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Abstract 

Intense developments in optical metamaterials have led to a renaissance in 

several optics fields. Metamaterials, artificially structured media, provide several 

additional degrees of freedom that cannot be accessed with conventional materials. For 

example, metamaterials offer a convenient and precise way to explore a wide range of 

refractive indices, including negative values.  

In this dissertation, I introduce the idea of metamaterial based diffractive optics. 

Merging diffractive optics with metamaterials has several benefits, including access to 

almost continuous phase profiles and a wide range of available controlled anisotropy. I 

demonstrate this concept with several examples. I begin with an example of 

metamaterial based blazed diffraction grating using gradient index metamaterials for λ 

= 10.6 μm. A series of non-resonant metamaterial elements were designed and fabricated 

to mimic a saw-tooth refractive index profile with a linear index variation of 3.0n∆ = . 

The linear gradient profile is repeated periodically to form the equivalent of a blazed 

grating, with the gradient occurring across a spatial distance of 61 μm. The index 

gradient is confirmed by comparing the measured magnitudes of the -1, 0 and +1 

diffracted orders to those obtained from full wave simulations.  



 

v 

 

In addition to a metamaterial grating, a metamaterial based computer-generated 

phase hologram was designed by implementing the Gerchberg-Saxton (GS) iterative 

algorithm to form a 2D phase panel. A three layer metamaterial hologram was 

fabricated, with the size of 750 μm × 750 μm. Each pixel is comprised of 5 5×

metamaterial elements. This simple demonstration shows the potential for practical 

applications of metamaterial based diffractive optics. 

The demand for compact and integrated optoelectronic systems increases the 

urgency for optical components that can simultaneously perform various functions. This 

dissertation also presents an optical element capable of multiplexing two diffraction 

patterns for two orthogonal linear polarizations, based on the use of non-resonant 

metamaterial cross elements. The metamaterial cross elements provide unique building 

blocks for engineering arbitrary birefringence. As a proof-of-concept demonstration, I 

present the design and experimental characterization of a polarization multiplexed 

blazed diffraction grating and a polarization multiplexed computer-generated 

hologram, for the telecommunication wavelength of λ = 1.55 μm. A quantitative study of 

the polarization multiplexed grating reveals that this approach yields a very large 

polarization contrast ratio. The results show that metamaterials can form the basis for a 
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versatile and compact platform useful in the design of multi-functional photonic 

devices.  

The examples I have mentioned only provide a glimpse of the opportunities for 

metamaterials. I envision more compact optical devices, with greater functionality, being 

realized with metamaterials. 
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1 Introduction 

“Dream bigger” has constantly been a driving principle for the metamaterials 

community since the first experimental demonstrations of negative index of refraction in 

2000 [1, 2]. Invisibility cloaks [3] and illusion optics [4] are no longer considered science 

fiction but serious research topics nowadays. In particular, the invention of the 

invisibility cloak [5] has captured the attention of scientists and laymen alike, triggering 

intensive research activities and fueling the imagination of the public. The technique 

allowing all these magical devices to become available is called transformation optics 

(TO) [6]; it provides a recipe to calculate the material parameters necessary to guide the 

light such that it travels in unconventional ways. The concept of the transformation 

optics is very powerful as it provides a general approach to control the trajectory of light 

path at will. However, TO devices are very difficult to experimentally realize because of 

the limited range of optical properties of conventional materials. The invention of 

metamaterials brings us hope for making such a fantasy into a reality. 

In recent years, metamaterials have attracted considerable attention, driven by 

the many speculative applications enabled by emerging concepts such as negative 

refractive index [7] and transformation optics [8, 9]. Negative refractive index materials 

allow us to build lenses that can achieve a resolution beyond the diffraction limit [10]. 
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Transformation optics can have applications in novel imaging systems, concentrators 

[11] and invisibility cloaks [12]. Artificially structured metamaterials provide a broad 

and flexible platform for exploiting exotic optical properties with which light 

propagation may be controlled in ways not possible with conventional materials. 

Metamaterials also have the potential to improve existing optical devices [13-15] and 

systems as they provide a precise and systematic way to engineer a wide range of 

optical properties. In particular, large refractive indices as well as large index contrasts 

can be readily achieved with metamaterials [16, 17]. In addition, metamaterials can form 

the building blocks of multi-functional optical devices, such as a wavelength 

multiplexed metamaterial holograms [18].  

TO devices often rely on metamaterial structures that are difficult to fabricate or 

extreme optical properties that are extremely sensitive to fabrication errors and exhibit 

significant optical losses. These challenges increase when the applications move to 

optical frequencies. Therefore, the development of TO devices for optical frequencies is 

impractical without thorough experimental studies on simpler metamaterial optical 

devices. Diffractive optical elements (DOEs) seem to be good candidates from this 

perspective. Diffractive optical elements are optical components that shape the 

wavefront and most of their behavior can be precisely described by a well-established 
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scalar diffraction theory. This characteristic is very important as it helps reduce the 

complexity of the problem. Coincidentally, during the development of metamaterial 

diffractive optical elements, we discovered that metamaterials can in turn improve 

diffractive optical elements as well. 

This dissertation is therefore motivated by two perspectives. The first is the 

material perspective. What material parameters are available for non-resonant infrared 

metamaterials? What deviations of the material parameters are caused by the fabrication 

errors? How reliable is the homogenization procedure when material parameters are 

varied spatially? The second is the device perspective. How much can we improve 

DOEs using the metamaterials approach? The study of optical metamaterials via 

diffraction optics serves these two purposes.  

The dissertation is organized as follows. The second chapter discusses the theory 

of optical metamaterials. The third chapter surveys several existing technologies to make 

diffractive optical elements (DOEs), where the key figures of merit include the number 

of phase levels that can be fabricated and the functionalities that can be integrated 

within a single optical component. The fourth chapter demonstrates a metamaterial 

based blazed grating and a computer-generated hologram at mid-infrared frequency. I 

present the design, fabrication, and characterization of such metamaterial based 
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diffractive optical elements. The study of the grating not only shows the potential for 

optical metamaterials but also provides a quantitative evaluation of how the experiment 

agrees with the theoretical prediction. The fifth chapter explores the addition of a 

polarization degree of freedom to DOEs. I introduce the concept of metamaterial based 

polarization multiplexed diffractive optics. Using a metamaterial cross element, I 

designed metamaterials with desired birefringence so that a DOE can have independent 

phase responses with respect to two orthogonal linearly polarized lights. I implemented 

this concept in the design of a polarization multiplexed blazed grating and a computer-

generated phase hologram.  

The work in this dissertation focuses on metamaterials at infrared rather than 

visible frequencies because of relatively easier implementations in the fabrication. 

Moving this technology into visible frequencies presents two major challenges, 

fabrication and loss, both of which will be addressed in the following chapter. All the 

fabrication work was contributed by Dr. Talmage Tyler, a senior research scientist 

supervised by Dr. Nan M. Jokerst. My personal contributions include designs, 

simulations and experimental characterizations of various metamaterial based 

diffractive optical elements. 
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2 Optical Metamaterials 

Metamaterials, generally speaking, are artificially structured media that can be 

designed to control the electromagnetic response at will. Microscopically, light interacts 

with charged particles, electrons and nucleus, and different behaviors occur depending 

on the atoms and molecules present. However, the interaction between light and 

materials is usually characterized by homogenized properties, such as electric 

permittivity and magnetic permeability. Similarly, metamaterials are made of a 

collection of unit cells, with sub-wavelength sizes. Their behavior can be artificially 

designed by varying the shape and size of microscopic inclusions. Provided that the unit 

cells are much smaller than the wavelength, the interaction of light with the 

metamaterial can also be described by macroscopic effective homogenized properties. 

When light interacts with these unit cells, the resulting effects can be described by 

macroscopic and homogenized properties. What makes metamaterials so interesting is 

that the constitutive parameters can be precisely controlled at a subwavelength scale. In 

addition, many unique properties can be artificially engineered, such as very large 

refractive index gradients [17] and negative index of refraction [19]. Also, the magnetic 

response and nonlinear response [20] can be eventually integrated into optical devices, 

resulting in optical devices with multi-functionality.  
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Metamaterials have been well developed at microwave frequencies because of 

the relatively easy fabrication process. Pushing the technology towards optical 

frequencies is not so easy, however, for the following two reasons. First, the quasi-static 

approximation requires that the unit cell size should be much smaller than the operating 

wavelength, or else scattering from individual unit-cells can become non-negligible. A 

general rule of thumb is that the unit cell size should be at most ten times smaller than 

the effective wavelength in the materials. With such a restriction, unit cell sizes should 

be smaller than 100 nm for near-infrared applications and 50 nm for visible applications. 

The inclusion feature sizes must be even smaller with dimensions close to the limits of 

the best lithographic techniques, including electron-beam lithography. Second, metals 

are inherently lossy at optical frequencies. To compensate for the loss, some gain 

medium could be introduced in the design, but this is generally very challenging.  

Nevertheless, optical metamaterials are still very interesting. In particular, 

infrared metamaterials have the advantage of easier fabrication process and reasonable 

losses compared to the visible wavelengths. Metamaterials have the potential to rapidly 

be used in applications in mid-infrared and far-infrared frequencies because of the 

limited availability of materials having useful properties of those frequencies. In general, 
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optical components operating at mid-infrared and far-infrared are very expensive, 

creating a strong demand for materials with improved performance at lower cost.  

This chapter is devoted to understanding this powerful technology of optical 

metamaterials by reviewing its fundamental theory.  

2.1 Theory 

Microscopically, materials are collections of billions of atoms or molecules. Each 

individual atom or molecule has its own distinct properties. The microscopic properties 

of each individual atom or molecule are very difficult to measure and they are not useful 

in many applications. Macroscopic properties, on the other hand, are sufficient to 

describe the electromagnetic behavior of materials in most of situations.  

Regardless, understanding microscopic properties can provide many useful 

insights in predicting macroscopic properties for optical materials. And this is especially 

true when it comes to designing metamaterials.  Metamaterials are made of thousands of 

tiny metallic circuit elements. In this context, each individual circuit element can be 

analogous with individual atoms in a material. Designing optical properties for 

metamaterials is achieved by tuning the geometry of the metallic circuit elements. 

Therefore, we need a theory to bridge the gap between microscopic properties and 

macroscopic properties. Sec. 2.1.1 presents one method for relating the polarizability (a 
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microscopic property) to the dielectric constant (a macroscopic property). Sec. 2.1.2 

reviews some of the developments in effective medium theory, which is widely used for 

designing and analyzing composite materials. We will explain why some effective 

medium theories fail to model metamaterials. A more practical approach that takes 

advantage of numerical simulations will be described in Sec. 2.1.3.  

2.1.1 From microscopic to macroscopic electromagnetism  

In this section, we show one method for relating the polarizability (a microscopic 

property) to the dielectric constant (a macroscopic property) [21]. Consider a 

homogenous material that is excited by a uniform external field E. Microscopically, this 

homogenous material can be considered a collection of many electric dipoles. Here we 

assume that all electric dipoles are periodically arranged in a cubic lattice.  

Consider an imaginary spherical volume V that divides the material into two 

parts. The enclosed volume is taken as the microscopic area, with a spherical cavity that 

is large enough to include several discrete dipoles but small enough so that an electro-

static approximation can be applied. The volume beyond the sphere can be treated as a 

homogenous material. Then, the local field Eloc present at a dipole placed at the origin of 

the coordinate system can be described by,  

 loc internal ,= +E E E  (2.1) 
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where E represents the macroscopic applied electric field and Einternal represents the field 

that is produced by the dipoles within the cavity. 

The internal field Einternal is contributed by two parts. The first part is the sum of 

dipole interactions within the volume V and is denoted by Enear. The second part is the 

field induced by the macroscopic polarization P outside the volume V and is denoted by 

Ep. Consequently,  

 internal near .P= −E E E  (2.2) 

Inside the spherical volume V, the induced average electric field due to the polarization 

is 

 

Figure 2-1: Schematic diagram of the simple cubic lattice with a fictitious spherical 
boundary defining macroscopic part (open space) and a microscopic part (enclosed 

volume). A uniform electric field E is applied in the y-direction. 
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0

1 ,
3P ε

= −E P  (2.3) 

where 0ε is the electric permittivity of free space and the coefficient 1/3 corresponds to 

the depolarization factor for a sphere. The total dipole interactions within the volume V 

are difficult to calculate. But, fortunately, for dipoles located uniformly on a cubic lattice, 

Enear vanishes. For some other configurations where the dipole-to-dipole interactions are 

weak, such as dilute gases, Enear can also be ignored. Therefore, the local field acting on 

the atom at the center of the sphere at the can be described by 

 loc
0

1 .
3ε

= +E P E  (2.4) 

If the polarizability is identical for every dipole, the dipole moment is equal for all points 

on the cubic lattice. Assuming the system is linear and isotropic, the dipole moment of 

the central point is equal to the average dipole moment and is proportional to the 

polarizability dipoleα and the applied electric field Eloc on the molecules: 

 dipole 0 dipole loc 0 dipole
0

1 .
3

ε α ε α
ε

 
= = + 

 
p E P E  (2.5) 

The electric polarization P can then be obtained by summing up all the dipole moments 

in a unit volume. Suppose on average there are N dipoles per unit volume, the 

polarization can be described by 



 

11 

 

 dipole dipole 0
1 .
3

N Nα ε = = + 
 

P p P E  (2.6) 

Comparing Eq. (2.6) with the definition of the electric susceptibility eχ , 

 0 ,eε χ=P E  (2.7) 

we obtain the following relation: 

 
dipole

dipole

.11
3

e

N

N

α
χ

α
=

−
 (2.8) 

Using the definition of the dielectric constant, Eq. (2.8) becomes 

 dipole
0

dipole

1 .11
3

N

N

α
ε ε

α

 
 

= + 
 −
 

 (2.9) 

Eq. (2.9) can also be expressed in terms of the dielectric constant: 

 0
dipole

0

13 .
2N

ε ε
α

ε ε
 −

=  + 
 (2.10) 

This equation is known as the Clausius-Mossotti equation; it bridges the gap between a 

microscopic property dipoleα and a macroscopic property ε, providing a bottom-up 

approach for modeling and designing macroscopic optical properties. One example is 

the modeling of simple mixtures, which will be introduced in the following section.  



 

12 

 

2.1.2 Effective medium theory 

Theories to predict the optical properties of mixtures are well developed in thin 

film optics. The optical properties of mixtures can be easily analyzed in a simplified 

linear model. Consider a simple mixture with spherical inclusions inside a host material. 

Intuitively, one would think that the effective dielectric function of the mixture can be 

described by the linear superposition of the constituent properties; that is, eff j j
j

fε ε=∑ , 

where jf  is the volume fraction of the j-th constituent. 

However, in general, this simple approach fails to describe the optical behavior 

for most mixtures. Any scatterers inside the medium perturb the local fields and, 

therefore, the induced polarizations need to be taken into account in the model.  

Now, consider a simple mixture with two different kinds of dipoles that are 

randomly located on a cubic lattice. The polarizability can be described by 

 ( )0 1 1 2 2 loc .P n n Eε α α= +  (2.11) 

Using Eq. (2.4), we arrive at 

 ( )0 1 1 2 2
0

.3
PP n n Eε α α ε

 = + + 
 

 (2.12) 

According to the constitutive relation, we have 

 0 .D E E Pε ε= = +  (2.13) 
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The dielectric function of this simple mixture can then be calculated from Eq. (2.12) and 

Eq. (2.13), 

 ( )1 1 2 2
1 1 .
2 3

n nε α α
ε
−

= +
+

 (2.14) 

Combining Eq. (2.10) and Eq. (2.14), we find 

 1 2
1 2

1 2

1 11 ,
2 2 2

f fε εε
ε ε ε

− −−
= +

+ + +
 (2.15) 

where fi  is the volume fraction of the i-th constituent. This equation is the Lorentz-

Lorenz effective-medium expression.  

A general formula for the dielectric function of mixtures can be obtained via, 

 
( )
( ) ( )

,j hh
j

jh h h j h

f
L L

ε εε ε
ε ε ε ε ε ε

−−
=

+ − + −
∑  (2.16) 

where jf is the filling factor of the thj  constituent and L is the so-called depolarization 

factor [22]. The depolarization factor depends on the geometry of the structure: 0L =  for 

a needle, 1/ 3L =  for a sphere, and 1L =  for a layered structure.  

The remaining unknown factor in Eq. (2.16) is the dielectric function of the host 

material hε . There are several approaches to determine hε ; each approach is more or less 

suitable for a given scenario. The Maxwell Garnett (MG) approach uses one of the 

constituents as the host material and concludes that the mixing formula gives 
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( )
( ) ( )

.j ll
l

j lh l h j l

f
L L

ε εε ε
ε ε ε ε ε ε≠

−−
=

+ − + −
∑  (2.17) 

In this approach, the choice of constituent as the host material is very critical to 

obtaining a reasonable result. It is mainly adequate when the filling fraction of the host 

is close to unity.  

There are situations in which choosing a constituent as a host material is non-

trivial; when all constituents are in similar quantities, for example. Then we need to 

implement the so-called Bruggeman approach. This approach assumes that the effective 

dielectric function itself is equal to the dielectric function of the host material; i.e. hε ε= . 

Therefore, we obtain the following formula: 

 ( )
0 ,j h

j
j h j h

f
L

ε ε

ε ε ε

−
=

+ −
∑  (2.18) 

Note that for 𝐿 = 0, Eq. (2.18) becomes 

 ,j j
j

fε ε=∑
.
 (2.19) 

And for 𝐿 = 1, it is 

 
1 1.j j

j
fε ε− −=∑

.
 (2.20) 
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2.1.3 The effective medium theory of metamaterials and retrieval method  

The effective properties of metamaterials, in general, cannot be described by the 

effective medium approach as described in the previous sections. A simplified 

explanation is that most of the effective medium theories fail to describe the local field 

effects. As can be seen in Eq. (2.2), we ignore the field interactions from the neighboring 

dipoles in deriving the effective medium theory. Metamaterials often rely on the 

interactions among each neighboring unit cell elements and therefore the interactions 

among neighboring dipoles must be included in any reasonable model. A more general 

and accurate way to determine the effective parameters relies on a retrieval method 

from a medium’s physical scattering properties. If we know the constitutive parameters 

for a material, we can easily obtain the transmission and reflection spectrum from a one-

dimensional slab using a transfer matrix method. Now the question becomes as follows: 

can we determine the constitutive parameters of a metamaterial based on its 

transmission and reflection properties?  

With no doubt, optical constants can be obtained by inverse methods and this is 

of particular interest in characterizing optical thin films. Methods for determining 

optical constants can be found in the large body of literature. One widely adopted 

approach in the metamaterials community is the so-called “S-matrix retrieval method 
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[23].” We illustrate this approach with a simplified one layer medium embedded in 

vacuum. For such a simple case, we can find analytical expressions to describe the 

optical properties of the medium.  

To retrieve the effective material properties, we first need to determine the S-

parameters, that is, the ratio of scattered to incident electric fields, for a single unit cell, 

taking the entrance and exit media to be ports 1 and 2, respectively, as depicted in 

Figure 2-2. Ports 1 and 2 are placed a distance away from the unit cell to minimize near 

field interactions. For a linearly polarized plane wave normally incident on a linear and 

 

Figure 2-2: The simulation of a metamaterial unit cell. The unit cell is shaded in blue and 
is placed a distance away from port 1 and port 2. Perfect electric conductors are forced at 

the top and bottom surfaces and perfect magnetic conductors are forced at the left and 
right surfaces. Electromagnetic wave is excited at the port 1 with the electric field 

polarized vertically.  
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homogenous slab, the refractive index and impedance relate to the S-parameters. Their 

relations can be solved by the transfer matrix method. More specifically, for 

electromagnetic wave propagating through a dielectric slab embedded in vacuum, the 

transfer matrix can be described by 

 11 12

21 22

.slab M M
M

M M
 

=  
 

 (2.21) 

The elements of the transfer matrix have the analytical forms as follows [24], 

 

11 0 0

12 0

21 0

22 0 0

1cos( ) sin( )
2

1 sin( )
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1 sin( )
2
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slab slab
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slab slab
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slab slab slab
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z
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z
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z
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= + + 

 
 

= − 
 
 

= − − 
 

 
= − + 

 

 (2.22) 

where slabn is the refractive index slabz is the wave impedance of the homogenous slab. 

The scattering matrix is related to the transfer matrix by the following relation 

[25], 

 

22 11 22
21

12 1211 12

21 22 11

12 12

.
1

slab

S S SS
S SM M

M
M M S

S S

 −    = =   − 
 
 

 (2.23) 

For a reciprocal system, Eq. (2.23) can be reduced to  
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 (2.24) 

Solving Eq. (2.22) and Eq. (2.24), we obtain 

 

2 2
11 21

2 2
11 21

2 2
11 21

0
21

(1 )
(1 )

1cos( )
2

slab

slab

S Sz
S S

S Sn k d
S

+ −
= ±

− −

− +
=

 (2.25) 

If we enforce these same relations to hold for the effective properties of our 

inhomogeneous metamaterial, we arrive at the following two equations: 

 
2 2

11 21
2 2

11 21

(1 ) ,
(1 )eff

S Sz
S S

+ −
= ±

− −
 (2.26) 

 
2 2

11 21
0

21

1cos( ) ,
2eff
S Sn k d

S
− +

=  (2.27) 

where d is the thickness of a unit cell along the propagation direction. Assuming the 

time convention of i te ω− , the ambiguity in Eq. (2.26) can be resolved by invoking

Re( ) 0effz > , a requirement for a passive material. Similarly, a passive material requires 

that Im( ) 0effn > . Therefore, we can have an unambiguous solution for the imaginary part 

of the refractive index:  



 

19 

 

 
2 2

1 11 21
0

21

1Im( ) Im cos 0.
2eff
S Sn k d

S
−  − +

= ± >     
 (2.28) 

The determination of the real part of the refractive index is slightly more involved 

because we need to select the right branch among multiple solutions: 

 
2 2

1 11 21
0

21 0

21Re( ) Re cos ,
2eff

mS Sn k d
S k d

π−  − +
= ± +     

 (2.29) 

where m is an integer. Finally, assuming no magnetoelectric coupling [26], the effective 

permittivity and permeability can be calculated by  

 
,

.

eff

eff

n
z
nz

ε

µ

=

=
 (2.30) 

Besides the branch selection, this retrieval procedure exhibits an artifact that is 

associated with the spatial dispersion. Anti-resonance occurs for the real part of the 

permeability (or permittivity) when there is a resonance for the real part of the 

permittivity (or permeability) at the same frequency. This anti-resonance behavior is also 

accompanied by the imaginary part of permittivity or permeability being negative. 

Whenever such artifacts occur, it indicates that the clear definition of a homogenized 

material parameter becomes questionable [27]. 
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3 Diffractive Optical Elements 

Diffractive optical elements (DOEs) are optical components that make use of 

diffraction. They have been widely used in beam shaping and spectroscopic 

applications. In recent years, advances in nanofabrication and computational power 

have led to a revitalization of this field. The renewed interest diffractive phase elements 

can be associated with two recent developments: the increased number of phase levels 

and new functionalities.  

In many applications of diffractive phase elements, multilevel phase profiles are 

required to achieve high diffraction efficiency. In this chapter, I begin with a case study 

of the blazed diffraction grating and demonstrate why multilevel phase profiles are 

important in diffractive optics. Then I introduce several technologies for fabricating 

multilevel phase profiles. 

Another important aspect is functionality. Single optical component with 

multiple functionalities are urgently needed for many nano- and micro-scale photonic 

devices. I discuss some examples showing what I believe could be the next generation of 

diffractive optical elements.  

At the end of the chapter, I explain why metamaterials can be advantageous in 

diffractive optics in terms of multi-phase levels and multiplexing capabilities.  
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3.1 Diffraction theory 

3.1.1 Theory 

In this section, we first introduce the blazed diffraction grating. This simple 

diffraction optical element is instructive in understanding several important concepts in 

diffraction theory.  

A blazed diffraction grating has a linear periodic saw-tooth phase profile. The 

saw-tooth profile can be created either using surface-relief structures or gradient index 

structures. For a gradient index structure, the thickness of the grating is fixed but the 

refractive index is varied as a function of position to produce a phase modulation on 

transmission or reflection. The diffraction efficiency of a blazed grating is a function of 

the phase contrast of the structure, which is the difference between the maximum and 

the minimum values of the phase shift within one diffraction period. As can be seen in 

Figure 3-1, the diffraction efficiency gradually shifts from the 0th order to the +1st order 

when the phase contrast is increased. The optimum performance of the grating occurs 

when the phase contrast is 2π.  
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Figure 3-1. The evolution of the phase contrast varying from 0 to 2π for a blazed diffraction 
grating. The phase contrast of the grating is shown in the middle with three diffraction periods 

and is controlled by the number of layers in the grating.  
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It is also well known that the diffraction efficiency of a diffraction grating 

depends on the phase quantization, that is, the number of different phase levels used in 

a device. The diffraction efficiency to the 1st diffraction order is strongly affected by 

phase steps in the fabricated grating. Based on scalar diffraction theory, the diffraction 

efficiency in the +1st diffraction order of an N equally spaced phase level grating is 

 

2

1

sin( )
,N N

N

π
η

π
=  (3.1) 

provided that the phase contrast is 2 ( 1)N Nπ − . Note that the diffraction efficiency is 

defined as the ratio of the intensity of the m-th diffraction order to the total intensity of 

the transmitted light. Thus, absorption and Fresnel reflections are not taken into account. 

Table 3.1 summarizes the +1st order diffraction efficiency predicted by Eq. (3.1) . 

Table 3.1: +1st order diffraction efficiency as a function of the number of phase levels.  

Phase 

levels 
2 4 8 16 32 

+1st order 

diffraction 

efficiency 

40.53% 81.06% 94.96% 98.72% 99.68% 
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According to this table, a 32 phase levels grating has diffraction efficiency above 99%. 

Further increasing the number of phase levels is generally unnecessary.  

3.1.2 Existing technologies 

As we just saw, one of the key factors in the performance of diffractive optical 

elements is the number of phase levels that can be encoded. To fabricate multilevel 

phase optical elements, we can modulate the step height by using a multi-step 

lithography process to create a surface relief structure. Gray scale lithography can also 

be used to write the structure without the need of phase quantization. Alternatively, we 

can modulate the local effective indices; this has been achieved by implementing 

subwavelength grating technology. The advantages and disadvantages of these 

approaches are addressed in the following subsections.  

a. Multi-step lithography 

The phase function can be recorded as a function of the thickness of a diffractive 

optical element. The ideal continuous phase profile is approximated with quantized 

phase steps in a multilevel surface-relief structure. A multilevel surface relief structure 

can be fabricated in a standard lithography process based on a 2N-levels method, where 

N is the number of masks. However, this approach suffers from several disadvantages 

so that the number of phase levels typically is limited to 16.  
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Step height errors are the major limitation factor of this approach. In this 

technology, a substrate is locally etched to different depths using successive masks. A 

precise height is difficult to achieve because the etching time is usually only a few 

seconds. According to scalar diffraction theory, the diffraction efficiency of a blazed 

grating can be expressed as: 

 
2

sinc ( 1) ,m
dm nη
λ

 = − − 
 

 (3.2) 

where m is the diffraction order, λ is the wavelength of the incident light, n is the 

refractive index of the substrate and d is total height of the surface relief. Table 3.2 

summarizes the +1st order diffraction efficiency with respect to the height scaling errors.  

This effect becomes is more severe for visible diffractive optical elements because 

the total height is very small (100 nm or less). So the diffraction efficiency is very 

sensitive to the step height errors.  
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Another disadvantage of this approach is that various masks are needed for each 

etching step. This significantly increases the costs. In addition, multiple steps of etching are 

time consuming and alignment errors limit the spatial resolution. Therefore, the need for 

an alternative single fabrication process is very important for a device requiring a large 

number of phase quantization levels.   

b. Gray-scale lithography 

An alternative approach to fabricating multi-phase levels optical elements 

involves single step photolithography with modulated intensity [28]. The modulated 

intensity is achieved by using a phase-grating mask in the lithography process. In each 

pixel of the phase mask, an opening region with a π phase shift is created by etching the 

mask substrate. The fill factor of the opening region in each pixel determines the 0th 

Table 3.2: Diffraction efficiency of a blazed diffraction grating with respect to the height-
scaling errors.  

Height scaling 

errors 
±2% ±5% ±10% ±15% 

+1st order 

diffraction 

efficiency 

99.87% 99.18% 96.75% 92.81% 
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order diffraction efficiency so that the exposure on the photo resists can be tuned as a 

function of position. The fill factor is defined as the ratio of the area of the opening 

region a2 to the area of the pixel 2Λ : 

 
2

2
2 .aF w= =

Λ
 (3.3) 

The transmittance from this pixel can be expressed as [29], 

 2

/ 2 / 2 1( , ) 2 rect , 1 comb , .x a y a x yt x y
a a

 − −   = × − ⊗    Λ Λ Λ    
 (3.4) 

Taking the Fourier transform of Eq. (3.4), we arrive at the far-field diffraction described 

by,  

 ( ) ( )
2

2( , ) 2 sinc , ( , ) comb , .x y x y x y x y
aT f f af af f f f fδ

 
= × − Λ Λ Λ 

 (3.5) 

Substituting zero to the spatial frequency fx and fy in Eq. (3.5) and taking the absolute 

square of the equation, we arrive at the 0th order efficiency:  

 2 4
0 ( , ) 1 4 4 .DE x y w w= − +  (3.6) 

This approach can produce an almost continuous surface relief profile for micro-optical 

elements. The disadvantage of this approach is that the repeatability of a continuous 
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surface relief profile is challenging. The precise control of many factors in the process is 

required to enhance the repeatability.  

c. Subwavelength gratings 

A multilevel phase modulation has also been demonstrated using 

subwavelength gratings as described by effective medium theory [30]. By controlling the 

period and the pillar width of the subwavelength gratings, a controlled filling factor can 

be obtained. In theory, the number of phase levels from the subwavelength gratings is 

unlimited. However, experimentally, only a few phase levels have been demonstrated so 

far. The reason is that subwavelength gratings tend to require a nanostructure with a 

very high aspect ratio which are challenging to fabricate. Often, the thickness of the 

grating is much greater than a wavelength, while the width of the grating is much 

smaller than a wavelength. Figure 3-2 shows a multilevel (N = 9) blazed diffraction 

grating designed for a wavelength of 633 nm. The phase modulation is achieved with 

the subwavelength grating, as shown in Figure 3-2(a). The maximum aspect ratio in this 

design is 5.3. The number of quantized phase levels was limited by the minimum 

linewidth that could be reliably fabricated. Smaller linewidths are necessary for the 

higher the aspect ratios, leading to even greater sensitivity to fabrication errors. Figure 

3-2(b) shows the decrease of the diffraction efficiency when fabrication errors increase.  
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3.2 Multi-functionality 

Multi-functionality is another important aspect of diffractive optical elements. In 

particular, multiplexing allows more information to be stored and more signals to be 

processed with a single device. Among the diverse multiplexing capabilities, 

wavelength multiplexing attracts the most attention because of its easier 

implementations. One way to achieve wavelength multiplexing in DOEs is through an 

iterative algorithm [32]. Another approach relies on stacking thin holograms on top of 

each other and uses wavelength selective mirrors [33] so that each hologram responds  

independently with a corresponding wavelength. Figure 3-3 (a) illustrates such an 

 

Figure 3-2: A multilevel phase blazed diffraction grating using subwavelength grating. 
(a) SEM image of the fabricated grating. (b) First order diffraction efficiency as a function 

of the standard deviation of linewidths σ. (Reprint with permission from [31]). 

(a) (b)
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approach. The hologram was designed to operate in a reflection mode. Three 

wavelength selective mirrors were placed on top of each hologram. Each mirror was 

designed such that only one wavelength was reflected while the other two were 

transmitted. Figure 3-3 (b) shows the experimentally reconstructed color images.  

A more advanced technology has been proposed by Gerke and Piestun to 

achieve multiplexing capabilities for computer-generated holograms [34]. The 

technology utilizes an aperiodic volume hologram to increase the available degrees of 

freedom, enabling a single device to multiplex diverse functions.  

Figure 3-4 shows the design of a wavelength multiplexing hologram (a) and an 

angular multiplexing hologram (b). The volumetric refractive index structures of both 

 

Figure 3-3: Multi-colored computer-generated holograms. (a) The design utilizes three 
different wavelength selective mirrors so that each hologram can independently respond 

to its corresponding wavelength. (b) Experimentally obtained reconstructed color 
images. (Reprint with permission from [33]). 

(a) (b)
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devices were computed using a 3D Fourier transform. Air-filled nanostructures were 

applied to mimic the refractive index for each voxel based on the effective medium 

theory. Each voxel was written with an amplified femtosecond laser pulse.  

3.3 Diffractive optical elements using metamaterials 

Metamaterial based DOEs offer an interesting alternative to the two 

aforementioned limitations of existing approaches. First, metamaterials offer a great tool 

to achieve an almost continuous phase modulation. Subwavelength gratings, in theory, 

 

Figure 3-4: (a) Angular multiplexing. (b) Wavelength multiplexing. (Reprint with 
permission from [34]) 
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can also provide a continuous phase modulation; however, in reality, diffractive optical 

elements using subwavelength gratings for mass production of DOEs is very unlikely 

because of the challenges in fabricating very high aspect ratio nanostructures. In general, 

a more accurate final device can be achieved by controlling the lateral dimension using 

lithographic techniques compared with vertical dimension using the etching processes. 

Using state-of-the-art electron beam lithographic process to fabricate metamaterial DOEs 

can specify the lateral dimension down to the nanometer scale. This metamaterial 

approach can satisfy both high spatial resolution and high phase resolution. For the 

present work, we utilize an I-beam metamaterial structure to achieve an arbitrary 

refractive index over a large index range. The advantage of such a design is the ability to 

achieve a high refractive index in the non-resonant regime. More details will be 

presented in the next chapter.  

Second, metamaterials inherently are anisotropic materials. Therefore, 

metamaterials can be engineered to exhibit a wide range of anisotropy, offering a great 

tool to realize polarization multiplexing. The idea of polarization multiplexed optical 

devices has been demonstrated using photo induced polymers and subwavelength 

structures. In Chapter 5, I introduce the concept of using metamaterials for polarization 



 

33 

 

multiplexing in diffractive optics and explain why metamaterials are advantageous 

compared to the existing technologies.  
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4 Metamaterial based diffractive optics for λ = 10.6 μm 

4.1 Metamaterial Blazed Grating 1 

Metamaterials offer control of the refractive index at the unit cell level, providing 

an interesting approach for the realization of complex graded index optical devices. In 

this chapter, we demonstrate the design and the fabrication of a metamaterial-based 

blazed diffraction grating operating at a wavelength of 10.6 μm. We achieved 61 

different refractive indices and a refractive index contrast of 3 in each grating period; 

both figures are significantly higher than those of any existing technologies.  

4.1.1 Design 

The design of a gradient-index (GRIN) device can be achieved by progressively 

varying the geometry of successive metamaterial inclusions as a function of position 

[35]. For the present work, an I-beam element provides the underlying electric 

polarization response, with the height of the element and the widths of the I-beam cross 

bars varied to achieve a large range of effective index values. For the purpose of 

broadband response and low loss, we operate the I-beam metamaterials away from the 

resonances. Several variants of the I-beam structure are illustrated in Figure 4-1. In a 

                                                      

1  This section contains materials that are reproduced with permission from: Y. J. Tsai, S. Larouche, T. Tyler, 
G. Lipworth, N. M. Jokerst, and D. R. Smith, "Design and fabrication of a metamaterial gradient index 
diffraction grating at infrared wavelengths," Optics Express, vol. 19, pp. 24411, 2011. 
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simple sense, as the dimension of the metallic inclusions increases, the polarizability and 

hence the effective refractive index of the metamaterial increases as well. A nearly 

arbitrary gradient index profile can thus be designed by introducing a set of 

metamaterial elements with geometrical parameters that correspond to a large range of 

index values. As can be seen in Figure 4-1, low index elements are effectively small 

disks, while large index elements have I-beam shapes. The I-beam geometry can achieve 

large values of refractive index well below the resonant frequency of the structure, 

resulting in a relatively low-loss structure that is also tolerant of fabrication constraints 

(such as slightly rounded I-beam corners). 
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As a preliminary step in the design of the metamaterial grating, the relationship 

between the effective refractive index and the geometry of the metamaterial elements 

was determined. For this metamaterial design, 75 nm thick gold I-beams embedded in 

2SiO  was utilized. Though 2SiO has several resonant peaks around our wavelength of 

interest, this material was chosen as the dielectric spacer because of the fabrication 

process was more compatible with our fabrication facility. The metal thickness of 75 nm 

is a tradeoff between low metamaterial loss (thinner metal film) and the maximum 

 

Figure 4-1. Relationship between the effective refractive index and the geometric 
parameters. This large span of the refractive index is achieved by making use of 3 

geometries: small disk, rectangular bar and I-beam structure, shown in the inset above. 
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achievable refractive index (thicker metal film). A 3 nm Cr layer was used as an 

adhesion layer below each Au layer. The metamaterial elements are parameterized by 

the height H and width W cross bars of the I-beams, as indicated in Figure 4-1. Full wave 

simulations were performed using COMSOL Multiphysics (a finite-element based 

solver) on a number of exemplary elements that were embedded in a 1 μm × 1 μm × 500 

nm cuboid of 2SiO . 

To achieve an accurate prediction of the effective refractive index for each 

element, it is crucial to include the precise electromagnetic properties of all materials 

within the simulation volume, notably those of the gold film and of the SiO2  

background dielectric. The properties of gold are well known; we made use of the 

 

Figure 4-2: Material properties: (a) relative permittivity of SiO2; (b) relative permittivity 
of Au. 
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values tabulated in [36]. The dielectric properties of the SiO2 background dielectric layers 

were more difficult to describe, since deposition conditions can significantly affect the 

absorption resonances. To characterize the structures, broadband reflection 

measurements over the wavelength range 8-12 μm were performed using a FT-IR 

spectrometer (Bruker Vertex 80v) at a set of four angles (30, 40, 50, and 60 degrees from 

normal) on a planar 2SiO  film that was 1μm thick, deposited using the same vacuum 

deposition method as that used to fabricate the grating structure. By fitting the 

measured reflectance values as a function of angle for each frequency, we were able to 

obtain the complex index spectrum of 2SiO . A 3 nm thick Cr adhesion layer between the 

Au and 2SiO  was included in the simulation, but it has a negligible effect upon the 

optical properties of the metamaterial structure. Figure 4-2 provides a summary of the 

measured material properties of the vacuum deposited 2SiO  and those of the gold (from 

[36]). The 2SiO  exhibits an absorption resonance around 9.5 μm, where the imaginary 

part of the permittivity peaks. While the absorption resonance renders 2SiO  a lossy 

candidate as a broadband infrared dielectric, the losses drop considerably above 10μm. 

Since the grating sample was designed to operate at the 2CO  laser line of 10.6 μm, the 

losses associated with the 2SiO dielectric are acceptable. 
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To obtain the effective refractive index as a function of these geometrical 

parameters, we performed a standard retrieval procedure that is detailed in Section 

2.1.3. The simulation results for several elements are shown in Figure 4-1. A sufficient 

number of simulations were performed so that an accurate interpolation of the effective 

index could be performed as a function of varying geometrical parameters. In the full 

wave simulations, periodic boundary conditions were applied such that the unit cell was 

infinitely repeated in the lateral directions, allowing the determination of the reflection 

and transmission coefficients. The unit cell was illuminated with a plane wave that was 

polarized along the axis of the I-beam structure. To more accurately model the realistic 

 

Figure 4-3: (a,b,c) Retrieved effective constitutive parameters of the I-beam structure 
shown in (d). 
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fabricated structures, we rounded the corners and edges of the elements (radius of 

curvature = 30 nm). Figure 4-1 shows the simulated relationship between the I-beam 

geometry (height H and width W) and the effective refractive index of the I-beam 

structure at an input wavelength of 10.6 μm. To obtain intermediate refractive index 

values, the I-beam height H and width W were varied simultaneously. The dimensions 

used in the simulations were all within the resolution of the electron beam lithography 

(EBL) nanolithography system used to fabricate the structures, and resulted in extracted 

refractive indices that span the range from n = 2.0 to n = 5.5. The minimum value of the 

refractive index was approximately equal to the background dielectric 2SiO index of n ~ 

2.0 (at a wavelength of 10.6 μm). The maximum index value of the I-beam design is 

limited by the physical gap between adjacent I-beam elements. The gap chosen for this 

study was 100 nm, which corresponded to a n = 5.5 maximum refractive index value. 

The grating structure consists of sequences of unique elements, so there is no 

repeated "unit cell" as in typical periodic structures. Nevertheless, for the purposes of 

design, numerical simulations were performed using an infinite periodic 2D sheet of 

identical elements to determine the effective index of the element. Although the 

structure was not periodic, we assumed that the extracted refractive index represents the 
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metamaterial elements because the neighboring elements are very similar, and 

metamaterial experiments at other frequencies have validated this approach [12, 35]. 

To remain within the effective medium limit, it is important that the element 

dimensions and spacing be significantly smaller than the wavelength of operation. In 

this case, each I-beam element resided within a cell that has a 500 nm thick dielectric in 

the propagation direction, which is roughly 1/20 free space wavelength of operation, and 

has a 1 μm thick spacing in the transverse directions, or about 1/10 free space 

wavelength. Figure 4-3 shows a representative retrieval result from one of the I-beam 

structures used in our design, showing an index near n = 3.5 at a wavelength of 10.6 μm. 

Note the presence of the absorption resonance related to the 2SiO  dielectric, which 

exhibits loss for wavelengths shorter than 10 μm. It should be noted that it is actually the 

wavelength within the medium that sets the scale for effective medium limits; at the 

maximum index value of n = 5.5, the wavelength in the medium is actually 2μmnλ  , 

which is on the order of the element spacing. Therefore, the metamaterial approximation 

does not apply to these elements, and thus the permittivity and permeability values 

cannot be determined. Fortunately, for the application under consideration herein, we 

are concerned only with the effective refractive index, which is a well-defined parameter 

even when spatial dispersion or photonic crystal effects are present. 
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Many applications in diffractive and GRIN optics rely on modulating the phase 

of a wave front that transits the optical device. An index modulation can translate to a 

phase modulation, since the wave at each point acquires a phase proportional to 0nk d , 

where n  is the refractive index, d  is the path length, and 0k  is the wavenumber in free 

space, assuming that multiple reflections inside the slab can be neglected. The optimal 

performance for a diffractive optical element occurs when the phase difference between 

the highest index cell and the lowest index cell reaches 2π. For the modest index 

gradients available using conventional GRIN optic approaches, a relatively long optical 

path length is required to achieve the optimal condition; however, for the very large 

index gradient associated with the metamaterial described herein, the optimal grating 

performance can be achieved for only approximately six I-beam layers. 

The equivalent of a blazed diffraction grating can be formed by introducing a 

linear index gradient that spans a distance of one or more wavelengths. A blazed grating 

with a linear saw-tooth profile either in its topography or in its index profile 

preferentially directs an incident light beam into a selected diffracted order with 

considerable efficiency. For example, a saw-tooth index profile can be designed such 

that all incoming light is coupled into the first diffracted order [37], so the fraction of an 

incident beam diffracted into different orders can be used to characterize the index 
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variation in a structure. Thus, even for non-optimized metamaterial grating samples, the 

light coupled into the various diffracted orders provides a nearly direct measurement of 

the linear index gradient of the structure. Given the relatively large index gradients 

achievable using metamaterials, a useful sample characterization can be made with only 

a few metamaterial layers. 
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The blazed grating sample designed herein had a diffraction period of Λ = 61 μm. 

For the indicated grating period, the first order diffracted beams were at 10± ° and the 

second order diffraction beams were at 20.3± ° , according to the grating equation 

1sin ( )m mθ λ−= Λ , where m  is the diffraction order. These diffraction angles were 

suitable for measurements to characterize the metamaterial sample, since the separation 

 

Figure 4-4: (a) Finite element simulations of the out-of-plane electric field patterns from a 
6-layer grating with three periods (Λ = 61 μm). (A): The plane used to calculate the 

complex transmittance for the grating; (B): The metamaterial grating region; (C): The 
excited surface current. The simulation shows that the optical beam is shifted to the 

positive direction. (b) The refractive index profile of the grating. 
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between beams was much larger than the diffraction limited spot size and any 

associated side lobes. A full-wave simulation of a grating having the expected saw-tooth 

index profile achievable from the I-beam metamaterial was performed, again using 

Comsol Multiphysics. A field plot showing the incoming wave (excited at the plane (C)) 

and the diffracted wave is shown in Figure 4-4. The metamaterial blazed grating was 

approximated in the simulation by a slab with the effective permittivity and 

permeability continuously graded along one period (Figure 4-4 (b)). This approximation 

is a very important feature of metamaterials because only few unit cell elements need to 

be simulated; therefore, the simulation speed dramatically improves. Perfectly matching 

layers (PMLs) were placed both at the top and the bottom of the simulation domain to 

prevent unwanted reflections at the boundaries. Periodic conditions were applied at the 

left and right boundaries to simulate a grating with an infinite number of periods. 

Because of the applied periodic conditions, only one grating period needs to be 

simulated. Figure 4-4 shows the result of such a simulation, conducted using three 

periods. The simulation result indicates the diffracted beam is shifted preferentially to 

the +1st diffracted order. 

To compare this simulation to sample measurements, the far-field diffraction 

pattern (Fraunhofer regime) was calculated by Fourier transforming the complex 
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transmittance that was numerically obtained from the plane a few wavelengths away 

from the grating (plane (A) in Figure 4-4): 

 ( ) ( )exp( 2 )x xE E x j x dxν πν
∞

−∞

= ∫  (4.1) 

The diffraction angles can be calculated by 1sin ( )xθ λν−=  for normal incidence [38] , 

where xν is the spatial frequency and λ  is the free space wavelength. The far-field 

intensity profile can be obtained by multiplying Eq. (4.1) with its complex conjugate. 

Using this Fourier transform method, a six layer metamaterial blazed grating 

approaches optimum performance or, the overall efficiency of the +1st diffracted order is 

at a maximum. However, due to the severe impedance mismatch and significant 

absorption in the high index regime, the overall diffraction efficiency of the +1st 

diffracted order was limited to 76%. 

It should be noted that the current metamaterial grating is dispersive. Like any 

phase grating, the design of the metamaterial grating relies on the phase gained by the 

wave passing through the gratings, which is wavelength dependent. Furthermore, the 

metamaterial itself has significant dispersion, as shown in Figure 4-2. As the wavelength 

increases, both the grating and material dispersion result in a decrease in the phase 

contrast between the highest and the lowest refractive index elements, resulting in a 

decrease in the blazing efficiency. 
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4.1.2 Fabrication 

The metamaterial blazed grating was fabricated according to the process flow as 

depicted in Figure 4-5. The fabrication began with the selection of the substrate. A Ge 

substrate was chosen because it is transparent at the wavelength of interest (λ = 10.6 μm). 

Then electron beam evaporation was used to deposit the interlayer dielectric material.  

Due to its ease of fabrication in our facility, SiO2 was chosen as the interlayer dielectric 

material although its optical properties are not ideal at the wavelength of interest due to 

significant material dispersion and losses. Electron beam (e-beam) lithography (EBL, 

Elionix ELS-7500) was used to pattern the metal inclusions that form the metamaterial 

elements. The metal inclusions were then deposited by electron beam evaporation of a 3 

nm Cr adhesion layer and 75 nm of Au. The grating consisted of 12 periods and the 

overall patterned area was 732 μm × 732 μm. Field stitching was performed in the 

writing process because each working field was chosen to pattern a maximum area of 

300 μm × 300 μm. Subsequent SiO2 layers were deposited in the same manner as the first 

layer. However, given the fact that Au was 75 nm thick, a significant surface topography 

in the vacuum evaporated films cannot be avoided. Therefore, a planarization step was 

necessary to allow for the well-controlled fabrication of stacked metamaterial layers. The 

planarization process involved depositing a thicker than designed SiO2 layer, with the 
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additional SiO2 thickness serving as a sacrificial layer to be removed. Benzocyclobutene 

(BCB) polymer film (Dow Cyclotene 3022-35) was then spin-coated on top of the SiO2 

layer. Reactive ion etching (RIE) was then used (CF4 and O2 chemistry) to remove the 

sacrificial BCB layer and the additional sacrificial thickness of SiO2. This process was 

optimized such that the etching rates for BCB and SiO2 were nearly identical, allowing 

for a planarized surface. After the planarization step, subsequently metal patterning can 

be easily processed and repeated. 
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A Scanning electron micrograph (SEM) image of the first fabricated layer of the 

metamaterial blazed grating is shown in Figure 4-6. We can clearly observe the gradient 

in terms of metal densities over one period of the grating. This gradient represents 

metamaterial elements varied from small rectangles to large Ibeam shapes and results in 

the gradient index metamaterials. 

 

Figure 4-5: Process flow for the fabrication of the multi-layer metamaterial blazed 
grating. 
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4.1.3 Sample characterization 

To characterize the metamaterial grating, the relative diffraction efficiencies of 

incident light into the different diffracted orders were measured. The experimental 

                                                      

2 The sample was fabricated by Dr. Talmage Tyler. 

 

Figure 4-6: Scanning electron micrographs (SEM) of the fabricated metamaterial blazed 
grating2. 
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setup consisted of a 2CO  Laser (Lasy3S, Access Laser Company), the fabricated 

metamaterial grating sample, and an infrared camera (FLIR photo 640) that was 

mounted on a rotational arm. As depicted in Figure 4-7(a), the diffraction grating was 

illuminated with a linearly polarized beam at a wavelength of 10.6 μm, which was 

generated by placing a linear polarizer at the output of the 2CO  laser source. The laser 

power was adjusted such that the pixel counts of the 0th and +1st diffraction spots were 

well within the linear range of the infrared camera. This adjustment was achieved by 

modulating the duty cycle of the laser pulse. A neutral density (ND) filter was used to 

further attenuate the laser power. Additionally, we placed the ND filter at an angle so 

that we could make use of the reflected light to monitor the laser power fluctuations; the 

measured fluctuations were less than 5%±  throughout the experiments. Since the laser 

spot size was larger than the metamaterial grating, a 725 μm × 725 μm square aperture 

(gold surrounded the aperture window) was placed in front of the grating sample to 

block the incident light outside of the 732 μm × 732 μm grating area. The aperture was 

aligned approximately 1.5 mm from the metamaterial sample, which delivered an 

estimated 94% of the incident light passing through the aperture to the grating area. 

Figure 4-7(b) shows an experimentally obtained image of three diffraction spots, the -1st, 

0th, and +1st diffracted orders, which were measured by placing an infrared camera at a 
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distance of approximately 3.5 cm from the grating sample. The image clearly shows that 

the brightest spot occurs at the +1st diffracted order, consistent with the designed 

sample operation. In Figure 4-7(c), we plotted the intensity profile around these three 

major peaks by binning the image (b) to a 1D array and normalizing to the +1st 

diffracted order spot. 

We moved the camera farther away from the grating sample, to a distance of 

approximately 11 cm, to ensure the measurements were performed in the far-field, 

Fraunhofer regime, for comparison with the simulations using the Fourier 

transformation (Eq.(4.1)). This distance is much larger than the Fraunhofer criteria of 

2 4 1 cma λ  [39], where a  is the width of the grating sample. This larger distance 

resulted in a larger beam waist (55 pixels, or equivalently 1.4 mm) and larger spacing 

between spots; therefore, only one spot can be imaged in the field-of-view of the camera. 

Since the distance between spots now extended beyond the camera field-of-view, we 

rotated the arm so that the camera could measure the spots from each diffracted order. 

Each diffracted order was imaged separately. The background noise was measured by a 

single shot in the absence of laser illumination. In post processing, the background noise 

was subtracted from each measured diffracted signal image on a pixel-by-pixel basis. 

The relative intensity of each diffracted order was calculated by integrating the intensity 
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of the main lobe and the first side lobes (altogether occupying an area of 200×200 pixels). 

The intensities were normalized to the +1st order, and then compared to the simulation 

results, as shown in Figure 4-8. 

 

 

Figure 4-7: (a) The experimental setup for measuring grating efficiency; (b) 
Experimentally obtained image of the diffraction spots from the -1st, 0th and +1st 

diffracted orders; (c) The intensity profile of image (b). 
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The four layer metamaterial grating structure shifted a significant fraction of the 

beam into the +1st diffracted order, as shown in Figure 4-8. Both the simulation and 

experimental results were normalized to the +1st diffracted order to obtain the 

normalized diffraction efficiency. Sources of the errors in the experiment include 5%±

laser fluctuations and alignment inaccuracies; sources of the errors in the simulation 

include 5%±  possible variations of the thickness of the 2SiO in a unit cell. It is worth 

noting that a decrease in the 2SiO  thickness not only reduces the optical path length in 

the 2SiO , but also increases the effective refractive index. Therefore, the overall phase 

 

Figure 4-8: Experimental vs. simulation result for a 4-layer metamaterial blazed grating. 
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shift 0( )nk d  is not a linear function of the 2SiO thickness, resulting in the error bars in the 

simulation being not symmetrically distributed. 

To extract the index variation of the fabricated metamaterial structure, we 

compared the experimentally measured 0th order normalized efficiency 0( 0.8)η   with a 

range of relative efficiencies in the numerical simulations (assuming linear index 

gradients). The normalized efficiency from the 0th diffracted order agrees well with the 

experimental results for an index variation of 3.0n∆ = . This demonstrates index 

variation in the metamaterial grating is the highest reported for a 3D infrared device, 

and further, demonstrates that the refractive index can be spatially controlled using 

metamaterial inclusions. 

4.1.4 The impact of amplitude modulation 

The performance of the phase grating is affected by the undesired amplitude 

modulation due to the non-uniform loss and the non-uniform impedance mismatch.  
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Let’s begin with the discussion of how the material loss can affect the diffraction 

efficiency of the grating. The calculation is performed based on the Fourier analysis: 

 
2exp[ Im[ ( )] ] exp( ) exp( ),

N

m
m N

n mn x kd i kx a i xπ+

=−

∆
− × × × =

Λ Λ∑  (4.2) 

 

Figure 4-9: The refractive index profile for one diffraction period. Some of the 
metamaterial elements were shown on the top.  
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where Δn is the index contrast, Λ is the diffraction period and m is the diffracted order. 

The Fourier coefficient ma  can be evaluated by the following integral:   

 
0

1 2exp[ Im[ ( )] ] exp( ) exp( ) ,m
n ma n x kd i kx i x dxπΛ ∆

= − × × × × −
Λ Λ Λ∫  (4.3) 

To simplify the ananlysis, let’s begin with a uniform loss profile across the 

grating structure: 

 2Im( ( )) ,n x p=  (4.4) 

where p2 is a constant. In Figure 4-10, the transmission T for metamaterials is defined by  

 2( ( )) exp[ Im[ ( )] ] ,T n x n x kd= − ×  (4.5) 

where Im[n(x)]=p2 and d=7×500(nm).  

 
0

1 2exp[ Im[ ( )] ] exp( ) exp( ) .m
n ma n x kd i kx i x dxπΛ ∆

= − × × × × −
Λ Λ Λ∫  (4.6) 

The overall diffraction efficiency DEtot (middle) is defined by: 

 
2

.
N

tot m
m N

DE a
+

=−

= ∑  (4.7) 

The normalized +1st order efficiency DE+1 can therefore be defined by, 
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Let’s consider a phase grating with a linear loss profile: 

 1Im[ ( )] ,n x p x=  (4.9) 

where 1p  is a constant. Following the calculations from Eq. (4.5) to Eq. (4.8), we plot the 

results for the linear loss profile in Figure 4-11. We can clearly observe that the DE+1 is 

affected by the linear loss profile but not by the uniform loss profile.  

 

Figure 4-10: The impact of the uniform loss of the 7 layer metamaterials defined by a 
constant Im[(n(x))]=p2. Top: transmission with respect to Im(n). Middle: overall 

diffraction efficiency. Bottom: normalized +1st order efficiency.  
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Now let’s turn the attention back to our designed metamaterial grating shown in 

Figure 4-9. The profile of Im[n(x)] can be fitted by a linear equation 

Im[ ( )] 19653 0.0690n x x= + . Using Eq. (4.7) and Eq. (4.8), we obtain DEtot = 14.67% and 

DE+1 = 67.03%. Therefore, the designed metamaterial grating does exhibit a severe loss 

both in the overall diffraction efficiency and the normalized +1st order efficiency.  

 

Figure 4-11: The impact of the linear loss of the 7 layer metamaterials defined by a 
constant Im[n(x)]=p1x. Top: transmission with respect to Im(n). Middle: overall 

diffraction efficiency. Bottom: normalized +1st order efficiency. 
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In addition to material loss, the metamaterial grating also suffers from the non-

uniform mismatches at the interface between the Ge-substrate (nGe = 4.03) and the 

metamaterial layer and at the interface between the metamaterial layer and the air. Let’s 

approximate the non-uniform transmission as linear function: 

 ( )max max min( ) ,xT x T T T= − −
Λ

 (4.10) 

Therefore, the grating has an amplitude modulation in addition to phase modulation: 

 
2( ) exp( ) exp( ),

N

m
m N

n mT x i kx a i xπ+

=−

∆
× × =

Λ Λ∑  (4.11) 

Using the same treatment as above, we can calculate the Fourier coefficients. The results 

are plotted in Figure 4-12.  
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If we include the linear loss and the impedance mismatch in the analysis of our 

fabricated 7 layer metamaterial grating, the DEtot drops to 11.97% and the DE+1 drops to 

61.97%. Compared with the amplitude modulation due to the linear loss, the impedance 

mismatch only accounts for 5% decrease for the DE+1 while the linear loss accounts for 

the 33% decrease for the DE+1. Therefore, the performance of the grating can be 

significantly improved with a lossless dielectric material. A rough calculation shows that 

 

Figure 4-12: The impact of the non-uniform impedance mismatch of the metamaterial 
grating that is defined by the index contrast Δn. Top: transmission for the largest 

refractive index. Middle: overall diffraction efficiency. Bottom: normalized +1st order 
efficiency. 
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DE+1 can approach to 93% and the overall diffraction efficiency DEtot can be increased up 

to 40% if we assume SiO2 has no loss. In reality, Ge has very low absorption for λ=10.6 

μm and can be introduced in the metamaterial design. 

4.2 Metamaterial Phase Hologram 

Computer generated holograms are another interesting diffractive optical 

element that can also be made using metamaterials. In this section, we discuss the 

methods for designing computer-generated holograms. We fabricated and 

experimentally tested a metamaterial based computer-generated phase hologram that 

operates at λ = 10.6 μm.  

4.2.1 Introduction 

Computer generated holograms are diffractive optical elements that can perform 

a desired wavefront modulation to the incoming waves and redistribute the beam at 

will, as is depicted in Figure 4-13. Unlike a conventional hologram that optically records 

the interference pattern, a computer generated hologram relies on mathematical 

transformations (i.e. Fourier transformation or Fresnel transformations) to obtain the 

complex diffraction pattern. The hologram itself uses amplitude, or phase, or complex-

value modulation to perform this task. Computer-generated holograms currently are 
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widely used in many applications, including wavelength demultiplexing [40], beam 

shaping [41], and aberration compensations [42].   

 

Computer-generated holograms have been under development for over fifty 

years, since Brown and Lohmann [43] first proposed the so called “detour-phase” 

method to represent the computed complex field in a hologram film. One of the 

challenges associated with this technique is the difficulty of achieving continuous phase 

modulation, a property that is critical to direct all the light into a particular diffraction 

order with high efficiency. 

 

Figure 4-13: A computer-generated hologram is a 2D panel to perform a desired 
wavefront modulation.   
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4.2.2 Design 

An ideal computer-generated hologram only involves phase modulation because 

a pure phase hologram can reach the maximum diffraction efficiency. To convert a 

complex-valued hologram into a pure phase hologram, an iterative algorithm is needed 

to flatten the amplitude modulation on the hologram. Through the iterative process, 

complex values on a hologram are converted to pure phase information. Thus this pure 

phase hologram can perform the same diffraction task as its original hologram that has 

amplitude and phase information. 

 

Figure 4-14: The Gerchberg-Saxton algorithm. 
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The design of the computer-generated hologram (CGH) is based on the 

Gerchberg-Saxton (GS) iterative algorithm, a Fourier transform iterative algorithm. The 

GS algorithm was originally developed to retrieve the phase information in electron 

microscopy [44]. The same idea can apply to the design of a pure-phase computer-

generated hologram given the fact that the intensities both in the CGH plane and in the 

signal plane are constrained, while the phase in the signal plane is relaxed at each 

iteration. Therefore, the GS iterative algorithm provides a tool to calculate the phase 

map in the CGH plane. At the heart of the Gerchberg-Saxton iterative algorithm is to 

find a Fourier transform pair satisfying the constraints both in the CGH and signal 

plane. More specifically, in our scenario, we need to calculate the phase distribution in 

the CGH domain given the two constraints: (1) the amplitude being uniform in the CGH 

plane and (2) the amplitude of the desired object pattern being set in the signal plane. 

The recipe for this algorithm is summarized below:  

Let the initial phase distribution on the hologram plane be zero: 

 0 0.Hϕ ≡  (4.12) 

Then the phase distribution after n iterations can be given by: 
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where the superscript H represents the CGH plane and T represents the signal plane. 

We start from the initial phase 0 0Hϕ = in the CGH plane. Because we want the 

amplitude modulation to be uniform in the hologram domain, HI is set to one. At each 

iteration, we relax the phase distribution in the reconstruction plane. Over a reasonable 

number of iterations, the actual intensity distribution in the reconstruction plane can 

 

Figure 4-15: (a) The calculated phase hologram (750 μm × 750 μm) using the GS 
algorithm. The color bar indicates phase delays from 0 to 2π . (b) The simulated 

reconstructed image at the Fourier plane (f = 50.8 mm). 
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converge to the desired intensity distribution TI . The corresponding H
nϕ  is our pure 

phase hologram.  

One important feature of this algorithm is that the error either decreases or stays 

at the same value during the iteration process; that is, the algorithm does converge at 

each iteration step. A more rigorous proof can be found in [44].  

Notice that this algorithm restricts the device being a Fourier-type hologram; that 

is, the field distribution of the hologram is the Fourier Transform of the desired object 

pattern. Such type of computer generated holograms can be experimentally realized in 

the Fraunhofer regime, in which the reconstructed plane is placed either in the far-field 

or at the focal plane when a lens is used to bring the far-field image to the near field. 

Further details on the experiment setup will be provided in the experiment section. 
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The hologram designed by the GS algorithm is displayed in Figure 4-15 (a). 

Figure 4-15 (b) shows the simulated reconstructed image from an ideal pure phase 

hologram; therefore, undesired zero order component is not observed. In reality, in 

addition to the phase modulation, the metamaterial hologram has the amplitude 

modulation across the entire CGH plane. The reason is that the absorption and the 

reflectance of each pixel differ because of different dimensions of the metallic inclusions. 

Therefore, each pixel has a different transmittance across the entire hologram. This 

amplitude modulation does not affect the object patterns we are interested in but 

reduces the diffraction efficiency of the first diffraction order. Further design 

 

Figure 4-16: Reconstructed images considering amplitude modulation in the simulation 
for (a) 2π phase contrast and (b) three layers. Images were normalized to the peak value of 

the 0-th order and applied with a gamma filter (γ = 0.15).  
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optimization of the hologram can take this amplitude modulation into account in the 

iterative algorithm. 

After considering the amplitude modulation into the simulation, we obtain the 

reconstructed image, as shown in Figure 4-16 (a). Figure 4-16 (b) shows the 

reconstructed image for a hologram with a non-optimum three layer hologram. The 

reason that the hologram with optimum 2π phase contrast results in a dimmer 

reconstructed image is because of the absorption of additional metal elements. Thus the 

diffraction efficiency depends not only on the phase contrast but also the absorption. 

This complication leads to more challenges in the optimization of the hologram because 

losses, impedance mismatch, and phase contrast all need to be considered in the 

optimization.  



 

70 

 

4.2.3 Sample characterization 

We fabricated the hologram sample using the same procedure used for the 

metamaterial blazed grating. The detailed fabrication process can be found in Sec. 4.1.2. 

A SEM image taken after the fabrication of the first layer is shown in Figure 4-17(a). 6 

metamaterial layers can provide the maximum dynamic range of the 2π phase delay. 

However, our fabricated sample was composed of only 3 metamaterial layers; cracking 

and delamination prohibited the subsequent layers to be fabricated.  

                                                      

3 The sample was fabricated by Dr. Talmage Tyler.  

 

Figure 4-17: (a) SEM images the one layer fabricated metamaterial hologram. (b) SEM 
images of the three layer fabricated hologram3.  
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The 3-layer sample (Figure 4-17(b)) was characterized by illuminating a CO2 laser 

beam on the metamaterial computer-generated hologram. As shown in Figure 4-18, the 

setup consists of a CO2 laser (Lasy3S, Access Laser Company), a linear polarizer, the 

hologram sample, a Ge lens with a 50.8 mm focal length and an infrared camera (FLIR 

photon 640). Because of a relatively small diameter (1”) Ge lens, the lens and the camera 

were mounted on a rotating arm so that we can adjust their inclination angle and 

azimuth angle. The camera was positioned at the focal plane of the lens. As a result, the 

light distribution in the far field is related to the field in the plane of the hologram by the 

Fraunhofer transform.  
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The experimentally reconstructed images are shown in Figure 4-19. Considering 

the size of the hologram and the camera chip, it was not possible to image all of the 

hologram in a single field-of-view. Instead, we imaged the letters ‘D’, ‘U’, and ‘K’ 

separately. The letter ‘E’, however, was impossible to capture because of the breakdown 

of the Fraunhofer approximations.  

 

Figure 4-18: Characterization of metamaterial holograms. A metamaterial hologram 
sample was illuminated with a 10.6(μm) CO2 laser and an infrared camera was placed at 

the far field to capture the reconstructed images. 



 

73 

 

To explain why the letter ‘E’ was not captured, let’s begin with an angular 

diffraction pattern of the designed hologram. The design of the hologram was based on 

the Frunhofer approximations, in which a Fourier Transformation was applied to relate 

the field generated by the hologram and the field propagated to the far-field. However, 

not all the components generated by the hologram can propagate to the far-field. When 

the frequency components are higher than the cut-off frequency, they can no longer 

propagate to the far-field but rapidly attenuated from the hologram plane. The cut-off 

spatial frequency is [45]: 

 
2

2 2 1 .x yf f
λ

 + =  
 

 (4.14) 

Figure 4-20 shows a calculated Fraunhofer diffraction pattern with respect to 

diffraction angles θ and φ. The red circle corresponds to the cut-off frequency defined in 

 

Figure 4-19: Experimentally reconstructed images for letters, D, U, and K. 
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Eq. (4.14). According to the figure, the letter ‘E’ is positioned above the cut-off frequency 

and there cannot be imaged in the far-field.  

Table 4.1 compares the simulated diffraction angles and the measured diffraction 

angles for each letter. The diffraction angle is measured at the center of each letter. The 

slight disagreement between the experiment and the simulation might be attributed to 

the titled sample in the experiment. 

 

 

 

Figure 4-20: Simulated Fraunhofer angular diffraction pattern. The red circle marks the 
cut-off spatial frequency.  
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D U K E

(simulation) 29 46 62 78

(experiment) 24 39 59 X

(simulation) 44

(experiment) 38

Table 4.1: Comparisons of the diffraction angles between the simulation and the 
experiment. The diffraction angle is measured at the center of each letter.  
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5 Metamaterial polarization-multiplexed diffractive optics for 
λ = 1550 nm 

5.1 Introduction 

As photonic devices undergo continued miniaturization, optical components 

must be designed with increased functionality that can also better facilitate integration 

into compact volumes and footprints [34]. Features that enhance the capabilities of a 

given component without increasing size or other metrics can translate to greater device 

densities for photonic systems, simultaneously easing alignment and fabrication issues, 

improving energy efficiency, reducing fabrication costs and overall device size. A simple 

example of a multifunctional photonic device might be that of an integrated lens capable 

of switching among multiple different focal lengths. In this article, we demonstrate 

optical components that combine diffractive optics with polarization selectivity, or 

polarization-multiplexed diffractive optical elements (PMDOEs). One of these 

components, a polarization-multiplexed grating, can split signals based on the 

polarization state of incident light, a capability having widespread potential applications 

in optical switching [46], 3D displays [47], and polarization spectroscopy [48]. The 

second component is a polarization-multiplexed hologram. Polarization-multiplexed 

optical elements, such as Fresnel zone plates, could be constructed to form lenses with 
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tunable focal lengths [49]and may have particular relevance in holographic microscopy 

applications [50].  

PMDOEs have been demonstrated based on form-birefringence [51], which is 

produced by incorporating anisotropy in the form of subwavelength nanostructures, 

such as subwavelength gratings [52] and elliptical nanowires [53], designed using 

effective medium theory. Subwavelength nanostructures can be advantageously 

fabricated on a single layer to form the DOE. However, the fabrication effort and cost are 

very high for infrared wavelength devices constructed by this approach because of the 

required high aspect ratio of the features. PMDOEs can also be fabricated using 

femtosecond laser direct-writing, by which birefringence can be formed in fused silica, 

as the result of self-assembled subwavelength nano-gratings [54-56]. Though this 

approach is well suited for quick prototyping, it is limited in spatial resolution, since the 

minimum pixel size cannot be smaller than the diffraction limit of the laser writing 

beam, on the order of λ/2. The lack of precise control of grating periods during the 

writing process also limits the accuracy of the birefringence produced in the fused silica. 

Metamaterials offer an attractive alternative for engineering birefringence. 

Metamaterials utilize subwavelength metallic circuit elements for controlling material 

properties. A metamaterial-based PMDOE has several advantages over existing 
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PMDOEs. First, the minimum feature size is mainly limited by standard planar 

lithographic technology. Compared with a subwavelength grating in which the 

minimum feature size is more tightly limited by the high aspect ratio nanostructures, 

metamaterial structures can be fabricated smaller so that the increased pixel density 

allows larger field-of-view holograms to be realized. Second, the number of phase levels 

that can be encoded into the device is significantly increased using metamaterials. Third, 

in metamaterials-based design, effects such as birefringence arise primarily from 

element design and not material parameters, thus greatly increasing the range of 

applicable materials. This freedom in materials selection allows a given design to be 

tailored to suit any wavelength range of interest. The goal of the present study is to 

demonstrate a multilayer metamaterial PMDOE, which can offer polarization 

multiplexing with the benefit of reduced thickness, high diffraction efficiency and high 

polarization contrast ratio. Furthermore, this study shows the possibilities to design and 

fabricate anisotropic metamaterials that can lead to many other interesting applications, 

such as transformation optics [8].  

5.2 Design 

We demonstrate the feasibility of PMDOEs through the use of a polarization-

selective holographic optic with an operating wavelength of 1.55 μm. The design of the 
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polarization multiplexed hologram is based on non-resonant, cross-shaped metamaterial 

elements. The cross is advantageous in that it leads to an effective medium with 

relatively low losses and can easily be used to introduce anisotropy, producing arbitrary 

birefringence that can be simply determined through two-dimensional (2D) 

interpolations. By varying the length of the cross arms in the x-direction (Lx) and in the 

y-direction (Ly), birefringence can be engineered at the position of each individual pixel. 

Consider a single layer structure made of 30 nm thick Au (εAu = -132+12.65i [36]) cross-

shaped inclusions and a 100 nm thick benzocyclobutene (BCB) polymer dielectric host 

(εBCB = 2.356). The unit cell size is chosen such that there is enough space for the 

geometry to be tuned to achieve multiple-phase levels; yet small enough that 

approximate electrostatic effective medium theory design can be applied. The unit cell 

design is depicted in Figure 5-1(a). The line-width of the cross shape inclusion is 30 nm 

and the thickness of the metal inclusion is also 30 nm. BCB was chosen as the dielectric 

spacer layer, because this material is self-planarized and nearly transparent to the 

wavelength of interest. The effective optical properties of the cross elements were 

obtained by applying the well-known scattering (S-) parameter retrieval method to full-

wave numerical simulations performed using the commercial finite element software—

Comsol Multiphysics. This procedure treats the inhomogeneous metamaterial layer as 
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an effective homogenous medium described by constitutive parameters such as the 

electric permittivity and magnetic permeability. For such a simple case, analytical 

expressions can be utilized to describe the optical properties of the medium. The 

effective material properties can thus be retrieved from the S-parameters obtained from 

the finite-element simulations. More details of the retrieval method can be found in 

Section 2.1.3.  

One important feature of this approach is that we can control two refractive 

indices for the two cross linear polarizations to a very high degree of independence. An 

automated matlab code was generated to communicate with COMSOL solver, enabling 

us to simulate 324 distinct cross elements. Each element has Ly and Lx varied from 40 nm 

to 210 nm, with arbitrary non-uniform spacing. Figure 5-1(b) shows an interpolated 2D 

birefringence map, in which each blue vertical line or horizontal line corresponds to a 

fixed Ly or a fixed Lx, respectively, with values from 40 nm to 205 nm. Each line is 

separated by equally spaced values ΔLx or ΔLy of 18.33nm. We can observe that the 

increments of refractive indices are not linear; that is, the change in refractive indices 

between each line becomes larger when Lx or Ly increases. Therefore, the fabrication 

tolerance becomes tighter when we try to enlarge the index contrast. In light of the 

practical fabrication tolerance as well as the absorption concerns, we designed the 



 

81 

 

hologram and the grating using a moderate index contrast of Δn = 1.94, shown within 

the red box in Figure 5-1(b). Figure 5-1(c) shows the imaginary parts of refractive indices 

and indicates that we have a very high degree of independence of imaginary parts, with 

kx and ky depending mostly on nx and ny, respectively. In short, the birefringence forms 

two independent phase functions for the two orthogonal linear polarizations, enabling 

us to encode two independent patterns for two orthogonal linear polarization states.  
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To leverage the metamaterial birefringence into a functional device, a single 

metamaterial layer is not sufficient to provide enough phase contrast; in our design, a 

single layer can provide a maximum phase contrast of 0.79 radians, according to

 

Figure 5-1: Engineered birefringence using metamaterial cross elements. (a) Schematics 
of the metamaterial unit cell design. The unit cell size is 250 nm × 250 nm × 100 nm. The 

geometry of metamaterial cross element is defined by arm lengths (Lx and Ly), line-width 
of 30 nm and thickness of 30 nm. The electric field is oriented in the x-y plane and the 

electromagnetic wave propagates along the z direction. (b) By controlling the arm 
lengths of Lx and Ly in each individual crosses, we can obtain a wide range of 

birefringence. In this work, we chose moderate values of refractive indices bounded 
inside the red box. (c) Imaginary parts of refractive indices—kx (left) and ky  (right).  
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nkdφ∆ = ∆ . To optimize the diffraction efficiency, an 8 layer metamaterial design is thus 

required to provide the optimal 2π phase contrast [37]. Figure 5-2 shows the simulated 

phase advances and amplitude responses from an 8 layer metamaterial design. By 

varying Ly from 50 nm to 200 nm and fixing Lx at 200 nm, we can tune the phase 

advances for y-polarization from 0 to 2π while fix the phase advances for the x-

polarization close to 2π. We can also observe that amplitude responses for the y-

polarization are not a constant and this amplitude modulation is due to the losses and 

the impedance mismatch. 
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To demonstrate the controlled birefringence of metamaterials, we designed a 

polarization multiplexed blazed diffraction grating. As can be seen in Figure 5-3(a), the 

blazed grating is designed such that it has two diffraction periods— 8 mx µΛ = and

6 my µΛ = —directed along the two orthogonal linear polarization states of the 

illuminations. This polarization multiplexed grating has its +1st diffraction peak located 

 

Figure 5-2: Phase advances and amplitude responses of an 8 layer metamaterials for the 
two orthogonal linear polarizations. Lx is fixed at 200 nm and Ly is varied from 50 nm to 

200 nm.  
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at 11.2 degrees for x-polarized beam and at 15 degrees for y polarized beam. Therefore, 

the polarization multiplexed grating can split the incoming beam by polarization, 

directing the two orthogonal polarizations to different locations. This device also allows 

us to quantitatively characterize the polarization contrast ratio. The total width of the 

grating is 744 μm, which is a common multiple of both diffraction periods. With this 

polarization multiplexed grating, we can then measure the polarization contrast ratio 

according to the following formula,  

1

1

1

1

( ) ,for x-polarized beam
( )

Polarization contrast ratio
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Λ
 Λ≡  Λ
 Λ

. (5.1) 

1( )xP+ Λ is the peak intensity of the +1 diffracted order spot that is located at 11.2 (degree) 

created by the grating with 8 μmxΛ = and 1( )yP+ Λ is the peak intensity of the +1 

diffracted order spot that is located at 15 degrees created by the grating with 6 μmyΛ = . 

If there were no crosstalk, we would not observe a diffracted spot at 15 degrees when 

illuminating the grating with an x-polarized beam.  



 

86 

 

The second device we demonstrated was a polarization multiplexed computer 

generated hologram. In Figure 5-4, we illustrate the design methodology needed to 

produce a metamaterial polarization multiplexed hologram. The process starts from two 

individual images down-sampled to 300×300 pixels. To calculate the corresponding 
                                                      

1 The sample was fabricated by Dr. Talmage Tyler. 

 

Figure 5-3: Scanning electron micrograph of the fabricated eight layer polarization-
multiplexed grating1. The refractive index profiles x-polarization and for y-polarization 

are plotted to emphasize the two distinct diffraction periods—Λx=8 μm and Λy=6 μm.  
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phase holograms, we independently implemented the Gerchberg-Saxton iterative 

algorithm for each image [44]. The two phase holograms can then be combined into a 

single multilayer metamaterial device, with each pixel consisting of 10×10 cross-shaped 

metamaterial elements designed to produce the proper birefringence. Since the phase 

delay depends not only on the refractive index, but also on the thickness of the 

hologram, the polarization multiplexed hologram required 8 metamaterial layers to 

achieve the optimum 2π phase radians for the chosen index range. As a final step in the 

design, we include the loss and impedance mismatch in the calculated reconstructions of 

our designed hologram based on scalar diffraction theory.  

In the design of the polarization multiplexed hologram, we independently 

control the real part of the refractive index for the two linear polarizations. The 

imaginary part of the refractive index, however, cannot be independently controlled for 

the two polarizations. Therefore, the amplitude modulation for one polarization is 

slightly correlated to the phase modulation for the other polarization. The correlation in 

amplitude modulation could be expected to cause some degree of crosstalk between the 

two polarizations; but as seen in Figure 5-4(d), the crosstalk is found to be extremely 

small in the reconstructed images.  
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5.3 Fabrication 

 
Figure 5-4: Design flowchart of metamaterial based polarization multiplexed hologram. 

(a) Desired patterns for x-and y-polarization. (b) The phase holograms that are 
generated independently from the two desired patterns. (c) A Scanning electron 

micrograph showing a multilayer metamaterials construction combining the two phase 
holograms into a single optical component. (d) The simulated reconstructions of the 8 

layer metamaterial holograms for the two orthogonal linear polarizations.  
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The polarization-multiplexed grating was fabricated on a double-side polished 

silicon substrate, with a resistivity of 30 Ω-cm for reduced absorption. The fabrication of 

the first metamaterial layer was started by spin-coating 50 nm of benzocyclobutene (BCB) 

serving as a spacer layer, followed by curing it in a vacuum oven at 210 °C. A 30 nm 

thick ZEP 520A resist was spin-coated on top of the first BCB layer and the electron-

beam lithography (EBL, Elionix ELS-7500) was used to pattern cross arrays. Smaller grid 

spacing (1.25 nm) was used to improve the precision of the placement of the 

metamaterial elements; it, however, does not necessarily improve the resolution as the 

minimum spot size is determined by accelerating voltage, beam current, working 

distance, etc. The theoretical minimum spot size of our system is around 5 nm. We chose 

the smallest field size of 75 μm to minimize the drifting of the writing beam. Therefore, 

field stitching is required to pattern the entire grating with the size of 750 μm × 744 μm. 

The metallic inclusions were fabricated by depositing 30 nm gold over a 3 nm Cr 

adhesion layer using electron-beam evaporation. A lift-off process was then performed 

to remove the metal over the unexposed resist. The first metamaterial layer was 

completed by adding another 100 nm BCB spacer layer. The subsequent layers were 

fabricated by repeating the above process. To monitor the process, each layer of the 

grating and hologram was inspected using scanning electron microscopy (SEM) to verify 
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that the dimensions of the patterned metamaterial elements matched the design, as 

shown in Figure 5-3 and Figure 5-5.  

Based on the SEM images taken from every layer, we estimated the 

misalignments were bounded by ± 500 nm. As can be seen in Figure 5-6, such 

misalignments reduce the +1st order diffraction efficiency from 90% to 85% for the x-

polarization refractive index profiles and from 88% to 82% for the y-polarization 

refractive index profiles, according to simulations. A simple analytical model is also 

provided here as a comparison. Assuming the impedance mismatch can be ignored, the 

+1st order diffraction efficiency can be calculated by [57]: 

2

1
tan1 1 dε θη+

   = − −   Λ Λ  
, (5.2) 

where ε is the misalignment, Λ is the diffraction period, d is the thickness of the grating, 

and θ is the +1st order diffraction angle. The analytical results are plotted as solid curves 

in Figure 5-6 (b). The +1st order diffraction efficiency is defined by the power measured 

at the +1st diffracted order and normalized to the total transmitted power. As a final step 

after the eight layer fabrication process, we covered the sample with a gold aperture to 

block the light hitting outside of the patterned areas. 
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2 The sample was fabricated by Dr. Talmage Tyler. 

 

Figure 5-5: Scanning electron micrograph of the fabricated eight layer polarization-
multiplexed hologram2. 
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5.4 Experiment 

 

Figure 5-6: Simulated +1st order efficiency as a function of layer-to-layer misalignments. 
(a) Refractive index distributions nx (top) and ny (bottom). Δx represents the 

accumulated layer-to-layer misalignments. (b) Normalized +1st order diffraction 
efficiency as a function of the misalignment Δx for the two index distributions nx and ny. 

Solid lines show the analytical results and the open circles show the finite element 
simulated results. The shaded area is the estimated misalignment in the fabricated 

sample.   
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To characterize the polarization multiplexed grating, we illuminated the grating 

with a near-infrared laser (λ = 1.55 μm) using a 2-f imaging system (f = 40 mm). A 

collimator (Thorlabs F810FC-1550) was placed at the output port of the laser, followed 

by a linear polarizer (Thorlabs LPNIR100) and a half-wave plate. The half-wave plate is 

mounted on a motorized rotation stage to precisely rotate the linear polarizations of the 

beam that illuminates the hologram. An infrared camera (Goodrich SU320MS-1.7RT 

InGaAs Snapshot MiniCamera) was mounted on a rotation arm to capture diffraction 

spots. A background image was taken at the absence of laser illuminations; it was used 

to be subtracted from the image. Figure 5-7(a) shows images captured at the +1st 

diffracted order for polarization angles at 0, 45, and 90 degrees (from top to bottom), 

respectively. Figure 5-7(b) is a surface plot that combines all the line profiles across the 

peaks of the spots from the +1st diffracted order for polarization angles varying from 0 

to 90 degrees. Figure 5-7(c) plots the relative intensities measured at the +1st diffracted 

order for the x-polarization index profile (red) and for the y-polarization index profile 

(blue). The relative intensities were calculated by integrating the intensity of the main 

lobe and the 1st side lobes and normalizing them to their maximum values. 

Polarizations were increased every 1 degree from 0 to 360 degrees. The slightly different 

peak intensities between the two polarizations may be results of layer-to-layer 
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misalignments and unequal index contrasts of the fabricated grating. Because of the 

correlations between the imaginary parts of the two spatial refractive index components, 

we expect to observe some degrees of crosstalk between the two polarization gratings. 

To quantitatively investigate the cross-talk, we adjusted the laser power so that we have 

the dynamic range large enough to capture the two +1st order diffraction spots for two 

linear polarizations and obtained the polarization contrast ratio according to Eq. (5.1). 

We plot the measured polarization contrast ratio in Figure 5-7(d). The measured 

polarization contrast ratio is 925:1 for x-polarization (top) and 910:1 for y-polarization 

(bottom). Notice that the actual polarization contrast ratios may be slightly higher than 

these numbers because the measurements were affected by the side lobes from the 

neighboring diffracted orders. 
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We also experimentally characterized the index contrasts. By measuring the ratio 

of the +1st order diffracted efficiencies to the +1st order diffraction efficiencies and 

comparing them with numerical simulations, we extracted the index contrasts from our 

 
Figure 5-7: Characterization results from an 8 layer metamaterial polarization 

multiplexed grating. (a) Images captured at the +1st diffracted order for polarization 
angles at 0, 45, and 90 degrees (from top to bottom), respectively. (b) Surface plots of the 
line profiles across the peaks of the spots for polarization angles from 0 to 90 degrees. (c) 
The relative intensity for two linear polarizations as a function of polarization angles. (d) 

The experimentally obtained polarization contrast ratio for x-polarization (red circle) 
and y-polarization (blue circle). The polarization shift is defined by the offsets from the 

x-polarization (0 degree) and from the y-polarization (90 degrees). 
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fabricated 8 layer metamaterial grating to be Δnx = 0.86~0.91 and Δny = 0.96~1.05, as is 

shown in Figure 5-8. The uncertainties of the index contrast are estimated based on the 

uncertainties in the layer-to-layer misalignments considered in numerical simulations. In 

the simulations, we assumed a worst case scenario in which the misalignments were 

accumulated to ±500 nm. The reason that the index contrast is significantly smaller than 

that theoretical predicted Δn = 1.94 can be attributed to the offsets in the arm lengths of 

the fabricated crosses and the rounded corners in the fabricated structures. According to 

simulations, the rounded corner (radius of curvature = 14 nm) in the cross-shaped 

element causes the index contrast drop from 1.94 to 1.40.  

 
Figure 5-8: The experimentally extracted index contrast. The solid curves are the 

simulated ratio of the +1st order efficiency to the -1st order efficiency. The dotted lines 
are the measured ratios from the experiment.  
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To characterize the polarization multiplexed hologram, we implemented the 

same experimental setup except a lens (f = 40 mm) was inserted between the camera and 

the hologram sample to form a 2-f system. The camera is positioned at the +1st 

diffraction order to collect images for a series of polarization angles, as shown in Figure 

5-9. We can clearly observe very little crosstalk between the two images for the two 

orthogonal linear polarizations (0 and 90 degrees). 

  

 
Figure 5-9: Characterization results of the 8 layer polarization multiplexed hologram. 

Images of the 1st diffracted order of the hologram for linear polarizations at the 
specified orientation angles. Each images were normalized by their maximum values 

and applied with a Gamma-filter (γ = 0.8).  
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6 Conclusion and Outlook 

This dissertation illustrated the development of infrared metamaterials and their 

applications in the context of diffractive optics. 

In chapter 4, I presented two proof-of-concept demonstrations of metamaterial 

based diffractive optical elements for the wavelength of 10.6 μm. The first part of this 

chapter presents a metamaterial device with a 3.0n∆ = using a blazed diffraction grating. 

The sawtooth gradient refractive index profile was implemented with a set of 

metamaterial elements ranging from small disks to I-beam structures. These 61 

distinguishable elements approximate a linear phase shift gradient with 61 steps. 

Electron beam lithography and vacuum deposition were used to fabricate the four layers 

of the metamaterial structure. The metamaterial sample characterization resulted in 

good agreement with the numerical simulations of the structure, as determined through 

a comparison of the -1st order and +1st order diffraction efficiencies. This result is 

significant for two reasons. First, a refractive index variation of 3.0n∆ =  is, to my 

knowledge, the largest for a graded-index infrared device yet reported in the literature. 

Over the grating period of 61 μm, this corresponds to a refractive index gradient of

-1492 cm . Second, the combination of fabrication techniques introduced here can achieve 

spatial control of the refractive index in a single device, which suggests the possibility 
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for the implementation of large refractive index gradient and transformation optical 

metamaterial structures. The use of metal inclusions is particularly relevant for gradient 

structures with controlled anisotropy, as might be required to manage polarization in 

multifunctional optical devices. Combining the large index gradients with 

nanolithographic fabrication, the results presented suggest a path towards extremely 

complex media relevant to advanced IR optics. The second part of chapter 4 presents a 

metamaterial based computer generated phase hologram for the wavelength of 10.6 μm. 

The ability to locally and precisely control the refractive indices in an optical material 

opens up many opportunities in optical communications, optical lithography, and 

optical imaging.  

In chapter 5, I presented a polarization multiplexed computer generated 

hologram and a blazed diffraction grating operating at the wavelength of λ = 1.55 μm. I 

showed that the metamaterial approach can perform polarization multiplexing with 

very high polarization contrast ratio (925:1). The multilayer fabrication technology 

provides us a precise and reliable process to control phase advances in DOEs. Although 

at present the optimal performance requires about 16 layers of metamaterials, further 

optimizations both in the design and in the fabrication can increase the index contrast 

and reduce the number of layers to be fabricated. The metamaterial based PMDOE is 



 

100 

 

compact, and exhibits high polarization contrast ratio and can be easily integrated into 

standard Si fabrication processes, opening up many possibilities in functionalized micro-

scale optical devices.  

This dissertation lays out the foundation for more complex optical components 

using infrared metamaterials. To further push this technology to visible frequencies is 

very challenging. Indeed, this would require fabrication with a precision on the order of 

nanometer or even sub-nanometer scale, which is almost impossible to achieve even 

with the state-of-the-art lithography. Also, metals are more lossy because they suffer 

from interband transitions in the visible spectrum [22]. Therefore, the future technology 

development for optical metamaterial will require more advanced fabrication technique 

and alternative conducting materials.  

“The concept of metamaterials has tremendous potential, but making that 

potential a reality requires overcoming serious practical issues such as fabrication and 

loss. Finding successful near-term applications will help sustain long-term support for 

broader development,” said Jeff Hecht in Laser Focus World [58]. My work presented 

here shows one such near-term application. Metamaterials benefit diffractive optics in 

terms of multi-phase levels, large gradient index contrast, reduced thickness, and more 

functionality. I envision metamaterial diffractive optical elements will be developed 
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with polarization and wavelength multiplexing in the near future. Additional 

functionality including the independent control of the electric and magnetic response 

will require more advanced metamaterial element designs. Also, optimization 

techniques may also help the development of metamaterial devices particularly to 

reduce the amplitude modulation.  

The precise control of the anisotropy opens up another near-term opportunity for 

metamaterials in polarimetric imaging [59]. Polarimetry is a technology that can 

measure and resolve the polarization states of electromagnetic waves. This technology 

has been widely integrated in many imaging systems. Waveplates are very crucial 

components in polarimetric imaging systems. They rely on a birefringent crystal to 

create a phase retardation effect. A half-wave plate rotates a linearly polarized light and 

a quarter-wave plate converts a linearly polarized light into circularly polarized light 

and vice-versa. However, waveplates are extremely expensive at certain frequency 

bands. For example, a commercial CdS (cadmium sulfide) waveplate operating at the 

wavelength of 10.6 μm can cost more than $10,000. In addition, the crystal is soft and 

requires additional care [60]. Metamaterials compare advantageously with the existing 

waveplates in terms of reducing the costs, the reliability of the fabrication processes and 

even performance [61]. In particular, the frequency response can be broadened by 
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stacking more layers so that the incident beam can undergo a more adiabatic 

polarization conversion at each subwavelength meta-surface [13, 62]. The further 

development of engineered chirality is very important for polarimetric imaging.  

The development of the dynamic control of optical metamaterials will attract 

many research attentions. This dissertation has been only limited to static metamaterials. 

Tuning the material properties for each individual metamaterial element would make 

the metamaterial technology even more appealing. Such dynamic control might be 

achieved by replacing the dielectric materials with semiconductors or conductive 

polymers in the metamaterials design.  

In the long term, transformation optical devices using 3D optical metamaterials 

will be very interesting. But, first, we need to overcome several challenges including the 

fabrication and the lack of good metals in the optical range. Further, a more complex 

metamaterial element design is required to control the anisotropy in three dimensions.  

I sincerely hope this dissertation has developed important contributions for 

infrared metamaterials so that they can be further constructed for more interesting and 

useful optical devices. 
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