Optical Measurements on Plasmonic
Metamaterials
Ruben C. Maas
Supervisors:
Dr. James Parsons and Prof. Dr. Albert Polman

Research project for the masters degree in
Nanomaterials: Chemistry and Physics
at Utrecht University, The Netherlands
August 2010 - June 2011

Center for Nanophotonics
FOM Institute AMOLF
Amsterdam, The Netherlands

Abstract
Metamaterials are unique in their ability to control the confinement and propagation
of light, exhibiting electromagnetic phenomena not observed in conventional materials. In
this work, analytical calculations are used to design a plasmonic metamaterial with a three
dimensional negative index of refraction at optical frequencies. A brief overview of the
theory describing these metamaterials is presented.
Samples are fabricated using electron beam physical vapor deposition. Variable angle
spectroscopic ellipsometry is used to determine the optical constants and thicknesses of the
evaporated layers. In addition, Rutherford backscattering spectrometry, optical transmission
and reflection measurements and a focus ion beam created cross-section are used to analyze
multilayer stacks. From these multilayer stacks miniature prisms are sculpted.
A Fourier microscope which specifically operates at UV and visible frequencies is constructed to perform refraction measurements on the miniature prisms. The effective refractive index is derived from the refraction angle using Snell’s law. Experimental measurements
show good agreement with finite-difference time-domain simulations, but do not show a negative refractive index. The observed effective index is explained using an effective medium
theory.
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Chapter 1

Introduction
1.1

Metamaterials and light

The first lens ever created by man is thought to be the Nimrud lens, a transparent rock
crystal shaped to focus light (fig. 1.1 (a)). It was discovered in modern day Iraq, and is
believed to be 3000 years old. This object represents the first attempt of mankind to use
conventional materials to control light. Interestingly, despite all advances in technology since
then, modern lenses still rely on the same basic principle; a lens uses a curved transparent
material with a refractive index greater than that of air to refract light. Microscope objectives are a good example of a very specialized and advanced application of this fundamental
principle. A single objective can hold as many as 15 individual optical elements, designed
to minimize spherical and chromatic abberation, as well as other artifacts such as coma,
astigmatism and field curvature (fig. 1.1 (b)) [1].

Figure 1.1: (a) Nimrud lens on display at the British museum (b) Modern day apochromatic
microscope objective

In 2000, Pendry proposed the idea that negative index materials could also be used to
create lenses [2]. When light passes through a slab of negative index material it is refracted
negatively at both interfaces, leading to a focus inside the slab, and another focus some
distance away from the slab, see fig. 1.2 (a). Ordinary lenses cannot preserve all high
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spatial frequencies (i.e. k > k0 ≡ 2π
λ0 ), which causes the resolution of the constructed image
to be diffraction limited. It is thought that negative index lenses are capable of transmitting
higher spatial frequencies, leading to a resolution beyond the diffraction limit. In a negative
index material the evanescently decaying spatial frequencies are amplified by the negative
index material, such that both the propagating and the evanescent frequencies contribute
to the formed image [2].
(a)

d1

d2

(b)

(c)

d2 - d1

200 nm

1 µm

Figure 1.2: (a) Negative index lens (b) Stacked split ring resonators fabricated with electron
beam lithography (c) Fishnet structure fabricated using focussed ion beam milling

However, no negative index materials exist in nature. Therefore, an artificial medium
with an effective negative index must be created. Metamaterials are defined as materials
constructed from sub-wavelength building blocks [3]. The unit cell of such a metamaterial
can be compared with the atoms making up a natural material. The size of the building
block for a metamaterial operating in the visible region is typically in the range of 10-200
nm [4], which is of course significantly larger than atoms. However, as these dimensions
are smaller than the freespace wavelength in the visible region, the metamaterial can still
be described as having a homogeneous optical response, such that it can be characterized
by an effective refractive index. Typical examples of metamaterial building blocks are split
ring resonators and fishnet structures.
With the advance of novel fabrication techniques such as electron beam lithography and
focussed ion beam (FIB) milling, top down fabrication of such small structures has become
possible. Split ring resonators and fishnet structures have been created (figs. 1.2 (b-c))
[5, 6], designed to operate at the visible and near-infrared. However, an intrinsic limitation
of these resonant metamaterials lies in the fact that their resonance frequency scales with
their size and material properties. Fabrication of such metamaterials with a resonance at
visible frequencies is challenging due to the required dimensions.
A different approach to obtain a negative index material is using plasmonic waveguides.
These waveguides are thin dielectric layers cladded by metal, supporting coupled surface
plasmon-polaritons (SPPs). Light incident on such a waveguide excites SPPs, which travel
along the waveguide. The mode index of the SPP can be tuned by changing the dielectric and
metal layer thicknesses and by using different dielectrics and metals. When the SPPs meet
the subsequent interface between the plasmonic waveguide and freespace, it will outcouple
into a radiative mode. The outcoupled light will have an angle and position as if it had been
refracted in the plasmonic waveguide array with a refractive index equal to the effective
mode index of the SPP. It has been shown theoretically that plasmonic waveguides support
negative index modes for a specific frequency range [7]. Although these metamaterials are
made by stacking multiple waveguides into an array, giving the structure a distinct two
dimensional geometry, three dimensional negative refractive index has theoretically been

1.1 Metamaterials and light

shown to be possible using this configuration [8]. In this work a brief overview of the theory
describing this mechanism is presented. In addition, a new method of fabrication is used to
create an array of plasmonic waveguides. We have built a setup to determine the effective
refractive index by measuring refraction on a miniature prism. Finally, the measurements
performed on these prisms are presented and compared with numerical finite-difference timedomain (FDTD) simulations [9] and analytical band structure calculations.
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Chapter 2

Plasmonic Metamaterials
2.1

Metal dielectric interfaces

A surface plasmon-polariton (SPP) is a collective charge density oscillation at an interface
between two regions where the real part of  changes sign [10]. Here, a metal-dielectric
interface is defined to be in the x − y plane, at z = 0 (See fig. 2.1 (a)) such that (z) = d
for z > 0 and (z) = m for z < 0. SPPs are transverse magnetic (TM) waves [11], with
field components given by:
Hy,j (x, z, t) = Hy,j exp[i(kx x ± kz,j z − ωt)]

(2.1)

Ex,j (x, z, t) = Ex,j exp[i(kx x ± kz,j z − ωt)]

(2.2)

Ez,j (x, z, t) = Ez,j exp[i(kx x ± kz,j z − ωt)]

(2.3)

(b)

(a)
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Figure 2.1: (a) geometry of a metal-dielectric interface, plotted is the normalized |Hy |(z)
field across the interface, calculated for a SPP on an Ag-TiO2 interface for a freespace wavelength of λ = 500nm (k0 = 12.6µm−1 ). (b) dispersion relation for an Ag-TiO2 interface.

when the SPP is taken to be in the x − z plane (such that ky = 0). j refers to either the
dielectric or metal region, denoted by d and m respectively. kx is the in plane wavevector,

2.2 Plasmonic waveguides
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and kz,j is the out of plane wavevector in region j. The wavevectors have to satisfy j k02 =
2
kx2 + ky2 + kz,j
, where k0 ≡ ω/c = 2π/λ0 . The sign of the z component is chosen to have
decaying fields away from the interface [12]. If the wave equation is considered in each
medium independently (assuming each medium to be non-magnetic, so µj = 1):
~ =
∇2 E

~
j ∂ 2 E
2
2
c ∂t

(2.4)

We obtain:
2
kx2 + kz,d

kx2

+

2
kz,m

= d k02

(2.5)

m k02

(2.6)

=

for the dielectric and metal region respectively. Using Ampre’s law, whilst neglecting external charge and current densities, the different field components Hy,j , Ex,j and Ez,j can be
related to each other in medium j as:
~
∂E
(2.7)
∂t
The field components are connected to their counterparts in medium j + 1 by the boundary
conditions as imposed by Maxwell’s equations at the interface at position zj :
~ = j
∇×H

Ex,j (x, zj , t)

=

Ey,j+1 (x, zj , t)

(2.8)

Hy,j (x, zj , t)

=

Hy,j+1 (x, zj , t)

(2.9)

Dz,j (x, zj , t)

=

Dz,j+1 (x, zj , t)

(2.10)

Bz,j (x, zj , t)

=

Bz,j+1 (x, zj , t)

(2.11)

So parallel E and H and perpendicular D and B are conserved, here D = 0 E + P = 0 j E
and H = µB0 , as the polarizability P is taken to be linearly dependent on the electric field and
k

k

the magnetization M is neglected. Solving this set of equations, the condition m,z
= − d,z
m
d
is obtained, which combined with equations (2.5) and (2.6) gives the dispersion relation:
r
m d
kx = k0
(2.12)
m + d
Note that d , m and kx are generally complex valued. The dispersion relation is calculated
for an Ag-TiO2 interface assuming experimentally determined optical constants (fig. 2.1 (b)).
The frequency of SPPs with a frequency equal to a freespace √
wavevector of k0 ' 14µm−1
is close to the surface plasmon resonance frequency ωsp ≡ ωp / 1 + d . As the SPP is close
to its resonance in this regime, it experiences high losses, which are reflected in the value of
Im[kx ].

2.2

Plasmonic waveguides

As shown in fig. 2.1 (a), the fields of a SPP evanescently decay away from the interface.
However, when two interfaces are in close proximity (within the near field decay length of
the SPP), the field extension of a SPP on the first interface will have some nonzero overlap
with SPPs on the second interface. For instance, at 20 nm from the interface depicted in fig.
2.1 (a), the amplitude of the |Hy | field in the dielectric still has 49% of its maximum value.
Now consider a 20 nm dielectric layer cladded with semi-infinite Ag. This geometry is often
referred to as a metal dielectric metal (MDM) waveguide. The nonzero field overlap between
SPPs in a MDM waveguide leads to coupling, which is strongly dependent on the thickness
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Figure 2.2: symmetric (blue) and asymmetric (red) mode in a MDM waveguide. Plotted is
the normalized Hy field amplitudes for the symmetric and asymmetric modes calculated for
k0 = 8µm−1 and k0 = 16µm−1 respectively.

and optical constants of the dielectric. Moreover, due to this coupling, two distinct modes
are allowed to propagate in the waveguide; termed symmetric and asymmetric.
Fig. 2.2 shows the Hy field distribution of the symmetric (in blue) and asymmetric (in
red) modes supported by the MDM waveguide. The symmetry of the Hy field is used to
attribute the symmetry to the mode. The symmetric mode is calculated for k0 = 8µm−1
(λ0 = 785 nm) and the asymmetric mode for k0 = 16µm−1 (λ0 = 393 nm).The dispersion
relation for this geometry is shown in figure 2.3 (a). As can be seen from fig. 2.3 (b), for
freespace wavevectors above the surface plasmon resonance frequency, the asymmetric mode
has much lower losses than the symmetric mode. The differences in propagation length along
the interface (defined as LSP P ≡ 1/(2Im[kx ]), see table 2.1) are so significant that below
and above the surface plasmon resonance frequency the symmetric and asymmetric mode
are considered to be the only propagating mode respectively.
Table 2.1: Propagation Lengths

λ0
785 nm
393 nm

2.3

k0
8 µm−1
16 µm−1

symmetric
LSP P = 1815.3 nm
LSP P = 3.3 nm

asymmetric
LSP P = 3.2 nm
LSP P = 117.2 nm

Metamaterials and mode index

√
In a homogeneous material j, the index of refraction is ordinarily defined as n = µj j .
c
However, for a waveguide geometry, the mode index defined as β = Re[kx ] ω , defines the
effective refractive index for propagating modes in the waveguide. The asymmetric mode

2.4 The transfer matrix method
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Figure 2.3: (a) dispersion relation for a MDM waveguide (solid) and a MDM waveguide
pair (dashed) (b) losses calculated for different modes

has a negative index and low losses in the shaded region of fig. 2.3 (a-b). The phase and
energy velocity of a mode with a negative index are anti-parallel [7].
A consequence of a negative mode index is that light impinging on an interface of the
waveguide from freespace undergoes negative refraction. However, the planar geometry
confines the negative refraction to the plane of the waveguide (x − y plane). Ideally we
would like to design a metamaterial which exhibits three dimensional negative refraction,
and in order to do so, we also need to understand propagation characteristics perpendicular
to the waveguide.
One way of designing a three dimensional negative index of refraction is to stack waveguides into an array [8]. However, in order to evaluate the modes of a stacked waveguide
array, a system of equations must be formed, based on boundary conditions applied to all
the different (coupled) interfaces of the array. Here, a formalism called the transfer matrix
method is adopted, using notation from [13].

2.4

The transfer matrix method

If we consider a multilayer slab waveguide geometry with n layers, slab j has thickness dj
and dielectric permittivity j . Equation (2.1) is rewritten to a general solution for the field
distribution inside slab j as a function of z.
Hy,j (z) = Aj sin(kz,j (z − zj )) + Bj cos(kz,j (z − zj ))

(2.13)

Here zj is the distance from the first interface, we define the first interface, between region
j = 1 and j = 2, to be at z = z2 = 0. To investigate the optical properties of this
structure, the response of the system to an incident plane wave is calculated. Alternatively,
the condition that fields must decay to zero away from the multilayer array can be used,
in the absence of any incoming waves. Supported wavevectors (eigenmodes) of the system
must then be found by numerical calculations.

2.4.1

Incident plane wave

First consider the simplest case, where a plane wave is incident from x = −∞, with known
frequency and angle. That is to say, kx and kz,1 are defined. We describe the fields in
medium j = 1 and j = n as:
Hy,1

=

Ci exp[ikz,1 z] + Cr exp[−ikz,1 z]

(2.14)

Hy,n

=

Ct exp[ikz,n (z − zn )]

(2.15)

10
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Here Ci , Cr and Ct are the incident, reflected and transmitted amplitudes of the plane wave.
Together with the coefficients Aj and Bj from equation (2.13) these coefficients form the
unknowns of this system. However, since we seek the general response of the system, we can
say Ci = 1. At the first interface equations (2.8-2.11) and equation (2.7) relate the fields
inside the second slab to the (known) field in the first slab:
 



Hy,1 (z2 )
Hy,2 (z2 )
1 0
=
(2.16)
dHy,1 (z2 )
dHy,2 (z2 )
0 21
dz
dz
Now using equation (2.13) the fields in j = 2 at the interface between j = 1 and j = 2
(at z = z2 ) may be related to the fields at the interface between j = 2 and j = 3 (at z = z3 ):


Hy,2 (z3 )
dHy,2 (z3 )
dz





cos(kz,2 d2 )
=
−kz,2 sin(kz,2 d2 )


1
kz,2 sin(kz,2 d2 )
cos(kz,2 d2 )

Hy,2 (z2 )



dHy,2 (z2 )
dz

(2.17)

where d2 = z3 −z2. Repeating these steps for each interface up to the interface at z = zj ,
all the fields inside the structure can be calculated. The transfer matrix method uses the
matrix notation used in equations (2.16) and (2.17) to do this in a compact matter. The
resulting field distribution of Hy,j (z) is then:

Ci exp[ikz,1 z] + Cr exp[−ikz,1 z]
j=1


 (Q
j,1,1 (Ci + Cr ) + ikz,1 Qj,1,2 (Ci − Cr ))cos(kz,j (z − zj ))
Hy,j (z) =
1

 + kz,j (Qj,2,1 (Ci + Cr + ikz,1 Qj,2,2 (Ci − Cr )sin(kz,j (z − zj )) 1 < j < n

Ct exp[ikz,n (z − zn )]
j=n
(2.18)
The coefficients are defined as:
Cr

=

Ct

=

−Qn,1,1 − ikz,1 Qn,1,2 −
Qn,1,1 − ikz,1 Qn,1,2 +

i
kz,n Qn,2,1

i
kz,n Qn,2,1

kz,1
kz,n Qn,2,2
Ci
kz,1
kz,n Qn,2,2

+

+

2kz,1
Qn,1,2 Qn,2,1 − Qn,1,1 Qn,2,2
Ci
kz,n −Qn,1,1 + ikz,1 Qn,1,2 − i Qn,2,1 − kz,1 Qn,2,2
kz,n

(2.19)
(2.20)

kz,n

Where:
Qj
Mj
Tj

= Tj Mj−1 Mj−2 · · · M2
#
"
j
cos(kz,j dj )
kz,j j−1 sin(kz,j dj )
=
j
−kz,j sin(kz,j dj )
j−1 cos(kz,j dj )


1
0
j
=
0

(2.21)
(2.22)
(2.23)

j−1

2.4.2

Eigenmodes of a multilayer stack

When there is no plane wave incident on the structure, the fields in region j = 1 and j = n
are defined as:
Hy,1 (z)

= C1 exp[−ikz,1 z]

(2.24)

Hy,n (z)

= Cn exp[ikz,n (z − zn )]

(2.25)

Which implies that the imaginary part of kz,1 and kz,n must both be positive if only bound
modes of the waveguide are considered. In this system C1 , Cn together with the coefficients
Aj and Bj from equation (2.13) are the unknowns of the system.

2.5 Three dimensional negative index of refraction

Using the transfer matrix method, these fields are related as:




Hy,n (zn )
Hy,1 (0)
= Qn dHy,1 (0)
dHy,n (zn )
dz

11

(2.26)

dz

Which leads to a dispersion relation:
Qn,1,1 − ikz,1 Qn,1,2 +

i
kz,1
Qn,2,1 +
Qn,2,2 = 0
kz,n
kz,n

(2.27)

Solutions can be found numerically in the complex kx plane, and these solutions are the
eigenmodes of the system.

2.5

Three dimensional negative index of refraction

As noted in section 2.3, a single MDM waveguide only leads to negative refraction in the
(x − y) plane. Stacking multiple MDM waveguides into an array leads to coupling between
the surrounding waveguides. In the paraxial approximation, when kx /kz  1, the complex
amplitudes of adjacent waveguide modes can be related by:
∂aj /∂x = iβaj + iκ(aj−1 + aj+1 )

(2.28)

Here, β is the single waveguide mode index, and κ is the coupling constant, defined as:
R
(d − m ) d E† (z) · E(z − d)dz
(2.29)
κ = ω0 R ∞
x̂ · (E† × H + E × H† )dz
−∞
Where d is the distance between adjacent waveguides. In order to achieve a negative index
of refraction, the sign of κ needs to be negative. Using the transfer matrix method described
in the previous section, the field distributions can be calculated throughout the entire stack,
enabling the calculation of κ. It has been shown theoretically [8] that the symmetric
superposition of two asymmetric modes in a MDM waveguide pair (fig. 2.4 (a)) leads to
a negative κ and as such, negative refraction in the x − z plane. An FDTD simulation
demonstrating negative refraction can be seen in fig. 2.4 (b). TM polarized light with a
freespace wavelength of λ0 = 410 nm is incident with an angle of incidence of 30 degrees.
The field amplitude inside the material (x < 0) is multiplied by a factor 5 for clarity. The
fields inside the material have low amplitudes due to a low incoupling efficiency. Most light
is reflected, giving rise to the interference pattern observed for x > 0.
The dispersion relation of these modes are shown in fig. 2.3 (a), the dashed lines represent
the symmetric superposition of two symmetric modes (blue) and two asymmetric modes
(red) respectively. The symmetric superposition of the asymmetric modes still exhibits low
loss in the shaded regime of the dispersion relation. Remarkably, the losses of this mode
can be even lower than the losses of an asymmetric mode in a single MDM waveguide for
some frequencies (fig. 2.3 (b)). This shows that negative refraction in the x − y plane is not
influenced by the stacked arrangement of the waveguide array.
When light is incident not predominantly along x̂ (which is the case in the paraxial approximation), but mostly along ẑ, a different physical mechanism allows negative refraction.
In this situation, light propagating in the multilayered stack can be described by multiple
harmonics of a Bloch wave with a negative index. To determine the response of the system
in this regime, the extreme limit of kz = k0 is taken, such that kx = 0. An infinite double
periodic stack is described with the transfer matrix method, and using the fact that parallel
k (=kx in this configuration) is conserved, the response of the this stack is calculated for
three different wavelength: 405, 410 and 415 nm. The wavevector diagram of this infinite
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Figure 2.4: (a) symmetric superpositions of the symmetric (blue) and asymmetric (red)
modes in a MDM waveguide pair. (b) plasmonic waveguide array demonstrating negative
refraction. Plotted is the normalized Hy field, with dashed lines indicating the wavefronts.
The pattern seen above the material (x > 0) is due to interference between incident and
reflected wavefronts. Inside the material (x < 0) the field amplitude is multiplied by a factor
5 for clarity.

stack is shown in fig. 2.5. As can be seen, the wavevector decreases for shorter wavelength,
which indicates that the Poynting vector is also oriented towards the origin. The gray circle
indicates the n = ±1 isofrequency contour. For an isotropic metamaterial, the layer thicknesses and optical constants need to be chosen such that the wavevector diagram resembles
a sphere. A fully circular isofrequency contour would also imply that the Poynting vector S
and the wavevector k are exactly anti-parallel.

20

20
Im(kz) [μm-1]

(b) 40

Re(kz) [μm-1]

(a) 40

0

0

-20

-20

-40
-40

λ0=415 nm
λ0=410 nm
λ0=405 nm

-20

0
kx [μm-1]

20

40

-40
-40

-20

0
kx [μm-1]

20

40

Figure 2.5: wavevector diagram showing three different isofrequency contours calculated for
a freespace wavelength of 405, 410 and 415 nm. At kz = ±38 µm−1 the next Bloch harmonic
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Chapter 3

Fabrication of multilayer stacks
3.1

Deposition setup

To fabricate an array of plasmonic waveguides, electron beam physical vapor deposition
(EBPVD) is used. The deposition chamber is evacuated to pressures of 5 · 10−7 mbar. At
these pressures, there are 109 particles per cm3 , as compared to 1019 particles per cm3 at
atmospheric pressures [14]. The reduction in particle density leads to an increase in the
mean free path lengths in the chamber. Also, conductive and convective heat transfer is
greatly reduced, such that most heat dissipation is radiative.
The lower part of the deposition chamber contains multiple electron sources which use
a tungsten wire across which a 10 kV potential difference is applied to accelerate electrons.
These electrons are then guided onto a target using magnetic fields. The high acceleration
potential, combined with considerable emission currents, lead to a maximum heating power
of 5 kW. Since the electrons are magnetically confined, this power can be locally applied
onto areas smaller than 1 cm2 .
Targets consist of an evaporation material in a crucible, which is contained in a water
cooled copper crucible holder. The crucible provides a physical barrier between the holder
and the evaporation material, to prevent intermixing. The crucible also isolates the evaporation material thermally, such that inside the crucible very high temperatures are obtained.
Here, Ag is used in a graphite (carbon) crucible, and Ti3 O5 is placed in a tantalum crucible.
Both crucible materials are chosen to prevent alloys from being formed between evaporation
and crucible materials, even at high temperatures.
The local heating of the evaporation material combined with the thermal insulation provided by the crucible allows the evaporation material to melt, such that atoms or compounds
are released in the gaseous phase. Due to the heating of the evaporation material and the
presence of a gas inside the evaporation chamber, the pressure can increase to 1 · 10−6 mbar.
In this regime the mean free path varies between 1cm and 1m, compared with a distance
of 90cm between the evaporation material and substrate. Atoms and compounds released
from the evaporation material will thus reach the substrate after some collisions. When this
happens, the gas will precipitate on cool interfaces, forming a thin film. The substrate is
positioned directly above the evaporation materials. Different substrates can be used, for
instance a rotating substrate to increase film homogeneity.
The thickness of the evaporated layer is determined by a quartz crystal which is oscillating
at a frequency of 5.9MHz inside the evaporation chamber. As the thin film is deposited on
this quartz crystal, the mass of the crystal increases, reducing its resonant frequency. This
increase in mass can be converted to an evaporated thickness, assuming a density for the
evaporated material. However, as the quartz crystal is not at the same distance from the
evaporation material as the substrate, and the assumed density of the material could be
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wrong, the quartz crystal needs to be calibrated using independent thickness measurements
on the evaporated thin film at the sample substrate.

3.2

Thin film evaporation

TiO2 has a high refractive
index and low losses in the visible range. This high refractive index
√
reduces ωsp (= ωp / 1 + d ) which facilitates coupling to negative index modes at visible
frequencies. In order to deposit TiO2 , Ti3 O5 was used as an evaporation material. There
are other stoichiometries which could be used, such as TiO, Ti2 O3 or TiO2 itself. However,
when these are evaporated, the vapor comprises various Ti-O compounds, the composition
of which could change during deposition, resulting in an inhomogeneous refractive index
throughout the deposited film. However, when Ti3 O5 is used as the evaporation material,
the only species in the gas phase will be TiO [15], such that with a constant evaporation
rate and a constant gas flow of O2 , the deposited layer may oxidize into TiO2 under the
same conditions. In order to make sure the level of O2 is constant during the deposition, a
regulated gas injector is used, providing a constant flow of O2 with a pressure of 10−4 mbar
into the deposition chamber.
In order to characterize evaporated multilayers, three samples were made consisting of
eight layers of alternating 40 nm TiO2 and 40 nm Ag thin films deposited on a Si substrate.
A cross-section was made of this sample by FIB milling to reveal the layered structure. A
SEM image of the cross-section can be seen in fig. 3.1 (b), the dark slabs are the TiO2 layers
and the light slabs are the Ag layers. Below the bottom TiO2 layer is the Si substrate, which
appears black in the SEM image due to low secondary electron emission of this material.
The sample was measured using Rutherford backscattering spectrometry (RBS) (fig. 3.1
(a)). RBS measurements utilize elastic collisions between high energy (≥ 2 MeV) He+ ions
and the sample [16]. The energy distribution of backscattered ions is measured, which
allows the composition of the sample to be determined.
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Figure 3.1: (a) RBS measurement on three different samples as described in the text. (b)
SEM cross-section of the sample with Ag (light) and TiO2 (dark) layers. The sample is
covered with a layer of Pt to be able to determine each layer thickness accurately

3.3 Characterizing thin films

The blue arrows in fig. 3.1 (a) indicate the backscattered energy of different elements
which is expected when these elements form the first interface of a sample. Spectral peaks
of layers deeper in the sample are shifted to lower energies. The spectra show that the three
samples are very similar. The samples were evaporated at the same time, but were placed at
different positions on the sample substrate. This suggests the deposition was homogeneous
across the entire sample substrate. The data was fitted to a model of the multilayered
stack, which results in a certain number of atoms per cm2 for each layer. From these atomic
densities, the ratio of O/Ti was determined to be O/Ti= 2.06 ± 0.1, which suggests that the
stoichiometry of the deposited material is very close to TiO2 . If a certain mass density is
assumed for the material in a specific layer, the layer thickness can also be derived from the
atomic density. However, this thickness estimation is only as accurate as the assumed mass
density, as was the case for the oscillating quartz crystal in the deposition chamber. For
bulk Ag and TiO2 , the mass density is obviously well known, but this density could change
for very thin, deposited films. Therefore, RBS is not suitable for accurately determining the
layer thicknesses.
The EBPVD setup used in this work is also equipped with an ion gun. Ion bombardment
can be used to smooth thin films during or after the deposition. However, the ions are only
focussed at a region of about 3 cm2 on the sample substrate. The oscillating quartz crystal
is unaffected by the ion bombardment. Therefore, an alternative method is required to
determine the layer thickness during the deposition process. One method is grazing incidence
x-ray specular reflectometry (GIXR) with a C-Kα x-ray source (λ0 = 4.37 nm) [17]. As
the surface roughness of the deposited layer is reduced by successive ion bombardment,
the specular reflection increases due to reduced scattering. Furthermore, the reflection
coefficient strongly depends on the film thickness. This technique has previously been used
in combination with ion smoothing to create ultra smooth Mo/Si multilayers. However,
Ag and TiO2 multilayers have a very low reflection coefficient for the x-ray source used.
Therefore it is currently impossible to determine the layer thickness and surface roughness
during the deposition using GIXR. X-ray sources which emit at different frequencies could
be used to resolve this problem.

3.3

Characterizing thin films

An accurate method of determining film thickness and optical constants is essential to the
calibration and characterization of the fabrication process. To characterize samples, variable
angle spectroscopic ellipsometry (VASE) was used on different evaporated thin films. VASE
measures the polarization change upon specular reflection of a sample, as a function of both
the angle of incidence and the wavelength of the incident light. The technique is called
ellipsometry, since most generally polarized light is elliptic, i.e. the electric field describes
an elliptic curve in the plane perpendicular to the optical axis during one optical cycle.
The reflected beam undergoes a polarization change as the (complex) reflection coefficient
is different for both transverse electric (TE) and transverse magnetic (TM) polarization. TE
and TM polarization are defined as orthogonal polarization axes where the electric or magnetic field is perpendicular to the plane of incidence, respectively. The elliptically polarized
light is projected on these two axes. The ratio between the two reflection coefficients is
r
the complex quantity ρ ≡ rps . ρ can be parameterized as ρ = tan(Ψ)ei∆ [18, 19]. Where
r
tan(Ψ) represents the absolute ratio | rps | and ∆ is the phase difference between TE and TM
polarized light.
Fig. 3.2 shows Ψ and ∆ values measured (dashed) for three different angles of incidence
(θi ) across the UV-VIS-NIR spectrum, the sample consisted of a native 2 nm SiO2 oxide
layer on a silicon wafer. Ψ and ∆ were also calculated (solid) using Fresnel’s equation for
TE and TM polarization. Optical constants from reference sources [20] of SiO2 were used
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Figure 3.2: Calculated (solid) and measured (dashed) Ψ and ∆ for three different angles of
incidence θi

in the calculations. There is good agreement between calculation and measurement and ∆
changes significantly with angle of incidence, reflecting the sensitivity of VASE, even for 2
nm films.
VASE was used in order to calibrate the quartz crystal deposition monitor. Eight different thicknesses of TiO2 were deposited as well as four different Ag samples. The expected
thickness from the deposition monitor was recorded and compared against the fitted thickness from the ellipsometry data. The result of the different samples can be seen in fig.
3.3 (a). The fact that the points are all on a straight line shows that the deposition is
highly reproducible. The linear fit to the data is dmeas = 10.28 + 0.78 · devap for Ag and
dmeas = 1.81 + 1.29 · devap for TiO2 . The root mean squared error (RMSE) was 0.85 nm and
0.29 nm for the Ag and TiO2 samples respectively. This sub nanometer accuracy illustrates
the linear dependance between the measured thickness dmeas and the evaporated thickness
devap , in the studied range. For future depositions this calibration was used to calculate
required thicknesses. However, it should be noted that the vapor emission of the evaporation material changes significantly once the evaporation material in the crucible is almost
depleted. Therefore, the crucibles were regularly refilled to keep evaporation material levels
constant.
Apart from accurate thickness measurements, VASE is also used to determine optical
constants. The optical constants of dielectric layers in a multilayered stack are very important for the dispersion of and the coupling between plasmonic waveguides. Therefore, the
optical constants of a deposited TiO2 layer are modeled using Cauchy’s equation, and this
model is fitted to the measured data. Cauchy’s equation models the real part n and the
imaginary part κ of the refractive index as:
= An + Bn /λ2 + Cn /λ4
1
1
κ(λ) = Aκ exp[Bκ ( −
)]
λ Cκ

n(λ)

(3.1)
(3.2)

The result of the fit can be seen in fig. 3.3 (b). The real part of the refractive index n is 2.56
at λ0 = 400 nm, with low losses (κ = 0.006). Cauchy’s equation is generally only valid for
optically transparent dielectrics in the visible region [20]. The optical properties of metals
are significantly influenced by the absorption of photons by free carriers [18]. A simple
model for metal optical constants is the Lorentz oscillator model. This model assumes that
the electrons in a metal respond to an oscillating driving field (caused by the incident light)
in the same way a harmonically driven mass on a spring responds [18]. An other approach
is using a point-by-point fit procedure, where the real and imaginary part of the refractive
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Figure 3.3: (a) Measured thickness for different evaporated thicknesses for Ag thin films
(blue) and TiO2 thin films (red). Dashed lines represent linear fits (b) Measured real (solid)
/ imaginary (dashed) part of refractive index of a deposited TiO2 layer (c) Measured real
(solid) / imaginary (dashed) part of permittivity of a deposited Ag layer (blue) and literature
Ag values (green)

index is fitted independently for each measured wavelength. This obviously leads to a very
large number of fit parameters. The produced optical constants must however satisfy other
constraints; they must be continuous, and the real and imaginary part must be KramersKrnig consistent. The measured real (solid) and imaginary (dashed) part of the permittivity
of a deposited Ag layer is shown in blue at fig. 3.3 (c). These values are compared with
literature (bulk) optical constants for Ag (in green) [21], and show good agreement.

3.4

Multilayer prisms

A multilayered sample consisting of 11 alternating Ag and TiO2 layers was fabricated, ensuring thicknesses which theoretically show a negative index of refraction for a freespace
wavelength of 410 nm. The double-periodic structure is clearly visible at the SEM image
shown in fig. 3.4 (a). In order to be able to measure the effective refractive index of the
metamaterial, a prism was sculpted from the multilayer stack by focussed ion beam (FIB)
milling. In order to create a prism, the FIB was incident close to a grazing angle (3-4 degrees
from the sample surface). A rectangular region on the surface of the sample was exposed to
the FIB, the exposure time was tuned such that the prism gradient was terminated at the
bottom of the stack. The SEM image (fig. 3.4 (b)) clearly shows the sloping interface, with

18

Fabrication of multilayer stacks

the gradient changing slightly for Ag (light) and TiO2 (dark) regions. These differences are
caused by different milling rates for the different materials, which slightly deflects the ion
beam at interfaces.
(a)

(b)

Figure 3.4: SEM images of (a) a deposited multilayered stack (b) a prism sculpted from the
stack, prism angle: 4.1◦ , side length: 6µm. The light and dark regions correspond to the Ag
and TiO2 layers respectively.

Chapter 4

Experimental setup
4.1

Fourier microscope

As discussed in the previous chapter, a miniature prism is fabricated from a multilayered
stack. To determine the effective index of refraction, the angle of the beam refracted by
the prism must be accurately measured. One method is imaging the refracted beam onto a
CCD by constructing a Fourier microscope. The position of the refracted beam is compared
with a beam traveling parallel to the optical axis. Using Snell’s law, the effective index of
refraction is then derived from the refraction angle.
fiber coupled monochromator
d=200mm

a

f=100mm f=100mm
50µm pinhole

d=100mm
b

a+b=200mm

f=50mm f=50mm f=200mm

CCD

100 µm pinhole
white light source

Figure 4.1: Fourier microscope setup, parts in blue can be flipped in and out of the beam
path

In a Fourier microscope (fig. 4.1) the sloping side of a prism is positioned at the focus
of a collecting objective. 20x 0.45 numerical aperture (NA) objectives (Olympus MPLFLN
20x) are used which show high transmittance (> 80%) across the visible and UV spectrum
and minimal chromatic abberation. If the transmitted beam from the objective would be
focussed on the CCD sensor, an image of the sample surface would be formed, allowing
alignment of the sample with the incident beam. In a Fourier microscope, a lens (called the
”Fourier lens”) is placed a focal distance away from the back focal plane of the collection
objective, which corresponds to the k-space of the collected image. Every position (x, y) in
k-space represents a particular polar and azimuthal angle (θ, φ) from the sample surface.
The back focal plane is then imaged on the CCD sensor. As the objectives have a NA of
0.45, angles up to 26.7 degrees can be resolved. If the refracted angle would be measured by
just projecting the beam directly on a CCD 15 mm wide, the distance between the sample
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and the CCD would have to be ' 17 mm to capture the same range of angles. Obviously,
the angular resolution would suffer from such a small distance between sample and CCD.
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(d)

20 μm

Figure 4.2: Fourier plane showing (a) diffracted orders, without first pinhole (b) with first
pinhole. Image plane showing (c) image of prism (top) and reference hole (bottom) (d) image
of spatially selected prism using 100 µm pinhole

In order to improve the angular resolution of the microscope, a 50 µm pinhole was installed
within a telescope arrangement prior to the condensing objective. This pinhole truncates
the incident beam, such that it underfills the back focal plane of the condensing objective.
This reduces the range of angles incident on the sample, which is shown in fig. 4.2 (a-b)
without and with the pinhole. The disadvantage of underfilling the back focal plane of the
condensing objective is that the minimal focal spot size increases. The prisms are sculpted
using a FIB, limiting the maximum practical size of the prisms to about 8 µm on each
side. Therefore, the spot illuminates the prism and the surrounding material. To ensure
the measured angles originate from the prism, a 100 µm pinhole in a telescope was used to
spatially filter the light from the sample surface. Shown in fig. 4.2 (c-d) is part of the image
plane recorded at the CCD sensor without and with the pinhole.

4.2 Calibration
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An inevitable consequence of truncating both the incident and transmitted beam is a
reduction in intensity. Furthermore, standard lenses and mirrors generally show higher
losses at UV frequencies. Also, most CCD detectors are less sensitive in the UV due to
absorption in microlenses covering the photoactive region. As the metamaterials discussed
in this report operate in the visible-near UV range, care must be taken to minimize losses
in the setup. Aluminium mirrors are used in the setup, which have lower losses in the UV
than silver due to the higher plasma frequency of aluminium ( vp = 3.57 · 1015 s−1 for Al and
vp = 2.18 · 1015 s−1 for Ag [22]). Also, lenses with an anti reflection (AR) coating optimized
for UV-VIS (400 nm < λ0 < 700 nm, Thorlabs AC254-100-A) are used. To compensate
for the low sensitivity of the CCD, a Peltier cooled camera is used, to minimize dark noise,
allowing exposure times up to 18 minutes.

4.2
(a)

Calibration
5 μm

(b)

30 μm

Figure 4.3: (a) hole array with pitch of 1.5 µm and hole diameter of 200 nm (b) metamaterial prisms, reference holes and hole array (bottom) fabricated on a single Si3 N4 membrane

Light transmitted through the sample with angles less than 26.9 degrees from the optical
axis are projected onto the CCD. However, to map the position on the CCD to a corresponding refraction angle, calibration is performed. This is done using a hole array (2D
diffraction grating), which is a square array of subwavelength holes (see fig 4.3 (a)). The
array has a pitch of 1.5 µm and hole diameter of 200 nm. These holes act as individual
scatterers, leading to interference of the scattered light and distinct diffracted orders. The
angles of the diffracted orders are known from the grating equation:
q
d · sin(θ) = λ0 m2x + m2y
(4.1)
where d is the pitch of the holes, λ0 is the freespace wavelength and θ is the angle of the
diffracted order, identified by the positive or negative integers mx and my . Figs. 4.4 (a-b)
show the diffracted orders using a freespace wavelength of λ0 = 380 nm and λ0 = 500 nm
respectively. As expected, the diffracted orders move outward, shifting to larger angles, for
longer wavelengths. Line profiles are taken through the maxima, indicated by the dashed
line, and Gaussian curves are fitted for the 0th and 1st order. Exposure times have been
chosen such that the 1st order is visible. This leads to an overexposure of the 0th order,
significantly broadening its apparent angular range. The line profile of this overexposure
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cannot be fitted by a Gaussian due to blooming effects on the CCD. The central position of
the peak however, may still be determined from the fit.
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Figure 4.4: diffracted orders from hole array, (a) λ0 = 380 nm (b) λ0 = 500 nm (c) two
line profiles indicated by the dashed lines in fig (a-b), black line shows the gaussian fits.

Fig. 4.4 (c) shows measured and fitted line profiles. Note that the background count is
higher for the λ0 = 380 nm line profile, due to a longer exposure time, which is required to
compensate for the lower transmission of UV light. The distance between the mean position
of the 0th and 1st order Gaussian fit is calculated (329 pixels for λ0 = 380 nm and 432
pixels for λ0 = 500 nm), and compared to the expected diffraction angle, θ = 14.7◦ and
θ = 19.5◦ respectively. The number of pixels per degree is consistent for the two different
wavelengths (22.3 pixels per degree). However, when there is a large variation of wavelength,
chromatic abberation leads to a displacement of the beam, causing the same angles to be
mapped onto different positions on the CCD. Therefore, the calibration is performed over
a wide wavelength range, and when analyzing a measurement, at a specific wavelength the
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corresponding calibration value is used to determine the actual angle. Table 4.1 presents
the result of a calibration performed for different wavelengths. The position of the 0th order
is remarkably stable, as is the number of pixels per degree over the studied range.
Table 4.1: Calibration

λ0
420 nm
450 nm
470 nm
490 nm
520 nm
560 nm

position 0th order
550
546
552
555
558
559

position 1st order
69
41
34
29
12
-10

difference
481
504
519
526
546
568

difference / diffracted angle
29.6
30.3
30.4
30.1
30.6
31.1

Chapter 5

Optical measurements on a
metamaterial
5.1

Transmission of a Fabry-Perot cavity

In order to characterize the optical response of a multilayer stack, a Fabry-Perot cavity was
deposited. This consists out of two highly reflective interfaces cladding a dielectric layer [23].
When the incident and reflected light constructively interferes, transmission through such a
cavity can be high. The spectral features are highly dependent on the optical constants and
thickness of the dielectric, making it a suitable geometry to measure the characteristics of
evaporated multilayers. The cavity consisted of two 25 nm Ag layers cladding 100 nm TiO2 .
The interference between the incident and reflected beam originates from the phase change
caused upon reflection from the Ag interface and the phase advance due to propagation of the
light in the dielectric. When the wavelength and angle of the light satisfies the constructive
interference condition, transmission increases. Conversely, destructive interference reduces
transmission off resonance.
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Figure 5.1: Transmission and reflection calculated (solid) and measured (dashed) for a
deposited Fabry-Perot cavity. The angle of incidence was 20◦ and the light was TM polarized.
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Reflection and transmission are calculated using Fresnel’s equation recursively for TM
polarized light with an angle of incidence of 20◦ . The calculated values are shown in figure 5.1
(solid), and are compared with experiment. Both the measured reflection and transmission
(dashed blue and red curve respectively) are lower than predicted. It should be noted
that the setup is only capable of measuring specular reflection, so scattered light is not
detected. Scattering may be caused by surface roughness from the Ag grains formed during
the fabrication process. Also, the deposited layers could suffer from higher losses, although
it should be noted that for the calculation optical constants are used which are determined
from ellipsometry measurements on thin films deposited with the same technique.

5.2

Refraction of a metamaterial prism

(a)

n<0

β

β

(b)

n=1

incident light
n>1

metamaterial prism
Figure 5.2: (a) Sketch of experiment, light is incident normal to the prism back interface
and is refracted at the sloping interface. (b) SEM image of the fabricated prism, prism angle
β = 4.1◦

To determine the effective refractive index of metamaterial prisms, refracted light from a
prism was measured (fig. 5.2 (a)). Here, using FIB milling, the prisms, reference holes and
hole array were made on a single Si3 N4 membrane. A SEM image of the fabricated prism
is shown in fig. 5.2 (b). Since the hole array is on the same sample surface, possible sample
misalignments are avoided. The directly measured quantity in the Fourier microscope is the
difference in angle between the refracted beam and a reference beam which is not refracted
by the sample. The reference beam is indicated by the green path in fig. 5.2 (a). As the
beam is refracted at the sloping interface, the prism angle needs to be subtracted from, or
added to, the measured deviation from the reference beam. This addition or subtraction
depends on the prism orientation with respect to the refracted beam. From the refraction
angle, the effective index of refraction can then be determined using Snell’s law. The result
of this analysis is shown in fig. 5.3 (a). The measurement is compared with a FDTD
simulation [9], using measured optical constants and ideal layer thicknesses (fig. 5.3 (b)).
As can be seen from figs. 5.3 (a-b), there is good agreement between experiment and
simulation. At freespace wavelengths of 400, 450 and 500 nm, line profiles of the measured
intensity versus the difference in angle between the refracted and reference beam are plotted
in figs. 5.4 (a-c). The red line shows the result from the FDTD simulation. Some fringes
can be seen in the simulated plots, which are attributed to the fact that the simulation area
was truncated prior to a farfield transformation to obtain the angular distribution of the
electromagnetic fields. The position of the maximum intensity is plotted in fig. 5.4 (d), for
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Figure 5.3: (a) measured and (b) simulated effective index of refraction

both the measurement and the simulation, again in blue and red, respectively. It should be
noted that the measured maxima for wavelengths < 390 nm and > 585 nm are not included,
as the intensity of the transmitted beam was too low to accurately determine a maximum
position.
The effective index of refraction is determined from Snell’s law, which obviously applies
to macroscopic situations. The prism used for the measurement had a thickness of 432 nm
at the thick side, with a gradient terminating at the Si3 N4 membrane. To see if Snell’s
law can still be used to determine the effective refractive index, the effective index is also
determined using a different approach. Using Fresnel’s equations recursively, the effective
reflection and transmission coefficients ref f and tef f are calculated for the multilayered
stack. It is assumed that there is a single layer, with the equivalent thickness of the entire
multilayered stack (432 nm), possessing a homogeneous effective index nef f . This nef f can
then be calculated from ref f and tef f as a function of wavelength. ref f and tef f of a single
layer with thickness d are expressed as [24]:
ref f

=

tef f

=

−i
2 (z

− z1 )sin(nef f k0 d)
cos(nef f k0 d) − 2i (z − z1 )sin(nef f k0 d)
1
i
cos(nef f k0 d) − 2 (z − z1 )sin(nef f k0 d)

where k0 is the freespace wavevector and
s
(1 + ref f )2 − t2ef f
z≡
(1 − ref f )2 − t2ef f

(5.1)
(5.2)

(5.3)

this leads to the expression:
nef f k0 d = arcsin(

ref f
2i
) ± mπ
tef f (z − z1 )

(5.4)

Using this method, nef f is calculated over a specific wavelength range. The conditions
that the real part of z and the imaginary part of nef f must both be positive across the
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Figure 5.4: (a-c) Measured (blue) and simulated (red) intensity distribution as a function of
angle for different wavelength (d) Measured (blue) and simulated (red) central peak position
as a function of wavelength. The purple dashed line is the real part of the calculated effective
refractive index of a slab consisting of the eleven layers the prism is sculpted from, the orange
dashed line represents the imaginary part of the calculated effective refractive index.

whole wavelength range are imposed to determine the sign and value of the integer m [25].
The real and imaginary part of nef f are shown in fig. 5.4 (d) by the dashed purple and
dashed orange curve, respectively. As can be seen, Re(nef f ) is in good agreement with
both the simulated and measured effective refractive index. This shows that Snell’s law is
still applicable even at sub-wavelength length scales. Interestingly, as both Re(nef f ) and
Im(nef f ) are determined using the technique described above, also the figure of merit (FOM
Re(n f )
≡ Im(nef
) can be calculated. At a freespace wavelength of λ0 = 404 nm the FOM is highest
ef f )
with a value of FOM=46.9.
The light is incident normal to the back interface of the prism (such that kx = 0). From
the wavevector diagram shown in fig. 2.5 we know that for light with a freespace wavelength
of λ0 = 410 nm, the wavevector in the metamaterial is kz = 12.43 − 0.48i µm−1 . Therefore,
the mode index of the Bloch wave inside the material is n = −0.81. This result is however
not reproduced in either the simulation or measurement. One possible explanation for this
is that the prism could act as a diffraction grating, resulting in different diffraction angles
from the sloping interface of the prism. However, as the exposed grating only consists of
a small number of slits, the diffracted angles would be poorly defined. Higher order Bloch
components can contribute to the diffracted order. To quantify this possibility, prisms with
different prism angles and sizes need to be fabricated. The different diffracted orders should
be clearly visible in the Fourier plane of the transmitted light.

Chapter 6

Conclusions and outlook
Arrays of plasmonic waveguides were simulated and fabricated using electron beam physical
vapor deposition. This technique allows the fabrication of a high number of layers over large
areas (up to several cm2 ). The arrays fabricated in this work exhibited surface roughness
due to the granularity of the metal. This is inherent to the evaporation process, with the
granularity leading to small thickness variations which carry through the stack. The surface roughness may be reduced using ion smoothing during or after the deposition process.
Specific x-ray sources compatible with the materials studied in this work would have to be
installed to be able to monitor the ion smoothing process. An alternative method of measuring film thickness and surface roughness during the deposition is using in-situ spectroscopic
ellipsometry. Variable angle spectroscopic ellipsometry has been used to characterize thin
films after deposition, showing sub-nanometer accuracy. Characterizing thin films after
deposition is crucial for understanding their plasmonic responses
We have constructed a Fourier microscope, based on imaging the back focal plane of
the collection objective. The setup was calibrated using hole array samples for freespace
wavelengths 370 nm < λ0 < 800 nm. Using a pinhole in a telescope arrangement, it is
possible to spatially select 8 µm structures and measure the angular distribution of light from
these structures. This spatial selectivity is important since the sizes of the prisms discussed
in this work are limited. Using S3 N4 membranes we have been able to fabricate prisms,
reference holes and hole arrays on a single sample. This greatly improves the accuracy and
reproducibility of the measurements performed, as switching samples between measurements
is avoided.
The refraction measurements performed in this work show good agreement with FDTD
simulations. However, there is a significant discrepancy between measurement/simulation
and analytical theory. The effective refractive index which is determined from the measured refraction angle by applying Snell’s law does agree with calculations which describe
the multilayer stack as an effective homogeneous medium. Analytical theory predicts that
light which impinges normal to the sample interface excites multiple Bloch wave harmonics traveling along ẑ. The mode index of this Bloch wave is negative, which would imply
negative refraction of light coupling into the metamaterial. A more detailed study of the
Bloch harmonics is required, especially considering their relative intensities and the process
by which light is outcoupled at the sloping prism interface.
The results also raise interesting questions regarding the validity of using a prism to
determine the effective refractive index. The sloping prism interface intersects all internal
interfaces of the multilayer stack, as the prism is terminated at the Si3 N4 membrane. Therefore, a significant portion of the prism consists of less than two unit cells of the metamaterial.
Furthermore, the intersections between interfaces effectively constitute a grating which may
diffract light at different angles from the interface. The consequences of this, especially in
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relation to the Bloch waves inside the metamaterial, require further study.

metamaterial slab

photodetector

incident light
knife edge
Figure 6.1: Possible experimental setup to measure refraction angles indirectly. Blue and
red lines schematically represent negative and positive refraction respectively.

An alternative way of measuring the effective refractive index is by determining the
refraction angles from the lateral beam shift. This experiment has been performed for
photonic metamaterials [26]. Light is incident on the metamaterial sample off normal
incidence. A knife edge is introduced into the beam path after transmission through the
metamaterial slab, and positioned to reduce the recorded intensity at the photodetector
to 50% of its original value. The intensity is expected to increase for negatively refracted
light, as indicated by the blue lines in fig. 6.1. Alternatively, the wavelength could be
kept constant, and the metamaterial could be rotated, changing the angle of incidence
continuously from −90◦ to 90◦ .
The experimental observations presented in this work show that the Fourier microscope is
very useful for probing the dispersion of metamaterials. The spatial selectivity is crucial, as
most metamaterials are constructed using top-down fabrication processes. This in practice
considerably limits the footprint of the metamaterial. The outcome of the experimental
observations show that further investigation into the modes supported by multilayer metaldielectric stacks is required. The agreement between measurement and simulation will allow
us to perform new experiments based on refined simulations.

Chapter 7

Appendix
7.1

Conference: Nanometa 2011

In this appendix a brief account will be given of two talks presented at the Nanometa
conference 2011, which was held at Seefeld, Austria, 3-6 January. These two talks were
chosen because of their possible relevance to the study of a plasmonic metamaterial made
from a multilayered metal-dielectric stack.

7.1.1

A resonant metamaterial made from nano antennas

by Sabine Dobmann
The subject of this talk is the transmission of metal thin films. The transmission of
these films can be modified by using sub-wavelength patterns, such as slits or fishnets. One
possible application of this method discussed during the talk is contrast enhancement of
masks used in the semiconductor lithography by reducing the transmission around a contact
hole gradually.
If these sub-wavelength patterns could also be used to enhance the transmission through
an array of metal slits, an improved incoupling efficiency when illuminating a multilayered
stack from the side could be possible. The incoupling efficiency when illuminating a stack
from above can conveniently be tuned by modifying the thicknesses of the outermost layers
by impedance matching. This is possible because light incident from above experiences a
homogeneous surface. When illuminating from the side however, light experiences an alternating metal/dielectric surface, which could lead to poor incoupling efficiencies. Therefore,
possibly improving this incoupling by using the inherent slit pattern at the side of our metamaterial would be an ideal solution to this problem. Fig. 7.1 (a) indicates the geometry used
in the simulation discussed during the talk. Fig. 7.1 (b) is a plot of the relative transmission,
defined as:
Tbulk − T
Trel ≡
(7.1)
Tbulk + T
Where T is the measured transmission and T( bulk) is the transmission through a reference
metal film with the same thickness but without the sub-wavelength pattern. This means that
if the transmission is suppressed by the pattern the relative transmission will be positive,
and if the transmission is enhanced by the pattern the relative transmission is negative. The
plot clearly shows that there are a few geometries which suppress transmission, but these
slits mostly enhance the transmission.
The suppressed transmission is explained in the talk as a destructive interference effect;
the trenches can be considered as dipoles which are oriented perpendicular to the slits.
When these dipoles are driven in resonance they will all re-radiate the incident field with
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(a)
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(b)

Figure 7.1: (a) sketch of geometry used in simulations (b) relative transmission as a function
of wavelength and pitch

a π-phase shift, giving rise to the destructive interference. This idea is supported by the
fact that the strongest suppression closely follows the surface plasmon wavelength, which
is indicated by the solid black line in the plot. The dipoles will be driven by the surface
plasmons, and therefore the pitch of the slits will have to match the surface plasmon
wavelength to enable a collective destructive interference.
References:
Optics Express 17 544 (2009)
Optics Express 14 11823 (2006)

7.1.2

Plasmonic vortex, focusing, and hot spot generation

by Byoungho Lee
During the talk Byoungho Lee describes different ways of creating a focus. One method
consists out of changing the grating pitch with increasing radial distance from the center
source. This causes the angle of the outcoupled light to be different for different distances
from the origin. The grating pitch is then gradually tuned to focus all this outcoupled light
onto a single point in space.
A second approach is to use the properties of surface plasmon polaritons modes supported by a metal slit array. Light incident on such an array can couple to these SPP modes
which then propagate along the metal slit, through the structure. When only the fundamental mode is allowed to propagate through the structure, the phase retardation of light
transmitted through the structure can be described by:
"
#

2
1 − β/k0
∆φ = Re(βh) + arg 1 −
exp(2iβh)
(7.2)
1 + β/k0
Where h is the depth of the slit, and β the complex propagation constant, which is given by
the equation:
p
 q

d β 2 − k02 m
w
2
2
tanh
β − k 0 d = − p
(7.3)
2
m β 2 − k02 d
So by modifying the depth h and width w of every individual slit, the phase retardation
caused by propagation through the structure can be tuned at will. Fig. 7.2 (a) shows the
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(a)

(b)

Figure 7.2: (a) geometry used for focussing light (b) simulation showing a sub-wavelength
focus

intended geometry, a metal slit array with a semicircular surface. Here the slit widths and
spacings are all equal and constant. After optimizing the geometry for a given focal length
the optimum geometry as can be seen at fig. 7.2 (b) is obtained. The created focal spot
shows a FWHM of around 300 nm, which makes it sub-wavelength.
As the geometries considered in this talk share some similarities with the geometries used for plasmonic metamaterials the analytical treatment of propagation of light
through such a structure could also be used for these structures. This might especially
be relevant for non-planar structures (e.g. convex/concave) which could act as a perfect lens.
References:
Applied Optics 49 A30 (2010)
Progress in Quantum Electronics 34 47 (2010)
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