in nature [9].

The geometrical con�guration of each individual unit cell controls its electromagnetic

properties. By carefully designing the structure, metamaterials can display electric and

magnetic resonances at speci�c frequencies, which has attracted incredible attention.

1.1 Introduction of Metamaterials

Metamaterials can exhibit extraordinary electromagnetic e�ects due to the arrays of

sub-wavelength elements. The unique properties of metamaterials are induced by the

resonances of the sub-wavelength elements. Wave propagation in materials are domi-

nated by materials' properties, which are dielectric permittivity " , magnetic permeabil-

ity � , and conductivity � . In 1968, Veselago [10] for the �rst time theoretically studied

the propagation of plane waves in materials with negative" and negative � . He found

that the group velocity propagates in the opposite direction of the Poynting vector in

the medium of negative " and negative � , which is not the case for conventional ma-

terials. In 1999, Smith et al. [11] experimentally demonstrated the �rst material with

both negative " and � . Later, Pendry [12] explained the existence of negative refractive

index. After these works, plenty of research has been conducted in this �elds from mi-

crowave to optical spectrum regime of electromagnetic waves [13]. Metamaterials can

be characterized by e�ective complex permittivity " (w) = "1 (w) + i" 2 (w) and e�ective
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complex permeability � (w) = � (w)+ i� 2 (w) [2]. By carefully adjusting " (w) and � (w),

it is feasible to construct metamaterials that exhibit properties which are not exist in

nature, such as negative index of refraction and backward wave propagation [14]. Typi-

cally, metamaterials consist of periodic metallic arrays designed to generate resonances

at desired frequency. Unlike conventional materials that depend on material chemical

composition, the electromagnetic properties of metamaterials are strongly determines

by the structures themselves.

1.2 Metamaterial Absorber

By utilizing the dielectric loss in the metamaterials, high absorption of electromagnetic

waves can be achieved in order to exhibit perfect absorption. A perfect metamaterial

absorber (PMA) that can achieve perfect absorption of the incident EM waves, was �rst

proposed by Landyet al. [1] in 2008. As shown in Figure 1.1, the absorber consists of a

metallic split ring, a dielectric layer, and a cut wire. Experimental measurement shows

a peak absorption of 88% at frequency 11.5 GHz. The top layer split ring is made of

copper and can couple the incident electric �eld along the ground layer made by copper

cut wire at a speci�c frequency. The top layer and the ground plane are separated by

the FR4 dielectric layer. The anti-parallel currents in the top layer and the ground plane

generate the magnetic coupling in the FR4 dielectric layer. By tuning the thickness of

the dielectric layer and the dimensions of the split ring, speci�c frequency responses can

be achieved. In Figure 1.1, the red line represents the simulation results, and the blue

line displays the experimental measurement result.

Changing the thickness of the dielectric layer can alter the magnetic response of the

structure. The unit size of the structure can a�ect the frequency response [15], so the

absorption frequency can be tuned by adjusting the structure size. Since Landy proposed

this idea, extensive theoretical and experimental research on PMAs has been conducted.

The PMA structures have been altered by using a continuous ground metallic plane for

simplicity instead of the cut wire reported in Landy's research [1].

Because perfect metamaterial absorbers can be widely used in solar energy harvest-

ing [16, 5], plasmonic sensors [17], micro-bolometers [18, 19], imaging [20, 21], selective

thermal emitters [22, 23] and other areas, research on the absorber has been developed
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Figure 1.1: Absorber structure and its absorption spectra [1].

rapidly, from the original single-band absorber [1, 24] to the dual-band absorber [4, 25]

to the multi-band [26, 27, 28] or even broadband absorbers [29, 30, 31]. In the past few

years, the development of mid-infrared absorbers .[32, 33, 34] has been improved due to

the needs of sensing and chemical detection.

After Landy proposed the �rst metamaterial absorber, Tao et al. [35] experimentally

demonstrated a 
exible wide angle incidence of terahertz metamaterial absorber. This

absorber consists of two metallic layers separated by two dielectric layers, as shown in

Figure 1.2. The top layer is an array of gold solid ring resonators with a thickness

of 200 nm. The second gold layer as a ground plane is 200 nm thick. The dielectric

layer between the top gold array and the bottom gold ground plane is polyimide with

a thickness of 8 � m. The bottom dielectric layer is just the mechanical support of

the structure. Figure 1.2 displays the simulated absorption for TE and TM incident

radiation with various incident angles from 0� to 80� . For the TE mode, a peak absoption

of 99.9% is obtained and remains high absorption for the incident angles increasing to

50� . However for the TM mode, the peak absorption of the absorber is 99.9% and

remains higher than 99% for all angles of the incident electromagnetic waves.

In 2010, Tao et al. [3] combined two single band electric-�eld-coupled resonators

to achieve a dual band metamaterial absorber. As shown in Figure 1.3, the absorber

consists of a electric-�eld-coupled resonator on the top layer, a metallic ground plane,

and dielectric layer in the middle. In Figure 1.3, two distinct absorption peaks can be
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Figure 1.2: Terahertz metamaterial absorber structure and its absorptivity [2].

observed at 1.4 and 3.0 THz. The experimental results matches the simulation results

very well. By optimizing the geometries of the corresponding single electric-�eld-coupled

resonator, the two absorption peaks can be tuned individually.

Ma et al. [4] designed a dual band terahertz metamaterial absorber. It is a metal-

insulator-metal (MIM) structure, as displayed in Figure 1.4. The fabricated absorber

was characterized using a Fourier transform IR spectrometer. From Figure 1.4, it clearly

shows two distinct absorption peaks at 2.7 and 5.2 THz. The top layer arrays consist

of two concentric square rings. Due to its strong magnetic resonance, each square ring

can exhibit a distinct absorption peak. By combining them, two distinct absorption

peaks can be obtained. Moreover, compared to the structure in Taoet al.'s [3], the two

square rings structure is symmetric structure in the unit cell, which makes the absorber

independent to the polarization of the incident waves.

One of the most e�ective methods for multiple-band or broadband metamaterial

absorbers is to stack di�erent sizes resonator. In 2015, Abulet al. [5] designed a absorber

based on metallic metasurface structure with broadband and polarization independent

properties. The unit cell is complex and consist of multiple pairs of gold nano-resonators.
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Figure 1.3: Absorber structure and its absorption spectra [3].

Figure 1.4: Proposed absorber structure and its experimental measurement of absorp-
tion [4].
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As displayed in Figure 1.5, the experimental measurements reveal high absorption over

a wide range of incident angles for both TE and TM polarizations.

Figure 1.5: Fabricated absorber and extinction spectra [5].

Cui et al. [6] proposed a saw-toothed multiple layers metamaterial absorber function-

ing in the infrared region, as displayed in Figure 1.6. The wavelength absorption band

has a full width at half maximum (FWHM) of 86% at norm incident waves. The broad

bandwidth of the absorption is achieved by overlapping multiple resonances. Light of

higher frequencies is captured by the upper parts of the sawteeth structure, while light

of lower frequencies are harvested at the bottom parts.

Multi-layer structures have been demonstrated to generate a broadband absorption

greatly in terahertz [24] and microwave [36] regime. Due to the fabrication di�culties,

it would be hard to develop a absorber based on multiple layers structures for infrared

range. When the sizes of the resonators scale down to micro meters, the lithography

and alignment of multiple layers will be hard to achieve.
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Figure 1.6: Saw-toothed metamaterial absorber structrue and its absorption spectrum
[6].

For infrared range, some researchers have proposed broadband metamaterial ab-

sorbers based on using two di�erent sizes square shape resonators [37] or even four

di�erent sizes circular shape resonators[38] and cross shape resonators [39]. However, a

broadband metamaterial absorber based on raindrop shaped resonators has rarely been

reported.

1.3 Research objectives and thesis outlines

1.3.1 Research objectives

The objective is to design a broadband metamaterail absorber functioning in infrared

regime. The novel structure is based on raindrop shape resonator, which is di�erent

from common circular, square or cross shape, etc. and has not been proposed before.

By combine multiple sizes raindrop shaped resonators on the top layer, a wide band

absorption in infrared regime can be realized. Also, experimental fabrication based on

E-beam lithography of the proposed metamaterial absorbers is proceed to verify the

simulation results carried by COMSOL Multiphysics.

Also, in order to design a adjustable high-absorption multiple bands metamaterial

absorber to be bene�cial in a lot of engineering �elds, such as detecting and terahertz

imaging, a structure that can generated �ve absortion bands in the terahertz regime is
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proposed. The structure is MIM based structure and consists of a cross and four quarter-

sectional circular rings surrounded by a square ring within the top layer. The number

of total resonance bands can be adjusted by revising the structural con�gurations.

1.3.2 Thesis outlines

� Chapter 1 introduces the development of metamaterial absorbers and the goals

pursued in this thesis.

� Chapter 2 presents the theoretical background of metamaterial absorbers and

the �nite element method and its implementation in COMSOL. The simulation

method in COMSOL is also veri�ed by simulation a proposed metamaterial ab-

sorber in a reference paper.

� In Chapter 3, di�erent shape of resonators is studied and an idea to generate a

broadband absorption metamaterial absorber based on raindrop shape resonators

is proposed. The simulation results of the proposed broadband absorber function-

ing in infrared region is analysed.

� Chapter 4 describes the experimental realization of the proposed absorbers based

on E-beam lithography method .

� In Chapter 5, a �ve-band terahertz metamaterial absorber with a 
exible structure

is described and analyzed.

� Chapter 6 presents the �nal conclusions and future works.



Chapter 2

Metamaterial background

2.1 Electromagnetic Theory

The electromagnetic responses of materials to EM waves are critically determined by

the material permittivity " and permeability � . They play a important role in the EM

waves propagation in the medium. The electric permittivity determines the interactions

of the medium and electric �elds while the magnetic permeability de�nes the reactions

of materials to applied magnetic �elds. Because the structure in each unit has sub-

wavelength dimensions, the incident electromagnetic waves have e�ects on the overall

patterns instead of the single structure. Therefore, sub-wavelength periodic arrays can

be considered as a media with e�ective electric permittivity and e�ective magnetic

permeability.

The interactions between the incident electromagnetic waves and the structures can

be formulated using Maxwell equations. Maxwell equations form the basis of all matter

and light interactions. In 1865, James Clerk Maxwell [40] devised four main equations,

which are shown by following:

Gauss's Law: r �
�!
D = � (2.1)

Gauss's Law for Magnetism: r �
�!
B = 0 (2.2)

Faraday's Law of Induction: r �
�!
E = � @

�!
B
@t (2.3)

Ampere's Circuital Law: r �
�!
H = @

�!
D
@t +

�!
J (2.4)

where
�!
E is the electric �eld intensity ( V:m� 1),

�!
H is the magnetic �eld intensity ( A:m � 1),

9
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�!
D is the electric 
ux density ( C=m2),

�!
B is the magnetic 
ux density ( Wb=m2),

�!
J is

the electric current density (A=m). While in a source-free medium, there is no net

charge and no current, so� =0,
�!
J =0. Also, in a isotropic and homogeneous medium,

the electromagnetic constitutive relationships are expressed as following:

�!
D = "0

�!
E +

�!
P = "0 (1 + � e)

�!
E = " r "0

�!
E = "

�!
E (2.5)

�!
B = �

� �!
H +

�!
M

�
= � (1 + � m )

�!
H = � r � 0

�!
H = �

�!
H (2.6)

where " , " r and "0 are the electric permittivity of absolute, relative and free space re-

spectively, and � , � r and � 0 are the magnetic permeability of absolute, relative and free

space respectively.� is the conductivity expressed inS=m, � e is the electric susceptibil-

ity, and � m is the magnetic susceptibility. Thus, we can rewrite the Maxwell equations

as:

r � "
�!
E = 0 (2.7)

r � �
�!
H = 0 (2.8)

r �
�!
E = � �

@
�!
H

@t
(2.9)

r �
�!
H = "

@
�!
E

@t
(2.10)

With electromagnetic �eld
�!
E = E0e� iwt and

�!
H = H0e� iwt , substitute into the

above equations, we can get:

r �
�!
E = i!�

�!
H (2.11)

r �
�!
H = � i!"

�!
E (2.12)

Then, the wave equation for a isotropic and homogeneous medium can be derived

as following:

r �
�

r �
�!
E

�
� k2�!

E = 0 (2.13)

where k = nk0 is the wave number, k0 is the wave number of free space, n is the

refractive index of the medium which are de�ned as following:

n =
p

" r � r (2.14)
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Generally, permittivity and permeability can be expressed to be complex and disper-

sive as function of frequency, i.e." (w) = "1 (w) + i" 2 (w) and � (w) = � (w) + i� 2 (w).

so the wave impedance can be expressed as following:

Z =

r
�
"

(2.15)

Most materials that exist in nature are characterized by positive" and � . A negative

index of refraction can be obtained if " and � are simultaneously negative. A material

with negative index of refraction is known as left-handed material and exhibits backward

wave propagation, i.e. the wave vector is opposite to the poynting vector, as shown in

Figure 2.1.

Figure 2.1: (a) Right-handed media:
�!
S and

�!
k in same direction. (b) Left-handed

media:
�!
S and

�!
k in opposite direction.

The permittivity and permeability of materials are essential to predict the electro-

magnetic response. The materials performance to electromagnetic �elds are thoroughly

determined by the values of them. Figure 2.2 shows four possible combinations" and �

of materials .

I." > 0; � > 0: A medium satis�es this condition is called double positive medium

(DPM). Electromagnetic waves can propagate through the media with both positive

permittivity and permeability. If the medium has complex permittivity, waves will

propagate and decay in the medium.

II. " < 0; � > 0: A medium with negative permittivity and positive permeability is
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termed as epsilon negative (ENG) material. Many plasmas display this characteristic.

Noble metals are common ENGs in the infrared and visible frequency region.

III. " < 0; � < 0: A medium that has both negative permittivity and permeability is

named a double negative (DNG) medium. It is also called left-handed medium. Media

with this property do not exit in nature. They have been demonstrated in arti�cial

structures. The direction of the wave propagation is opposite to the wave poynting

vector (
�!
E �

�!
H ).

IV. " > 0; � < 0: Materials with positive permittivity and negative permeability

can decay incident waves evanescently and can not sustain propagation modes. They

are called permeability negative (MNG) media. Some ferromagnetic materials with

resonances in microwave region have this phenomenon.

Figure 2.2: Combinations of materials electric permittivity and magnetic permeability
[7]
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2.2 Absorption equation and impedance matching

In order to calculate the absorption properties of the absorbers, the following equation

is used [41]:

A (! ) = 1 � R (! ) � T (! ) = 1 � S2
11 � S2

21 (2.16)

where A(! ) = absorption; R( ! ) = re
ection = jS11j2; T( ! ) = transmission = jS21j2;

S11(! )= scattering parameter of re
ection; S21(! )= scattering parameter of transmis-

sion. In simulations, the S-parameters are calculated from the power 
ow through the

ports, which are given by the following equations [42]:

S11 =
p

Power ref lected from port 1
p

Power incident on port 1
(2.17)

S21 =
p

Power delivered to port 2
p

Power incident on port 1
(2.18)

Due to the existence of the ground plane on the bottom layer, with thickness greater than

the skin depth, the transmission through the structure can be e�ectively suppressed,

which indicates S21(! )= 0. So the absorption equation can be altered to the following:

A (! ) = 1 � R (! ) = 1 � S2
11 (2.19)

To achieve perfect absorption without re
ection, the surface impedance of the whole

structure should be constructed in a way to match to the intrinsic impedance in free

space [43]. The free space impedance can be calculated by the following equations [44]

Z0 =
r

� 0

"0
=

s
4� � 10� 7

107=4�c 2 = 377
 (2.20)

where Z0 is free space impedance,"0 = 107=4�c 2 Fm � 1 is the permittivity of the free

space,� 0 = 4 � � 10� 7 Hm � 1 is the permeability of the free space.

The surface impedanceZ (! ) of the structure is calculated by the following equations

[45]:

Z (! ) = Z0

s
� r (! )
" r (! )

= Z0 (2.21)
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where � r (! ) = � 1 + i � 2 is the complex relative magnetic permeability, and " r (! ) =

"1 + i "2 is the complex relative electric permittivity. By tuning of the resonance to

achieve equivalent permittivity and permeability, the impedance of metamaterial can

match the free space impedance, the maximum absorption can be achieved once the

following condition established:

jS11 (! )j =

�
�
�
�
Z (! ) � Z0

Z (! ) + Z0

�
�
�
� = 0 (2.22)

2.3 FEM and its implementation in COMSOL

Due to the existence of the advanced numerical simulation techniques, we are able

to use the numerical method to design and optimize the geometrical parameters of

the metamaterial absorber. Numerical simulations have been developed as a powerful

method to design and optimize the structure and predict its behavior without fabrication

iterations. Moreover, it can reveal a lot of phenomena of the structures which can not

be fully observed by experimental measurements.

Commercial �nite element software COMSOL Multiphysics was used to perform the

full-wave three-dimensional simulations and study the EM properties of the proposed

MA structures. The �nite element method (FEM) that can handle complex materials

and geometries is described by partial di�erential equations and widely used in electro-

magnetic calculation areas. The basic idea of FEM is to divide a continuous physical

structure into small and �nite elements. The corner points of each elements are called

nodes. The unknown functions of these nodes need to be determined. By using the nodal

values, the values inside the �nite elements can be recovered. For MA simulations in

COMSOL Multiphysicals, the following are the basic modeling steps.

I. De�ning the MA parameters and structure. COMSOL provides two ways to de�ne

constants and expressions: one is global de�nitions and the other one local de�nitions.

Depending on the types of constants and expressions, one can choose to use local or

global de�nitions for convenience. The software has a built-in geometry module which

can be used to perform 2-D and 3-D modeling, such as block, cone, cylinder, sphere,

etc. Booleans and partitions, such as union, intersection, di�erence and compose, can

be used for modeling irregular structures. The 3-D unit cell MIM MA structure is

shown in Figure 2.3. The unit cell consists of a metal ground plane on the bottom, a
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metallic raindrop disk above the ground plan, separated by a dielectric layer. Above

the raindrop disk is the air layer. Perfectly matched layers(PML) are placed on the top

of the structure to absorb all outgoing waves.

Figure 2.3: 3-D Unit cell structure of metamaterial absorber

II. Setting the sub domains. The unit cell of the whole structure is divided into

di�erent sub domains. In each sub domain, one can de�ne the materials properties. The

refractive index, permittivity, permeability, etc. can be de�ned from material library in

COMSOL or speci�ed by the user. PML is de�ned on the top domain to absorb any

re
ection from the exterior boundaries.

III. Setting boundaries. One can only simulate one unit cell of the MA structure

by applying periodic boundary conditions to four vertical sides. Here, Floquet periodic

conditions are applied. Between the interface of the PML domain and air domain is

set to be port boundary condition. The port condition can specify the incident wave

and compute re
ection coe�cients. To determine the re
ection of the structure, the

S-parameter from the port boundary condition is used. Following is the formula for the

S-parameters:

S11 =

R
port 1 ((Ec � Er ) � Er � ) dA1

R
port 1 (Er � Er � ) dA1

(2.23)
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where Ec and Er are the electric patterns on port 1.

IV. Meshing. The mesh module has multiple mesh elements for users to choose,

such as tetrahedral, hexahedral, pyramid and etc.. The mesh sizes can be controlled

by the user de�ned parameters under the mesh interactive window. Each domain can

have its own mesh elements and mesh sizes. Due to strong �eld enhancement near the

MIM layers, the mesh sizes are more re�ned within the layers in order to achieve higher

accuracy.

Finally, Solving. The PARDISO solver is chosen for the calculation. Compared to

other direct solves, such as SPOOLES, the PARDISO solver is more e�cient and robust

for linear systems of equations. The parametric sweep function is used to calculate

absorptions of the structure under di�erent wavelengths.

2.4 Simulation Method Veri�cation

Fei Ding et al. [8] reported broadband near-infared metamaterial absorbers for near

infrared frequencies. Their simulation results clearly show that three prominent ab-

sorption peaks at locations 635 nm, 730 nm, and 1965 nm can be clearly observed.

Commercial �nite element software COMSOL Multiphysics is used to validate the

accuracy of the model with the theoretical observations. Figure 2.4 shows the structure

and the absorption spectra of the simulated model. In the simulation test, a size of the

square unit cell of the metamaterial absorber is set to 600 nm. The diameter of the top

gold disk is 400 nm. The thicknesses of the top gold layer and the bottom gold layer are

30 nm and 100 nm, respectively, separated by a 160 nm thin �lm middle layerSiO2.

Periodic boundary conditions are applied on the vertical sides. The incident wave is set

to be the plane wave norm to the top surface with the polarization along x direction.

The absorption spectra are calculated by performing COMSOL Multiphysics. As

shown is Figure 2.5, the calculated absorption spectra shows similar trends as displayed

in reference [8].
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Figure 2.4: Schematic of the perfect infrared broadband absorber with its simulated
absorption spectra [8].

Figure 2.5: Simulated absorption spectra withSiO2 thickness (a) 20 nm, (b) 160 nm.



Chapter 3

Design of Broadband

Metamaterial Absorbers for

Infrared Frequencies

3.1 Introduction

In this chapter, we �rst studied and analysed the e�ects of di�erent shaped resonators on

the absorption properties. Also, a new array pattern for the top layer based on raindrop

shape is proposed. While the most popular shape has been circular, we transformed the

design into a raindrop shape. As opposed of the full symmetricity of a circular shape,

we aligned the raindrop to be symmetric along the 45� line. Based on our theoretical

exploration of tailoring the symmetricity and uniformity of the metallic micron raindrop

shaped disk on the top, the absorption band can be broadened. By changing the circular

shape to raindrop shape, the MIM based absorber has been predicted to generate two

absorption peaks with signi�cantly broadened absorption bandwidth. Subsequently, we

found that even wider spectra could be achieved if the top layer is built with a periodic

arrangement of the unit cells containing di�erently sized raindrop-shaped disks. This

leads to a wider bandwidth of higher than 50% absorbance ranging from 2.80� m to

3.90 � m.

18
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3.2 Metamaterial absorbers with varied shape

3.2.1 Circular disk, square and cross shaped resonators

As the �rst step of our study, we studied the MIM structure with the top layer �lled

with a uniform arrangement of circular, square and cross disks. Figure 3.1 shows the

unit cell schematic of three di�erent shapes of MA structure. For the structure we

adopted in our modeling, the thickness of the gold ground plane on the bottom is 100

nm and the thickness of the periodic gold arrays on the top is 45 nm, separated by 60

nm dielectric spacerSiO2 with a constant refractive index of 1.45, which is considered

to be lossless [8]. The period lengthp1 of each cell is set to be 1.5� m. The related

structure parameters are shown in Table 3.1. A Lorentz-Drude model was used for the

gold material [46]. The incident wave was set to be plane waves parallel to the X-Z plane

with TE polarized along the Y direction. Periodical boundary conditions were applied

on the vertical sides of the structures. Port boundary condition was used between

the interference of the PML layer and air layer. The wavelength dependent re
ection

parameter R(� ) was obtained from the S-parameter of the port and the absorption of

the structure was calculated by A(� ) = 1 - R( � ). Due to the exist of the bottom ground

layer, which is thicker than the skin depth at the desired wavelength range, the total

transmission is close to zero.

Table 3.1: Structure parameters (unit: nm)
d a p t1 t2 t3
1000 500 1500 45 60 100

3.2.2 Absorption properties analysis

Figure 3.2 shows the simulated absorption spectra of structures with di�erent top metal-

lic arrays. The incident EM waves are parallel with X-Z plane and normal to the surface

with TE polarized along Y direction. The absorption peak for circular, square and cross

shapes are 3.72, 4.38 and 3.90� m respectively. In order to further understand the physic

origins of the absorbers, the electric �eld and magnetic �eld distributions are investi-

gated.
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Figure 3.1: Schematic unit cell structure of three di�erent shapes: (a) circular, (b)
square, (c) cross.

Figure 3.2: Simulated absorption spectra of structures with di�erent top metallic arrays.
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Figure 3.3 shows the electric �eld distribution at the interface of top metallic res-

onators and the dielectric layer at each resonance wavelength. The electric �eld dis-

tributions in Figure 3.3 clearly display the excitation of an electric dipole resonance

at the resonant wavelength. Figure 3.4 shows the magnetic �eld distribution of the

Z-Y cross section of the structure, and Figures 3.5(a),(b), and (c) display the magnetic

�eld distribution of the cross section along the X-Y plane. Figures 3.5(d),(e), and (f)

show the current 
ow directions of di�erent shape structures. As shown in Figure 3.4,

the magnetic �eld is strongly excited in the dielectric layer between the top and bot-

tom metallic layers. From Figures 3.5(d),(e), and (f), opposite oriented currents are

formed in the top metallic patterns and bottom metallic ground plane. The induced

anti-parallel currents in the top metallic patterns and bottom metallic ground plane

yield strong localization magnetic �eld in the dielectric layer. This circulating current

is known as magnetic resonance [47], resulting in an arti�cial magnetic moment that

strongly interact with the magnetic �eld of the incident EM waves. As shown in Figure

3.5(a),(b), and (c), the magnetic �eld is strongest between the top metallic patterns and

bottom metallic ground plane. As a result, the energy from incident EM waves can be

e�ciently trapped in the dielectric layer.
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Figure 3.3: Electric �eld distribution jEy j at the interface of the top metallic resonators
and dielectric layer at the resonant wavelength of di�erent shape resonators: (a) circular
disk; (b) square; (c) cross.
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Figure 3.4: Magnetic �eld distribution jHx j at the resonant wavelength of di�erent
shape resonators: (a) circular disk; (b) square; (c) cross.
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Figure 3.5: Magnetic �eld distribution jHx j at the resonant wavelength of di�erent
shape resonators at the cross section of the dielectric layer: (a) circular disk; (b) square;
(c) cross. Current 
ow direction in the resonators and bottom ground plane: (d) circular
disk; (e) square; (f) cross.
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3.3 Uniform raindrop shaped resonators

3.3.1 Uniform raindrop shaped resonators with same pointing direc-

tions

For the top layer of circular resonator, replacing the upper right quarter of the circle disk

by a square disk can generate a broadband absorption. Figure 3.6 shows the schematic

unit cell structure of the raindrop resonator. The radius d is 1000 nm, and the rest

parameters are same as previous resonators.

Figure 3.6: Schematic unit cell structure of the raindrop resonator.

Figure 3.7 shows the absorption spectra of raindrop shape resonator and circular

disk resonator. From Figure 3.7, as the black curve shows, we can clearly see that the

circular disk resonator exhibits only one absorption peak at the wavelength of 3.72� m

with absorption intensity reaches to 99.8%. Meanwhile, the raindrop shape resonator

presents two absorption peaks with the absorption of 90.0% and 86.5% at the wavelength

of 3.75 � m and 4.02 � m respectively, which is shown as the red curve in Figure 3.7.

The FWHM with respect to the center frequency of the circular disk resonator is 12.1%

from 3.50 � m to 3.95 � m. While for raindrop absorption spectrum, as the red curve

shows, the FWHM of the raindrop shape resonator is 21.0% from 3.50� m to 4.32 � m.

Figure 3.8 shows the electric �eld distribution jEy j at the interference of the dielectric

layer and the raindrop shaped resonators. The electric �eld distribution at two chosen

resonant wavelengths 3.75� m and 4.02 � m are shown in Figure 3.8(b) and (c) respec-

tively. We can clearly tell from the electric �eld distribution that the electric dipole
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Figure 3.7: Simulated absorption spectra of circular disk and raindrop shape resonators.

resonance was excited at resonant wavelength of 3.75� m due to the circular shape part,

as shown in Figure 3.8(b). And another electric dipole resonance was excited at the

wavelength of 4.02� m, which was caused by the exsit of the right upper square shape,

as shown in Figure 3.8(c). So, for raindrop shape resonator, two dipole resonance can

be excited by the electric �eld of the incident EM waves compared to the circular disk

resonators.

Figure 3.9 shows the magnetic �eld distributions at the two absorption peaks at the

wavelenths of 3.75� m and 4.02� m. And Figure 3.10 shows the corresponding current

density at the wavelenths of 3.75� m and 4.02 � m. From Figure 3.9, it clearly shows

the magnetic �elds distrubution is localized and strongest in the dielectric layer. Driven

by the magnetic �eld of the incident EM waves, the magnetic dipole resonance was

induced between raindrop resonators and the ground plane with anti-parallel currents

formed between them, as shown in Figure 3.10. In Figure 3.10(a), at resonat wavelength

3.75 � m, shown by the blue arrows, the current 
ows from right to left in the raindrop

resonators, while in the bottom ground plane, the current 
ows from left to right. It
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Figure 3.8: The electric �eld distributions at the interference of the dielectric layer and
raindrop resonators

is clear to tell that the current 
ow direction are opposite in the raindrop layer and

bottom ground plane, which results in the magnetic �eld in the dielectric layer. While

at resonant wavelength 4.02� m, similar phenomenon can be observed from Figures

3.10. The induced currents can result in a magnetic dipole moment to interact with the

magnetic �eld of the incident waves [48].If the electric dipole resonance and magnetic

dipole resonance occur at the same frequency, the metamaterial structure will obtain

strong localization of elctromagnetic energy. Perfect absorption can be achieved by

tuning the resoance frequency of optical impedance to match free space impedance. In

order to achieve perfect absorption for the raindrop shape resonator, the thickness of

the SiO2 layer needs to be further adjusted.

However, the raindrop shape resonator with same pointing direction will only have

one line of symmetry, which aligns 45� with x axis. So the structure is sensitive to the

azimuthal angles of the incident waves. The absorption spectra with di�erent azimuthal

angles under normal incidence are shown in Figure 3.11. The incident wave is set to be

plane wave in xz plane with TE polarized along y direction. From the Figure 3.11, it
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Figure 3.9: The magnetic �eld distributions jHx j at two absorption peaks.

Figure 3.10: Surface current density of the cross section.
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can be see that only one absorption peak is achieved when the azimuthal angle is set

to be 45� . So the con�guration of the structure needs to be reconstructed in order to

make the unit cell has more symmetries.

Figure 3.11: Absorption spectra with di�erent azimuthal angles under normal incidence.

3.3.2 Uniform raindrop shaped resonators with di�erent pointing di-

rections

In order to make the absorber insensitive to the azimuthal angles of the incident angles,

four same size raindrop shaped resonators are combined into one unit cell with pointing

directions outward to each corners of the unit cell, as shown in Figure 3.12. The period

length p of each cell is set to be 3.0� m and the diameter of each circular disk is still

set to be 1.0� m. Each of them is located in one of the four quadrants, o�set from the

center by 0.75� m in both directions.

Figure 3.13 shows the simulated absorption spectra of MIM structures with the

uniform circular and the uniform raindrop disk arrays. For the structure topped with

the circular micron disk arrays, as the black curve shows, the peak absorption reaches

99.6% at the wavelength of 3.72� m Meanwhile, the one containing the raindrop-shaped

arrays presents two peaks with the absorption of 92.4% and 95.3% at the wavelength

of 3.68 � m and 4.06 � m respectively, which is shown as the red curve in Figure 3.13.
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Figure 3.12: Schematic structure of the designed unit cell with raindrop shaped disk

Figure 3.13: Simulated absorption spectra of circular and raindrop disk arrays.
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Figure 3.14 displays the electric �eld jEyj and magnetic �eld jHx j distributions of

raindrop-shaped resonator at absorption peaks of 3.68� m and 4.06� m As indicated in

Figure 3.14(a), Figures 3.14(b) and 3.14(c) show the electric �eld intensity distribution

jEyj at the interfaced between the metallic particle layer and the insulator spacer at

the resonance wavelengths 3.68� m and 4.06 � m, while Figures. 3.14(e) and 3.14(f)

are the magnetic �eld intensity distributions at the two resonance wavelengths of the

cross section area, indicated by Figure 3.14(d). The symmetricity changing from a

circle to a raindrop shape generates the extra absorption peak in the raindrop shaped

absorber. The electric �eld distributions jEyj of Figure 3.14(b) and 3.14(c) clearly show

the excitation of electric dipole resonances at two resonant wavelengths. The magnetic

�eld distributions jHx j of Figure 3.14(e) and 3.14(f) show the localization of magnetic

�eld in the insulating layer which is caused by oppositely oriented current sheets on the

disk and the ground plane [49].

Figure 3.14: jEyj and jHx j �eld distributions at absorption peaks of 3.68 � m and 4.06
� m.

As shown in Figure 3.15(a), the sizes e�ect on the absorption spectra of the raindrop

shape absorber is studied. It shows a tunable range of two resonant wavelengths with

a �xed size of period p. Increasing the size d of the raindrop shape disk results a red

shift of the absorption peaks. For d = 1000 nm, two absorption peaks are achieved at

resonant wavelengths of 3.68 and 4.06� m. The two absorption peaks shift to lower

wavelengths of 3.02 and 3.34� m for the case of d = 0.8 � m. The smaller size of the
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raindrop shape disk can result in a lower capacitance of the structure. Figure 3.15(b)

shows the absorption spectra with di�erent thickness of dielectric layer. It can be seen

that the peak absorptions can be shifted to smaller resonant wavelengths by increasing

the thickness of the dielectric layer. The increase of the thickness of the dielectric layer

can result in a blue shift of the resonances and the optimization of the absorption. When

the thickness of the dielectric layer reaches 90 nm, the two peak absorptions can exceed

99.9%. With the increase of the dielectric layer, or the decrease of the raindrop shape

disk size, the capacitance of the resonator decreases which results the resonant frequency

w = 1=
p

LC increases, corresponding to the decrease of the wavelength, where L and C

are the inductance and capacitance of the structure respectively [49].

Figure 3.15: Absorption spectra with (a) varied sizes d of raindrop shape, and (b) varied
thickness of dielectric layer.

The absorption spectra of the varied incident and azimuthal angles are displayed in

Figure 3.16. Two absorption peaks indicated by two red strips remains high absorption

under TE polarization for the incident angles � up to 30 degrees. And the position

of the two absorption peaks is still maintained. Due to its four-fold symmetricity, the

structure is not sensitive to polarizations. As shown in Figure 3.16(b), the absorption

peaks remain the same with di�erent azimuthal angles under normal incidence.



33

Figure 3.16: (a) Absorption spectra with varied incident angles� while azimuthal angle
� = 0 � . (b) Absorption spectra with varied azimuthal angles � under normal incidence.
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3.4 Design of a broadband metamaterial absorber

Due to the fact that each shape of resonator can generate resonance at speci�c wave-

length, a broadband absorption can be achieved by combining two di�erent shapes into

one unit cell. Figure 3.17 shows the schematic unit cell of the combined resonators.

The whole top metallic layer is formed by aligning these unit cells periodically and ad-

jacently. In each unit cell, the raindrop shaped disks with di�erent sizes d = 1.0 � m

and d1 = 0.80 � m are each located in one of the four quadrants, o�set from the center

by 0.75 � m in both directions, as shown in Figure 3.17. In order to achieve the maxi-

mum absorption, the thickness of dielectric layerSiO2 is modi�ed to 0.18 � m while the

thicknesses of the top gold raindrop arrays and the ground plane stay the same.

As shown in Figure 3.17, all the raindrop shape disk point to the same direction.

The structure can achieve the highest absorption when the azimuthal angle is zero

degree with normal incidence under TE case. However, the absorption intensity greatly

decreases when the azimuthal angle is 45� .

Figure 3.17: Schematic unit cell with resonators pointing in same direction.

As shown in Figure 3.18, the raindrop shape disks with same size is set to be along

the same diagonal line. As the blue curve indicates, the absorption intensity is greatly
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reduced when the azimuthal angle is 45� .

Figure 3.18: Schematic unit cell with same sized resonators aligned diagonally

Among the four raindrops in each unit cell, the two horizontal ones are sized di�er-

ently while the two vertical ones are the same, as shown in Figure 3.19. The di�erence

between this con�guration and previous two con�gurations is that raindrop shape disks

with same size can be overlapped by rotating 90� along the center of the unit cell.

Figure 3.19: Schematic unit cell with same sized resonators aligned vertically

From Figure 3.20, it can be seen that a wider absorption band is achieved by mul-

tiplexing two di�erent sizes of raindrop disks into one unit cell. As displayed by Figure

3.20, even the structure is not four-fold symmetric, it still remains wide absorption for
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di�erent azimuthal angles. As shown in Figure 3.21, the structure maintains high ab-

sorption for the incident angles up to 30� . The absorption wavelength from 2.80� m to

3.90 � m is covered with absorption higher than 50%.

Figure 3.20: Absorption spectra with di�erent azimuthal angles � under normal inci-
dence.

Figure 3.21: Absorption spectra with di�erent incident angles � while azimuthal angle
� = 0 � .
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3.5 Conclusion

In conclusion, resonators with di�erent shapes can generate di�erent resonant wave-

length. Broadband metamaterials absorbers topped with on raindrop shaped submicron

disks have been theoretically investigated. Compared to circular disk absorber, the uni-

form raindrop shaped absorber can achieve two absorption peaks with wider absorption

bandwidth. Furthermore, by breaking the uniform arrangement of the raindrop disks

and setting those disks with two di�erent sizes, it turned out that the absorption spec-

trum could be further broadened. The absorber with two di�erent sizes raindrop shaped

disks multiplexed can achieve absorption above 50% at band ranges from 2.8� m to 3.9

� m.



Chapter 4

Experimental Realization

4.1 Introduction

The previous chapter described the proposed metamaterial absorbers by using com-

putational modeling and simulation method. Compared to uniform circular disk that

possesses only one absorption peak, the uniform raindrop shaped disk can achieve a

broadband absorption. By combining two di�erent sizes raindrop shaped resonantors

into one unit cell, an even broader absorption band can be achieved.

In this chapter, we demonstrate a metamaterial fabrication process based on E-beam

lithography method. The proposed metamaterial absorber devices were fabricated by

E-beam lithography, imaged by Scanning electron microscopy (SEM) and the absorption

of the devices were measured by Fourier Transform Infrared Spectroscope.

4.2 Fabrication of proposed absorbers

E-beam lithography method can have high control over the resonator's size and shape,

and is widely used to fabricate infrared metamaterial absorbers [30]. The absorbers

with varied shapes proposed in previous chapter are fabricated and measured, as shown

in Figure 4.1.

Figure 4.2 shows the E-beam lithography fabrication process of the metamaterial

absorber device. The fabrication size for each pattern is 0.5 mm x 0.5 mm. There are

six steps in general which are described in details as following.

38
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Figure 4.1: Schematic of metamaterial absorber structures

First step: A thickness of 10 nm Ti layer was deposited on a clean silicon wafer by

using the AJA2 sputtering system for adhesion layer. Then gold with thickness 100 nm

and SiO2 with thickness 60nm were deposited on the Ti layer. The AJA2 sputter system

sputters materials from source targets to substrates utilizing ionized gas (Ar,O2, N2) ,

and it is an very e�ective physical vapor deposition technician for depositing thin �lms.

There are six shuttered guns on the system: 3 RF (Radio Frequency), and 3 DC. DC

sputtering used DC volts and is mainly used when deposing conductive materials. While

RF power is AC and can be used for both conductive and non-conductive materials.

During sputtering process, RF guns were used for depositing Ti andSiO2 layer, and

DC gun was used to deposit gold. Because gold can not stick on the surface of silicon

wafer very well, the adhesion layer Ti is needed here. For Ti deposition, 50 sccm Ar 
ow

was used and the pressure is set to be 5 mTorr. The deposition rate was 7 nm/min, and
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86 seconds were used. We depositedSiO2 for 5538 seconds with 0.65 nm/min deposit

rate under 5 mTorr pressure, 48 sccm Ar 
ow and 2 sccm O2 
ower. Finally, 10 nm

thickness Ti layer, 100 nm gold layer and 60 nm thicknessSiO2 layer were achieved.

Second step: Poly(methyl methacrylate) (PMMA) was used as an E-beam positive

resist. PMMA C2 was spun on a spin coater at 1500 rmp for 30s, which roughly

deposited a 150 nm thickness resist thin �lm. Then, the sample was baked on a hot

plate for 120s at 180� .

Third step: The desired patterns created by Clewin5 were exposed to the PMMA

layer by E-beam lithography. The model name of the E-beam machine used in this

process is Vistec EBPG5000+ system. The dose current was set to be 1200� C/ cm2 at

100 kV.

Fourth step: After E-beam lithography, the sample was removed from the E-beam

machine and developed in 3: 1 isopropanol : methyl isobuty1 ketone (IPA:MIBK)

solution for 40 s. Then the sample was rinsed in pure IPA solution and dried in nitrogen

stream from a nitrogen gun. After the development, the areas exposed to electron beam

were removed.

Fifth step: A 5 nm thin Ti layer and a thickness of 45 nm gold layer were deposited

on the sample by E-beam evaporation in CHA E-beam evaporator system.

Sixth step: A lift-o� process was performed after we removed the sample from the

CHA evaporator once the gold layer is deposited.The sample was dipping in N-Methy-

2-Pyrrolidinone (NMP) for 20 minutes at 90 � . So the remaining PMMA layer on the

top can be removed.
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Figure 4.2: MA fabrication process based on E-beam lithography method
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4.3 Scanning electron microscopy

SEM was used to characterize the fabrication results of the structure. Figures 4.3, 4.4,

and 4.5 shows the SEM images of the fabricated devices. In the measurement, top views

of the structure from SEM were recorded. The circular, square and cross disks patterns

are shown in Figure 4.3. The raindrop shaped absorbers with same size in each unit cell

are shown in Figure 4.4, while Figure 4.5 displays the the raindrop shape absorber with

di�erent sizes in each unit cell and di�erent con�gurations.

Figure 4.3: SEM images of the fabricated devices: (a) circular, (b) square, (c) cross
disks.
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Figure 4.4: SEM images of the fabricated raindrop shape absorbers with same size in
each patterns and di�erent con�gurations (a) 1.0 � m, (b) 0.8 � m, (c) 1.0 � m, (d) 0.8
� m.
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