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ABSTRACT

Light manipulation has become much more sophisticated with the development of
artificial metamaterials. Here, I have studied multilayer thin film-based hyperbolic
metamaterials (HMM) in both planar and cylindrical formations. First, the planar
HMMs are used as epsilon-near-zero (ENZ) substrates to control the spectral posi-
tion of plasmonic resonance. The resonance shift is reduced three times on top of
HMM compared to a glass substrate. Next, the thin films are rolled to form three-
dimensional (3D) rolled-up tubes (RUT) using a strained induced self-rolling mecha-
nism. The RUTs offer flexibility to use a broad range of materials for rolling by using
photoresist and germanium as a sacrificial layer. The RUTs are fabricated with dif-
ferent diameters ranging from ∼1 µm to 10 µm by simply changing the thicknesses
of dielectric and metal layers. The walls of the RUTs offer tunable material disper-
sion and can be used as 3D ENZ metamaterials. While, the core of these RUTs can
be used as waveguides, which can support the ENZ mode. The modeling manifests
that the material dispersion is a function of the thicknesses of the layers and the num-
ber of turns and ENZ mode is very sensitive to the diameter of the RUT. Finally,
the upper side of the RUT is patterned to form 3D fishnet metamaterials, which ex-
hibit a negative index of refraction in the near-infrared region with low loss and a
better figure of merit. The patterning is further upgraded to form nanohole-based
metasurfaces that can control the wavefront of light. The curved metasurfaces out-
perform the conventional planar metasurfaces. The large diameter of RUTs provides
enough area to pattern a good number of unit cells, that can be optically character-
ized. The results of this thesis show that the planar HMMs can be used to effectively
reduce the fabrication error for advanced metasurfaces and plasmonic applications.
The cylindrical HMMs can serve as a unique platform for 3D metamaterials suitable
for sensing applications, trapping biological cells, neurons, and optical trapping of
particles.
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1 INTRODUCTION

Humans have always been fascinated with the development of new materials. From
the ability to carve stone, bronze, and iron the early humans have achieved great
advances in their lives. The current sophistication of our lives is in a large part be-
stowed by our ability to make things with different materials. There are two ex-
tremes in building things, the huge machines, and the tiny circuits. For example, the
best contrast is the large Hadron collider, built to study subatomic particles, the tini-
est of things. My interest is somewhere close to the tiniest things and my inspiration
comes from the quote by Professor Richard Feynman, "There is plenty of room at the
bottom" [1]. This is very true, because now we can use nanotechnology to design,
control, and shape materials down to the nanometer scale.

1.1 Metamaterials

One of the categories of materials is metamaterials, used to control light in ways that
have not been possible before. Light is a form of electromagnetic waves, that can be
controlled by materials affecting their electrical and magnetic response. However,
the full control of electromagnetic waves/light is still not fully possible because not
all the electromagnetic properties are available through the naturally occurring ma-
terials. Therefore, a wide range of engineered materials known as metamaterials are
studied quite extensively over the last two decades. The prefix "meta" is taken from
the Greek language meaning "beyond", as these materials furnish unconventional
properties. The metamaterials are man-made materials using subwavelength struc-
tural units (meta-atoms) and the electromagnetic properties depend upon the size,
shape, and arrangement of these meta-atoms. The concept of metamaterials seems
revolutionary; however, it is quite interesting that the history of metamaterials dates
back to centuries ago when people used metamaterials in art pieces without under-
standing the physics. One such example is Lycurgus Cup from 1st century BC when
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Romans mastered the skill of making gold (Au) nanoparticles and embedding them
in the ruby glass [2].

Maxwell’s equations govern the optical/electromagnetic response of materials,
which describe the inter-relationship between the electric and magnetic fields. An
electromagnetic field impinging into a material can induce polarization and magne-
tization depending on the permittivity (ϵ) and permeability (µ) of the material and
define its index of refraction (n). This means the electromagnetic response of mate-
rials is the function of their ϵ and µ, (n=⎷ϵµ). Figure 1.1 presents how materials
can be divided into four different quadrants based on the value of the ϵ and µ. The
transparent dielectric media (e.g. glass) are found in the first quadrant with positive ϵ
and µ, and they allow the light to propagate in the medium. The second and fourth
quadrants consist of metals and ferrites with negative ϵ or µ, respectively. In these
cases, ϵ andµ have opposite signs and the index is imaginary with no propagation of
light inside the medium. These three categories of materials have been well known
for centuries and are considered as naturally occurring materials [3].

The concept of engineered metamaterials was first introduced by Russian physi-
cist Veselago in the 1960s. He proposed that materials with both negative ϵ and µ
can be used to achieve optical response, which had never existed before in nature
[4]. For conventional materials, the vectors electric field (E), magnetic field (H ) and
wavevector (k) form a right-handed triplet. However, the material proposed by Vese-
lago forms a left-handed set, therefore they are labeled as left-handed media (LHM).
Figure 1.2 describes the orientation of field quantities E, H, Poynting vector (S) and
k for right-handed media (RHM) and LHM. The wavevector in RHM has the same
direction as the S. On the other hand, the wavevector is heading in the reverse direc-
tion in LHM and results in backward propagation.

This idea of backward propagation of waves was compelling, however, the meta-
material research hadn’t started for decades due to the lack of practical designs of
metamaterials and as well the applications. Pendry et al. attempted to fill the gap
between the concept of metamaterials and the exciting applications by introducing
the concept of split-ring resonators (SRR) in 1999 [5] and perfect lensing in 2000
with negative refraction of light [6]. These two works encouraged the scientist to
look deeper into the topic of metamaterials. Smith et al. in 2000, used the concept
of SRR and combined it with continuous wires, to exhibit metamaterials with si-
multaneously negative values of ϵ and µ [7]. These seminal papers by Pendry and
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Figure 1.1 Optical materials definition in ϵ and µ space.

Smith instigated the idea of bringing the concept of metamaterials into the optics
community for the manipulation of light. However, this was challenging for optical
wavelengths because the basic idea of metamaterials requires an array of meta-atoms
(artificial atoms) much smaller than the operational wavelength. Over the last two
decades, a lot of effort has been put into miniaturizing the design of metamateri-
als for optical wavelengths. Recent advancement in the field of nanofabrication has
allowed the realization of structures much smaller than the wavelength of light.

Among these metamaterials, the multilayer thin film-based hyperbolic metama-
terials (HMM) have been studied quite extensively due to their astonishing applica-
tions in the field of sensing [8–10] and quantum information processing [11, 12].
One of the reasons for the interest in the topic of HMM is the simple thin film-based
design. The thin films used in these metamaterials are easy to fabricate and readily
available [13]. However, most of these works on the topic of HMM are limited to
planar systems and it is very hard to integrate materials inside these films once the
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Figure 1.2 Orientation of field quantities (E, H, S, and k ) in (a) RHM and (b) LHM.

fabrication is done. This limits their applications and therefore, in this dissertation,
I have uncovered new possibilities to use this thin film based HMM by using them
as a substrate and by rolling the thin films of metal and the dielectric layers to form
a rolled-up tube (RUT), that serves as three dimensional (3D) HMM. These RUTs
were then further patterned to obtain 3D fishnet metamaterials and curved meta-
surfaces. From another perspective, I have used the multilayer thin films in three
different applications, i.e. planar substrate, cylindrical ENZ metamaterials for en-
hanced light-matter interaction, and modification of light propagation. The focus
of the dissertation is to use thin film-based metamaterials to their true potential by
optimizing the fabrication methods, structure, and optical properties.

1.2 Outline of thesis

This thesis is for a better understanding of fundamental physics, design, and fabri-
cation of multilayer thin film-based metamaterials. The thesis provides a solution
to the problems associated with the fabrication of multilayer thin film-based struc-
tures and opens a new avenue for 3D metamaterials. The thesis is a compilation of
several works done during my Ph.D. The thesis is a compilation of six publications
and divided into four chapters, starting from the second chapter, the results work
from PUBLICATION I, II, and III are presented, which are focused on studying the
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plasmonic nanoantenna on top of planar substrates. In the third chapter, the idea of
self-rolling multilayer metamaterials will be discussed from PUBLICATION num-
ber IV. Similarly, the fishnet and out-of-plane metasurfaces are presented in chapter 4
(PUBLICATION V) and chapter 5 (PUBLICATION VI), respectively. The detailed
topics that each chapter covers are discussed in detail as:

Chapter 1: The first chapter starts with the motivation of my work in the field of
nanotechnology and the topic of metamaterials. The field of metamaterial is briefly
introduced in the context of history by discussing some of the pioneering works.

Chapter 2: The second chapter presents the basic concepts of HMM, and dis-
cusses in detail the thin film-based fabrication method, and their epsilon-near-zero
(ENZ) feature. The second section discusses the topic of ENZ materials and their
applications. In the third section, the localized surface plasmon resonance (LSPR)
is explained in detail, especially how it can be controlled by using three different
types of substrates. Then, the use of ENZ materials as a substrate to control the
plasmon resonance is explained and some of the recent works on the topic are dis-
cussed briefly. In the fifth section, the design of the HMMs as an ENZ substrate
is presented, first, the numerically calculated ϵ values are presented, and then their
fabrication is explained. Next, the detail about the design, fabrication, and charac-
terization of the plasmonic antenna on top of HMM as an ENZ substrate and on
top of the glass as a reference sample is presented in detail.

Chapter 3: It starts with the motivation behind the use of the self-rolling fabrica-
tion method and its possible applications in the field of metamaterials. The unique
self-rolling fabrication method is explained in detail with a literature survey about
different works done over the last two decades. Then, the top-down and bottom-up
approaches used to obtain self-rolling tubes are presented. The explanation contin-
ues with two methods used in this thesis to fabricate the silicon dioxide (SiO2) and
Au-based RUTs. Next, the tube diameter is modeled analytically to predict the di-
ameter of the tubes. The results on different fabricated samples are presented and
the dispersion as an effective medium is discussed in detail for each RUT. The ENZ
feature of the RUTs is identified with materials dispersion and structural dispersion.

Chapter 4: The fourth chapter is an extension of the third chapter, the chap-
ter is one step forward in using thin films as curved metamaterials. This time the
RUTs are patterned as a fishnet structure. The chapter first explains the concept of
fishnet metamaterials, the design, and fabrication adopted in this thesis. The results
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section presents the images of fabricated samples, their reflection spectrum, and the
numerically calculated refractive index.

Chapter 5: This chapter is another extension of the previous work; the chapter
starts with the motivation to use the RUTs to form more complex metamaterials.
It first introduces the concept of metasurfaces and how it is different from conven-
tional metamaterial. Then, the design of nanohole-based metasurfaces on top RUTs
is presented and how it controls the phase response by changing hole sizes. The fab-
ricated samples are presented, and the phase response is investigated in more detail
for curved and planar cases. In the end, the reflection response of metasurfaces is
measured and compared with the simulations.

Chapter 6: The works done in this thesis are summarized in chapter 6 and the
possible extension of the thesis is presented to the readers.
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2 HYPERBOLIC METAMATERIALS AS ENZ

SUBSTRATES

2.1 Hyperbolic metamaterials

In air the propagating light has a linear dispersion and isotropic behavior which
forms a spherical isofrequency contour given by:

k2
x + k2

y + k2
z =
ω2

c2
(2.1)

Here,ω is frequency of radiation c is speed of light in vacuum. The transverse mag-
netic (TM) wave in a uniaxial medium will change the infrequency relation to

k2
x + k2

y

ϵz
+

k2
z

ϵx
=
ω2

c2
(2.2)

The ϵ of uniaxial medium is given by a tensor, where in-plane isotropic component
ϵx = ϵy = ϵ|| and out of plane component is ϵz = ϵ⊥.
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(2.3)

The normal spherical isofrequency contour in air changes to ellipsoid for an
anisotropic medium. However, if one of the principal components of the ϵ ten-
sor is opposite in sign to the other two principal components, this results in ex-
treme anisotropy and the isofrequency contour will be an open hyperboloid. The
hyperbolic word used for HMM originated from the topology of this isofrequency
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contour. These materials behave like metal in one direction and as an insulator in
the other [14]. Although, these kinds of materials are not easily accessible in na-
ture; they can be artificially created using nanostructures and thin films. The isofre-
quency contours in the air are presented in Figure 2.1 (a) and compared with a glass
medium. Similarly, Figure 2.1 (b) presents the contours for ellipsoid/anisotropic
medium. Next, the isofrequency contours of HMM type I and type II are presented
in Figure 2.1 (c) and (d), respectively.

a) b)

kx

Air

Glass

kz

kG

k0
kx

Air

kz

Elliptical 

kE

k0

c) d)

kx

Air

kz

Hyperbolic 

kH

k0
kx

Air

kz

Type I

Hyperbolic 

Type II

Figure 2.1 Dispersion relation of different materials. (a) Comparison of air and glass, that have isotropic
dispersion which can be extended to a spherical shape in 3D. (b) Elliptical dispersion relation
for anisotropic medium, that happens by changing the magnitude of one component in ϵ
tensor. This change in magnitude allows longer k in one direction and forms an ellipse. (c)
Hyperbolic isofrequency of type I and (d) type II HMM.
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The classification of HMM is based on how many components of ϵ tensor are neg-
ative, the type I HMMs have only one (ϵz<0 and ϵx ;ϵy>0) while type II HMMs
have two negative components (ϵz>0 and ϵx ;ϵy<0). In addition to that, the type
I isofrequency contours are separated into two sheets. On the other hand, type II
has only a single sheet, this is because type II is more metallic than type I. There are
two common methods to realize HMMs: multilayer thin films and nanowires [15].
In this dissertation (PUBLICATION III, IV, V, and VI), I have used multilayer thin
film based HMM, therefore, the working principle will be discussed in more detail.

2.1.1 Multilayer thin films

This method uses alternating layers of metal and dielectric to achieve extreme
anisotropy. The thicknesses of these layers are very low compared to the operat-
ing wavelength. An example of multilayer HMM is presented in Figure 2.2. The
optical properties of thin film based HMMs are modelled by effective medium ap-
proximation (EMT) [14–20]. The EMT is an approximation of the effective per-
mittivity of planar thin films and here it is defined as the planar effective medium
approximation (PEMA), where in-plane isotropic/parallel components are defined
as ϵx x = ϵyy = ϵ∥. The third component which is out of the plane (perpendicular
component) is defined as ϵz z = ϵ⊥.

εꞱ

ε||

Metal
Dielectric

tm

td

Figure 2.2 The schematic of thin film-based multilayer HMM, composed of alternating layers of metal
and dielectric with the thicknesses of tm and td , respectively.
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The parallel and perpendicular components of ϵ of a medium composed of alter-
nating thin layers of metal and dielectric are defined using a generalized Maxwell-
Garnett approach [14]. First the filling fraction ( f f = tm/(tm+ td )) is defined, with
tm(d ) being the thickness of the metal (dielectric) layer. The displacement (D) field
in an effective material is defined as:

D = ϵe f f E (2.4)

where ϵe f f is the effective permittivity of the material. It is well-known that the
tangential component of the E-field should be continuous across a boundary of two
different media. Therefore, the E-fields along the parallel axis is defined as:

E∥(m) = E∥(d ) = E∥ (2.5)

and the over all displacement can be defined as:

D∥ = f f D∥(m)+(1− f f )D∥(d ) (2.6)

by rearranging the equations

ϵ∥E∥ = f f ϵm E∥+(1− f f )ϵd E∥ (2.7)

by solving the equation:

ϵ∥ = f f ϵm +(1− f f )ϵd (2.8)

Similarly, the ϵ⊥ is calculated by using boundary condition of normal compo-
nents:

D⊥(m) =D⊥(d ) = D⊥ (2.9)

E⊥ = f f E⊥(m)+(1− f f )E⊥(d ) (2.10)

by using Maxwell’s equation:

ϵ⊥ =
ϵmϵd

f f ϵd +(1− f f )ϵm
(2.11)
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Therefore, the effective material dispersion of such metamaterials can be controlled
by changing the amount of metal and dielectric materials forming the structure [16].
Some of the promising applications of HMM are near-perfect absorption [21], ab-
normal scattering [22], high-sensitivity sensors [23], and long-range energy transfer
[24].

2.2 Plasmonic antennas on conventional substrates

In parallel to metamaterials, the topic of plasmonics has also been studied quite ex-
tensively with the development of nanofabrication for two decades. The excitation
of the surface plasmons on the interface of thin metal/dielectric films initiated the
plasmonic research [25–29].

The surface waves propagate near the surface interacting with the electronic cloud
of the metal. This interaction generates electron oscillations near the surface when
excited with an electromagnetic field. The surface plasmons are bounded to the inter-
face of metal/dielectric layers and they decay exponentially. In 1971 Kretschmann
and Raether introduced the Kretschmann configuration in order to excite these sur-
face plasmon and this is the most widely used excitation method [30]. As the SPP
dispersion curve lies outside the light cone, the momentum of light and SPP can be
matched using different coupler configurations such as prism couplers. The working
principle of configuration is to first pass light through a dense glass (a prism with ϵ),
in order to change the phase velocity of light. The wave vector (ksp) that is propagat-
ing along the interface is given as:

ks p =
ωs p

c

⌜

⃓

⎷

ϵmϵd

ϵm + ϵd
(2.12)

whereωsp is the angular frequency of surface plasmon and ϵm and ϵd are permittivity
values for metal and dielectric. When the wave vector of the excitation light (kin)
matches with the ksp, the surfaces plasmon are generated along the interface [31] .

Similar to a thin metal film, when the light interacts with a metallic nanoparticle
much smaller than the wavelength of light the surface plasmons confine around the
nanoparticle. Figure 2.3 presents the light incident on an Au nanosphere, which gen-
erates the oscillation of an electron cloud. This oscillation will trap the light around
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subwavelength metal nanoparticle and generate the LSPR [32, 33], with enhanced
E-field [34]. This enhanced local E-field is used for miniaturizing optical devices,
cellular imaging devices [35], surface-enhanced Raman spectroscopy [36] and nano-
plasmonic rulers [37, 38]. Additionally, the resonance frequency of this nanopar-
ticle is dependent upon the density of electrons, the effective electron mass, size,
and as well as shape of the nanoparticle. Moreover, the environment surrounding
the nano-antenna can also change the LSPR mode, which has been used for sensing
applications [39, 40].
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Figure 2.3 Illustration of LSPR, resulting from collective oscillation of electrons in the response of an
E-field.

Although the integration and accurate placement of these nanoparticles on a sam-
ple are rather limited, with the advancement in nanofabrication, it is possible to fab-
ricate such particles in the form of nano-antenna on top of a substrate. There are
several different shapes and organization of plasmonic antenna such as nano-disk
(ND) [41, 42], nano-rods [43], dimers [44], bow-tie antenna [45, 46], V-shaped an-
tenna [47] and several others [34, 48]. All these works concentrate on designing
the plasmonics antenna based on shape, size, and arrangement. Yet, the effect of the
substrate that holds these nanoantennas has been overlooked, since mostly dielectric
substrates e.g. glass or silicon were used. The study by Michelle et al. show the shift
of the LSPR from 611 to 635 nm [49] using Ag nanoparticles on top of different
dielectric substrates by changing the index of the substrate from 1.46 to 1.73.

In this dissertation, NDs on top Si/SiO2 are fabricated with a fixed period and
changing diameter to study the photoluminescence enhancement (PUBLICATION
I) [42]. In PUBLICATION II, NDs are fabricated on thin metal and dielectric hy-
brid substrate to study hybridization between localized and propagating surface plas-
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mons [41]. Later, Prof. Halas’s group studied dimer nano-antenna on top of metal as
a substrate for refractive index sensing [34]. Figure 2.4 presents schematics of three
different substrates used to modify the LSPR.

c)b)a)

Al2O3

Au 
Au 

Si/SiO2

Figure 2.4 Schematic illustration of plasmonic antennas on top of (a) dielectric (b) metal/dielectric hybrid
structure, and (c) metal substrate used to study photoluminescence, hybridization, and sens-
ing application, respectively.

It is important to note that, both dielectric and metallic nature of the substrate
can affect the plasmon resonance. The ϵ of the dielectric can shift the response of
the antenna, on the other hand, by using metal as a substrate the LSPR is broader
compared to the dielectric substrate [34]. Modification of the substrate can be a
tool to tune, shift or modify the resonance band. In addition, recently, the unusual
ENZ materials were used as substrates to control the LSPR of plasmonic antennas,
revealing their great potential for plasmon–ENZ systems.

2.3 Epsilon-near-zero materials

The permittivity window where there is shift from dielectric to metallic nature is
very exciting because it exhibits the ENZ feature of a material, where ϵ is close to
zero [13, 50, 51]. The ENZ materials have become a topic of interest in recent years,
because of their ability to form novel platform for unique nanophotonics devices
[52]. In recent years, the ENZ materials have helped the photonic community to
study novel phenomena such as electromagnetic field energy squeezing [53, 54], slow
light trapping [55], sub-wavelength field confinement [56], large non-linearity [57,
58], second [59], third [60] and even higher order harmonic generation [61], and
super coupling [62]. In addition to these the ENZ materials have also proved to be
significantly better performing in tunable system such as; electric-optical [63], all
optical [64] and heat [65] based tunable devices. The peculiar optical property of
ENZ materials is used quite extensively in electro-optical switches [66], modulators
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[67], absorbers [68] and isolators [69] as well as on-chip quantum networks [70],
and better imaging and lithography systems [71].

ɛ>1

ɛ≈0

Figure 2.5 The wave propagation inside a conventional medium with ϵ>1 and an ENZ material.

The unique optical properties of ENZ materials can be explained by investigating
their electromagnetic response. In any medium, the speed at which the wave/light
propagates is defined as phase velocity (vp). Both the frequency (f ) and wavelength
(λ) inside a medium are related to vp and change by traveling in a medium. Analyti-
cally they can be defined:

vp = f λ=
c0⎷
ϵ

(2.13)

while propagating inside the medium due to the divergence, the frequency of the
light changes, which is defined in terms of wavelength as:

λENZ = λ0/
⎷
ϵµ (2.14)

for an ENZ material with ϵ=0, this means that the effective wavelength is signifi-
cantly large compared to free space. Figure 2.5 presents the wave propagation inside
a conventional and an ENZ medium [72].

There are several ENZ materials accessible through bulk materials. The most
popular category is a set of transparent conductive oxides (TCOs) such as: indium
tin oxide (ITO) [73], aluminum-doped zinc oxide (Al:ZnO) [74] and gallium-doped
ZnO (Ga: ZnO) [75]. Their ENZ properties fall in the near-infrared (NIR) region
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ITO (40 nm)

Glass

a) b)

Figure 2.6 The 40 nm of thin film of ITO and (b) measured ϵ via ellipsometer with λENZ=1340 nm [43].

and can be slightly changed by doping. This limits their application to the NIR re-
gion. Figure 2.6 presents the ϵ of 40 nm thick ITO film measured using spectroscopic
ellipsometry used for gating study [43].

Au

TiO2

a) b)

Figure 2.7 The schematics of (a) HMM, and (b) permittivity values for two different HMM with ff=26%,
and 31% [76].

In 2013, Mass et al. presented an HMM design composed of alternating layers
of silver (Ag) and silicon nitride (SiN) with subwavelength layer thicknesses with
vanishing effective ϵ [13]. The ϵ|| of HMM changes from ellipsoid (dielectric) to
hyperbolic (metallic) region at different wavelengths, depending upon the ratio of
metal and dielectric layers [77]. Similarly, Rashed et al. used Au and titanium diox-
ide (TiO2) to form two different HMMs in the visible region, Figure 2.7 shows the
reproduced ϵ of two HMMs with different ff used in the paper [76]. Therefore,
the ENZ region of these HMM can be tuned from visible to NIR region by simply
changing the material composition.
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2.4 Plasmonic antennas on ENZ materials

As discussed earlier, the resonance wavelength of the plasmonic antenna is influ-
enced by the substrate. Both dielectric and metallic substrates were used to shape
the resonance of plasmonic antennas earlier. However, in 2016 Kim et al. used ENZ
materials to control the plasmon resonance much more significantly [78]. In their
study, they initially study the radiation pattern of a dipole antenna on top of arbi-
trary substrates with ϵ=2, 0.5, and 0. The simulation results show that E-field is
forward scattered from the antenna into the substrate for ϵ=2. When an antenna
is placed on top of the substrate with ϵ<air (0.5), the E-field is scattered back into
the air at an angle of 45 degrees. However, when the antenna is placed on top of an
ENZ substrate resultant beam is directed back towards the normal. A nanoantenna
scatters the incident field in all directions towards two different media: substrate and
air. The relative efficiency of the scattering is determined by the dielectric constants
of the two media. Therefore, effective ϵ of the local environment can be defined as:

ϵe f f = (ϵs u b + ϵai r )/2 (2.15)

When the substrate is a low-loss ENZ medium, the value of the effective index:

ne f f =
r

[
q

Re(ϵe f f )2+ I m(ϵe f f )2+Re(ϵe f f )]/2) (2.16)

The resonance frequency of an antenna can be approximated as λr e s ≃ 2ne f f (D +
2δ), where D+2δ is the effective length of the antenna with a diameter (D) and
evanescent extension of the resonant mode (δ) [78]. The effective index of refraction
(reduced real ϵ) of the substrate limits the spectral shifting of the antenna resonance
beyond the ENZ condition compared to a dielectric substrate. They experimentally
realize the concept of slowing down the resonance shift (pinning effect) on top of
three different materials Al: ZnO, Ga: ZnO, and 4H-silicon carbide (4H-SiC). The
fabricated Au nanorod antenna with different lengths (400, 600, and 800 nm) on top
of Al: ZnO and Ga: ZnO and compared the resonance shift with the ZnO substrate.
The numerical simulations and optical characterization show that the resonance of
the plasmonic antenna is fixed near the ENZ point of these two substrates in the
NIR region. Similarly, the 4H-SiC substrate was used to exhibit the pinning effect
in the MIR region with a longer antenna.
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Later the same year, Prof. Boyd’s group show a similar type of response of
nanorod antenna on top of ITO with λENZ=1417 nm [79]. In 2018 DeVault et al.
showed that the Al: ZnO can be used as an ENZ substrate to suppress the near
field coupling in plasmonic antennas [80]. However, only transparent TCOs, such
as ITO, Al: ZnO, and Ga: ZnO are used in these studies. These are naturally oc-
curring ENZ materials with ENZ wavelengths in NIR and MIR regions; hence, ap-
plications involving these materials are limited to those wavelength ranges. On the
other hand, noble metals, such as Au and Ag, have real permittivity Re(ϵ) close to
zero in the ultraviolet region with very high imaginary permittivity (Im(ϵ)), pre-
venting them from being effective ENZ materials. Therefore, Duan et al. in 2019
showed that an arbitrary ENZ material with λENZ=657 nm can be used to study
a similar type of effect in the visible region. However, they overlooked the idea of
using metamaterials as an ENZ substrate. In my work (PUBLICATION III), by
employing HMMs as ENZ substrates, I experimentally demonstrate how to control
the LSPR of a plasmonic nanoantenna array without changing its dimensions in the
visible region.

2.5 Multilayer ENZ metamaterials as substrate

The HMM substrates used in PUBLICATION III, are composed of three bilayers
of Au and TiO2. The optical properties of these metamaterials are modelled using
PEMA, discussed in section 2.1.1. The multilayer HMM shows the ENZ properties
when the real part of ϵ∥ (Re(ϵ∥) component crosses zero and imaginary component
(Im(ϵ∥) is very small [14]. Figure 2.8 (a) presents two substrates referred as HMM-
1 and HMM-2 are designed to study their effect on the plasmon resonance at their
corresponding ENZ region, shown in Figure 2.8 (a). The Au thickness is set at 10
nm for both, but TiO2 thickness is 25 nm for HMM-1, whereas 45 nm for HMM-2,
providing the ENZ conditions at 684 nm and 751 nm, respectively. The experimen-
tal dielectric functions used here are taken from the literature to model Au [81],
and TiO2 [82]. Figure 2.8 (b) shows numerically calculated Re(ϵ∥) and Im(ϵ∥) using
Equation 2.4 and 2.5, respectively.

3D electromagnetic simulations of transmission, reflection, and field profiles of
the samples were performed using Anys Lumerical Finite-difference time-domain
(FDTD) Solutions. HMM-1 and HMM-2 media are modeled with the help of dielec-
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Figure 2.8 The schematic representation of HMM-1 and HMM-2 substrates with three bi-layers. (b) The
Re(ϵ∥) (black lines) and Im(ϵ∥) (red lines) of HMM-1 (solid lines) and HMM-2 (dashed lines).
The crossover of Re(ϵ∥) for HMM-1 (violet dotted line) and HMM-2 (magenta dotted line) are
highlighted.

tric functions obtained by the effective medium approach, as shown in Figure 2.8
(b). The overall thicknesses of the HMM-1 and HMM-2 media are 105 and 165 nm,
respectively. For the transmission and reflection simulations, the unit cell of size
360 nm is illuminated by a linearly (x) polarized plane wave source of wavelengths
500-900 nm. The boundary conditions (BCs) are set to periodic in the x, y directions
and perfect matched layers (PMLs) in the direction z direction. For the fabrication
of HMM substrates, the 500 µm thick fused glass substrate is cleaned in acetone,
isopropanol (IPA) with 10 minutes (min) sonication, and blow-drying under nitro-
gen (N2) flow. The oxygen (O2) plasma cleaning is used for thorough cleaning of
organic contaminants from the surface. Once the samples are cleaned, 10 nm of Au
and 25/45 nm of TiO2 are deposited using electron beam evaporation. 1 nm of ti-
tanium (Ti) is deposited at the rate of 0.5 Å/s before each Au layer to improve the
adhesion. The scanning electron microscope (SEM) images of HMM-1 and HMM-2
are obtained after focused ion beam (FIB) milling, shown in Figure 2.9 (a) and (b),
respectively. The scale bar used for the SEM images is 50 nm. The contrast between
the metal and dielectric layers is very clear in this image which verifies the thickness
of thin films.

Transmission spectra of the fabricated structures are measured using a microscope
from WiTec (alpha300 R- Confocal Raman Imaging). The samples are excited with
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Figure 2.9 The SEM image of (a) HMM-1 and HMM-2 using FIB (scale bar is 50 nm). The simulated
(dashed lines) and measured (solid lines) spectra of transmission (black lines) and reflection
(red lines) results for (c) HMM-1 and (d) HMM-2.

a broadband light source (Energetiq EQ-99XFC LDLS, spectrum 190 nm to 2100
nm). The optical pump beam is focused on the sample surface by using a 20x objec-
tive (Zeiss numerical aperture (NA)=0.4) at normal incidence. To detect the trans-
mission spectra, a 50x objective (Zeiss, NA=0.75) is placed at the back focal plane to
collect transmitted light in the normal direction. The collected light is coupled to
an optical fiber connected to a spectrometer (Ocean Optics Flame, detection range
40 nm-900 nm). The transmission of glass is first measured and then the normalized
transmission spectrum of HMM is measured with respect to glass.

Similarly, reflectance spectra are measured using the same microscope and light
source. To detect the reflected signal, the same objective is used to excite the sam-
ple and collect the light in the normal direction. The collected light is coupled to
an optical fiber connected to a spectrometer. The reflection spectrum of HMM is
measured with respect to the Ag mirror. The simulated and measured transmission
and reflection spectra of HMM-1 and HMM-2, are presented in Figure 2.9 (c) and
(d), respectively. The simulated (dotted) and measured (solid) transmission spectra
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of HMMs are indicated in black and the reflection spectra in red color. The results
show that HMM behaves as a dielectric below their respective ENZ wavelengths 684
nm for HMM-1 in Figure 2.9 (c) and 751 nm for HMM-2 in Figure 2.9 (d) with low
reflection and high transmission. However, beyond the ENZ wavelength, the HMM
has high reflectivity. The results of simulation and measurement are in good agree-
ment and clearly show a transition from dielectric to metallic region. Moreover,
these results, support the argument that by changing the dielectric thickness (TiO2

in this case) the ENZ wavelength can be significantly shifted and easily observed.

2.6 Controlling Plasmon Resonance

Once the HMM with ENZ properties is realized, these samples can be used as sub-
strates to control the plasmon resonance. Therefore, I have fabricated several ND
samples on top of two HMMs and on a glass substrate for comparison. The schemat-
ics of ND on top of glass and HMM are presented in Figure 2.10 (a) and (b), respec-
tively. The periodic arrays of NDs are fabricated by standard electron beam lithogra-

z

yx

360 nm

HMM

60 nm

a) c)

b)

Figure 2.10 The schematic illustration of ND on top of (a) glass and (b) HMM sample. (c) The SEM
image of NDs on HMM-1 (scale bare of inset is 200 nm) [83].

phy (EBL) using 20 KeV and 10µm aperture. The cleaned glass and fabricated HMM
samples (ENZ substrates) are spin-coated with Poly(methyl methacrylate) (PMMA)-
A4 at 3000 rotation per minute (RPM) for 40 seconds (sec). The spin-coated samples
are baked at 180 ◦C for 90 sec in order to evaporate the anisole solution in PMMA-
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A4. The 100x100 µm2 write field is used to create the NDs with the area dose of
300 µC/cm2. The exposed samples are developed for 60 sec in 1:3 Metylisobutylke-
ton (MIBK): IPA solution and 30 sec in IPA to stop the development process. The
developed samples are loaded in the electron beam evaporation deposition chamber.
Similar to HMM fabrication, 1 nm of Ti is used as an adhesion layer, followed by 60
nm of Au deposition at the rate of 0.5 Å/s. The S-1165 remover is used to lift off
the metals, the samples are left in the solution to heat up to 80◦ C. When the desired
temperature is reached, the hot plate is turned off and the samples are kept in the
solution for 5 min. Once the cracks start to appear in the thin metal films, the gentle
stirring removes all the unwanted metal from the sample. The sample is rinsed in
water, acetone, and IPA, and blow-dried under N2 flow to get rid of residual metal
films. Four different matrices are fabricated for 120, 140, 160, and 180 nm disk size,
by changing the dose factor. The SEM image of one of the samples on top of HMM
is presented in Figure 2.10 (c).

For the transmission and reflection simulations, the unit cell of size 360 nm is il-
luminated by a linearly (x) polarized plane wave source of wavelengths 500-900 nm.
The BCs are set to periodic in the(x, y) directions, and PMLs in the direction z direc-
tion. The diameter of the NDs on glass and HMM are changed from 120 nm to 180
nm, while the thickness is kept at 60 nm, as in the fabricated samples.

The evolution of the calculated nanoantenna resonances (transmission dip) with
increasing diameter, on different substrates (glass, HMM-1, and HMM-2) are pre-
sented in Figure 2.11. Figure 2.11 (a) shows that the LSPR of the ND antenna on the
top glass shifts quite significantly by increasing the diameter. On the other hand, the
shift in the resonance of NDs is much smaller on top of HMM-1 and HMM-2, pre-
sented in Figure 2.11 (b) and (c), respectively. The comparison of the spectral shifts
of the plasmon resonances reveals that the change is much smaller when the NDs
are on the ENZ substrates, compared to the case of the glass substrate. That is to
say, the resonance of the NDs on the ENZ substrates is pinned near the ENZ wave-
lengths. Moreover, the ENZ substrates having different ENZ wavelengths control
the pinning effect at those wavelengths.

Then, the transmission spectra of NDs on the glass substrate with different diam-
eters are measured, which are presented in Figure 2.12. A resonance shift from 628
nm to 678 nm is observed, by changing the disk diameter from 120 nm to 180 nm on
top of the glass. The same amount of modification in the diameter for the NDs on
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Figure 2.11 Evolution of the plasmon resonance with varying diameters of NDs on (a) glass (b) HMM-1,
(c) HMM-2 and (d) spectral shift of the resonance, calculated by FDTD simulations [83].

HMM-1 changes the plasmon resonance only in a narrow wavelength region of 659
nm ≤ λ≤ 675 nm, as shown in Figure 2.12 (b). The LSPR of the antenna is not only
determined by its size when it is located on the ENZ substrate. This phenomenon is
a consequence of the interaction between the resonating antennas and the ENZ sub-
strate. It is also possible to obtain this effect for an antenna array of the same size, at
a different wavelength region, by adjusting the composition of the substrate. When
the ND array is on HMM-2 having an ENZ wavelength at 751 nm, the pinning effect
is observed in the region 703 nm ≤ λ ≤ 732 nm, as shown in 2.12 (c). The pinning
effect is observed around the ENZ region of the corresponding HMM substrate.

When an antenna is on an ENZ substrate, an increase in the diameter of the ND
antenna is compensated by small neff, reducing the amount of the shift in the LSPR
near the ENZ wavelength, as observed in the experiments. The spectral shift in the
plasmon resonance, with respect to the resonance wavelength of the ND arrays with
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Figure 2.12 Normalized transmission spectra of the fabricated ND arrays, with disk diameters of 120,
140, 160, and 180 nm on three different substrates; (a) glass (green), (b) HMM-1 (red),
and (c) HMM-2 (blue). The ENZ points of HMM-1 and HMM-2 are highlighted by violet and
magenta vertical dashed lines in the associated graphs, respectively. (d) The spectral shifts
in the resonance wavelengths of the NDs on glass, HMM-1 and HMM-2 [83].

120 nm diameter, for each sample, is shown in Figure 2.12 (d). The experimental re-
sults display a good agreement with the simulation results. The ND arrays on glass
exhibit a total shift of 50 nm, whereas the shifts observed in the ND arrays on HMM-
1 and HMM-2 are 16 and 29 nm, respectively. The shift in the resonance for HMM-1
is 3 times less than the one for glass. However, for HMM-2, it is half of the resonance
shift obtained for the glass case. The shift in the resonance for HMM-1 is more sup-
pressed compared to HMM-2 because the ENZ region of HMM-1 (660 nm≤ λ≤ 690
nm) is intentionally designed at the resonance wavelength of the antenna (on glass).
On the other hand, the ENZ region (730 nm ≤ λ ≤ 780 nm) of HMM-2 is far away
from the resonance of the antenna (on glass). The possibility to tune the ENZ region
by simply changing the thickness of TiO2 allows us to probe the pinning effectively
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Figure 2.13 Normalized E-field profiles of NDs (D = 180nm) at 684 nm on (a) glass, (b) HMM-1 (PEMA)
and (c) HMM-1 (ML stack), and similarly, at 751 nm on (d) glass, (e) HMM-2 (PEMA) and (f)
HMM-2 (multilayer stack) [83].

for HMM-1 and HMM-2 at two different wavelengths. ENZ materials exhibit high
impedance (Z =

p

µ/ϵ) mismatch with respect to their surrounding environment,
which limits the penetration of the incident field. Normalized E-field profiles of
the ND arrays (D = 180 nm) on glass and HMM substrates, calculated at the asso-
ciated ENZ wavelengths of HMM-1 (684 nm) and HMM-2 (751 nm), are shown in
Figure 2.13. The ENZ substrates restrict the penetration of fields throughout the
HMM media at the ENZ wavelengths, leading to back-scattering. The simulations
for ENZ substrates were performed using the material properties calculated with
PEMA and multilayer stack of Au and TiO2.

To further examine the scattering of NDs on different substrates, the phase of
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Figure 2.14 Phase profiles (in the unit of radian) of x component of the scattered E-field up to 2λ from
the NDs of diameters (A) 120 nm, and (B) 180 nm on glass at λ = 684 nm, (C) 120 nm, and
(D) 180 nm on HMM-1 at 684 nm. Similarly, (E) 120 nm, and (F) 180 nm on glass λ = 751
nm, (G) 120 nm, and (H) 180 nm on HMM-2 at λ = 751 nm. White dotted lines are added
for better visual comparison [83].

the x-component of the scattered E-field is calculated for the NDs of 120 nm and 180
nm diameter, on glass and HMM-1 at 684 nm (Figure 2.14(A-D)), and on glass and
HMM-2 at 751 nm (Figure 2.14 (E-H)). The difference in the phase of the E-fields at
a distance of ∼ 2λ from the surface of the NDs (120 nm and 180 nm diameters), is 56
degrees when the substrate is glass. However, this difference reduces to 21 degrees
when the substrate is changed to ENZ metamaterial. This provides possibilities for
the effective control of the phase contribution of each nanostructure.
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3 SELF-ROLLING MULTILAYER

METAMATERIALS

The notable application of HMM as an ENZ substrate is significant and important
progress in the field of metamaterials and plasmonics [83, 84]. However, the planar
nature of these thin film-based HMMs fundamentally limits their applications for
3D metamaterials. Furthermore, the fabrication of these thin films is challenging
because it is done by subsequential layer evaporation to form a stack. During each
deposition, there is a possibility to have some error, that can multiply to a signifi-
cantly large value if the number of layers is very high, like in reference [13]. The
fabrication process can be time-consuming and laborious. In another study, Vesseur
et al. fabricated a rectangular plasmonic ENZ waveguide structure to study the res-
onant guided plasmon modes [85]. Similarly, the fabrication steps involved are very
complex because it requires a sequence of metal and dielectric deposition and multi-
ple FIB milling steps. In addition to the complication of the process, the throughput
of the FIB-based method is very limited. Therefore, the solution to these limitations
is to adopt a fabrication method that can limit the number of deposition steps, and
allow the use of these thin films as 3D metamaterials or waveguides. Moreover, the
fabrication method should be easily reproducible with high throughput. In this the-
sis (PUBLICATIONS IV, V, and VI), I have used a unique self-rolling fabrication
method on thin films of SiO2 and Au to form RUTs to obtain 3D ENZ metama-
terials, 3D fishnet metamaterials, and curved metasurfaces. The fabrication method
allows to obtain multiple devices with simple photolithography steps and has proven
to be used at wafer-scale fabrication [86]. Besides this the method allows the integra-
tion of different materials such as liquids [87] and cells for sensing applications [88],
and a platform for guiding the neurons to simulate brain activities [89].
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3.1 Rolled up tubes

The strained-induced RUTs [90], have been investigated as a rapid and cost-efficient
fabrication method for multilayer structures [91]. This self-rolling method, also
known as the thin film self-rolling technique for 3D RUTs, has been used in dif-
ferent fields after it was introduced in semiconductor bilayers grown by molecular
beam epitaxy (MBE). The RUTs were first investigated by Prinz et al. in 2000 us-
ing strained semiconductor layers which start to roll once the strain is released by
etching the sacrificial layer [92], presented in Figure 3.1.

Etching
Sacrificial layer

Substrate

Layer 2

Layer 1

Figure 3.1 Schematic illustration of self-rolling tubes, the rolling process starts when the sacrificial layer
is etched and the stressed layers on top are released by rolling the layers in an upward
direction.

Since the introduction of obtaining 3D structures using strained semiconductor
layers [92], several fabrication methods have emerged [93, 94], enabling a wide va-
riety of applications in different fields, from microelectronics and flexible devices
[95, 96], to optics [91, 97] and biology [98, 99]. All these methods are based on the
exploitation of the residual strain developed in different composition layers. When
these layers with appropriate strain gradient across the film thickness are selectively
released from the substrate, for example by selective etching an underlying layer;
thin films undergo a stress release-driven self-rolling mechanism.

There are two main methods to obtain RUTs. The first one is a top-down ap-
proach, in which two semiconductor layers with different compositions are grown
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on top of a sacrificial layer. The difference in the compositions develops the strain
between the two layers. The sacrificial layer is exposed to the etchant using pho-
tolithography and the strain is released by etching the sacrificial layer, which insti-
gates the rolling process [92]. The second method uses basic fabrication materials
(e.g a resist [100], germanium (Ge) [101] or germanium oxide (GeOx [102]) as a
sacrificial layer. The size and shape of the patterns of these sacrificial layers define
the length and the number of turns of the RUTs. Almost, all materials can be de-
posited on top of these sacrificial layers using standard deposition systems such as
electron-beam evaporation, sputtering, and plasma-enhanced chemical vapor depo-
sition (PECVD) to obtain RUTs [103]. However, the combination of materials is
important to inherit the strain gradient necessary to help the rolling process once
the sacrificial layer is removed. The well-known material combinations are silica
(SiO/SiO2) [104], SiO2/Au [100, 101], Ag/SiO2 [91], and SiNx [105]. In this the-
sis, the bottom-up approach of self-rolling tubes is adopted with two different types
of sacrificial layers: photoresist and Ge.

3.1.1 Photoresist based rolled-up tubes

The use of resist as a sacrificial layer was derived from the idea to make the rolling
process simple and more flexible with all possible materials. The problem with the
initial works on semiconductor-based RUTs was that it required a selective under-
etching procedure to release the strained layers from their substrate. This becomes
significantly challenging when the thicknesses of these layers are in the nanometer
range. The selective under-etching limits the type of materials used for RUTs, which
means only selected materials can be used for these tubes. The semiconductor-based
RUTs were unsuited for both metamaterials and biomedical applications, because
of the high refractive index and bio-compatibility issue, respectively. Therefore, to
circumvent the problem for a wide range of materials, the idea of using a photore-
sist/polymer as a sacrificial layer coated with stressed layers of any materials. The
resist can be removed very easily using acetone which has almost 100% selectivity
with any inorganic material. This makes the etching process much simple, fast, and
safe without the use of any harmful hydrofluoric acid.

In 2008, Prof. Schmidt’s group from Dresden fabricated RUTs for different mate-
rials using resist as a sacrificial layer. They did an extensive study by first optimizing
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Figure 3.2 Sketch of the sample geometry showing the thin films deposited on top of photoresist. The
thin film starts to roll when resist is removed using acetone.

the major parameters influencing the strain and fabricated tubes of materials such
as platinum (Pt), palladium/iron (Fe), TiO2, aluminum oxide (Al2O3), zinc oxide
(ZnO), SiN, SiN/Ag, and diamond-like carbon. They controlled the temperature of
the substrate during a deposition for each material, and change the deposition rate
and stress appearing during each deposition. This gave them a very good control
of the rolling mechanism, and they were able to even control the diameter of tubes.
They patterned the resist as square, rectangle, or circular shapes and deposited the
materials with an angle to create a shadow and leaving an opening for etching of re-
sist [93]. In their other work, they fabricated Pt/Au/Fe/Ti microtubes using resist
as a sacrificial layer and later used them as microtubular jet engines by a catalytic
reaction [106, 107]. They also fabricated the silica (SiO/SiO2) based RUTs using the
same resist as a substrate [104]. These tubes are then quite extensively studied in
applications like a lab on chip [108], photon-plasmon coupling in microtubes [109],
and solvent sensing [110]. One of the advantages of silica-based tubes is their high
transparency which helps to study human cancer cells [111] or detection system
based on photoluminescence [112]. Similar to that SiN based tubes were also quite
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extensively studied and used for cell study [113].

Figure 3.3 Optical microscope image of SiO2/Au based RUTs fabricated using resist as a sacrificial layer
in single step lithography.

Figure 3.2, presents the fabrication steps involved to obtain RUTs using resist in
PUBLICATION V and VI. For the fabrication of resist-based RUTs the substrates
are thoroughly cleaned, they are coated with a thin layer of Hexamethyldisilazane
(HMDS) at 125◦ C to improve the adhesion of the photo-lithography resist. The
AZECI3012 positive resist is spin-coated at 3000 RPM for 40 sec. The resit is soft-
baked at 90 ◦C for 90 sec. The spin-coated samples are exposed using the Suss MA6
mask aligner for 4 sec under an ultraviolet (UV) lamp using the rectangular pattern
in the mask. The post-baking process is done at 110 ◦C for 60 sec. The samples
are developed for 60 sec using MIF 726 developer and then rinsed three times in
di-ionized (DI) water.

The developed samples are coated with 60 nm of SiO2 using electron beam evap-
oration at the rate of 0.1 nm/sec. The thickness of SiO2 is confirmed using an ellip-
someter. In the second step of deposition, the samples are coated with 2 nm of Ti
and 20 nm of Au at 0.3 nm/sec at an angle of 60 degrees to create a shadow effect.
Ti layer is used for better adhesion of Au and angle deposition guides the rolling
process. Acetone is used to lift off the thin films deposited on top of the resist. The
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samples are placed gently inside the beaker containing acetone. The samples are kept
in acetone for 5 minutes, then moved to IPA for 30 s, and blow-dried under N2 flow.
While removing the resist SiO2 and Au layer starts to roll due to the stress introduced
during the deposition process. The optical microscope is used to ensure the quality
of the tubes. Figure 3.3, presents microscope images of RUTs fabricated using resist
as a sacrificial layer.

3.1.2 Germanium based rolled-up tubes

The second approach adopted in this thesis (PUBLICATION IV) is using Ge as a
sacrificial layer. The resist-based technique has proven to be very dominant in appli-
cations where bigger diameters are required. However, in order to obtain more con-
trol over the rolling mechanism and the freedom to have RUTs with different com-
binations of materials, Ge was used as a sacrificial layer to fabricate ultra-compact
rolled-up capacitors [114]. In 2014 TiO2/Chrome/Au based ultra-compact RUTs
were obtained using Ge as a sacrificial layer. The RUT was integrated into a setup
for in-flow sensing [115]. The use of Ge allowed the etching process to be as slow as
in the semiconductor-based tubes with high selectivity by using hydrogen peroxide
(H2O2). The use of Ge also allows the second step of lithography that can be used
to pattern the strain layer inside the RUTs. For this, the second step lithography
is used to create a window for the etching process. Bermúdez-Ureña and Steiner re-
cently showed how Ge can be used efficiently for EBL and FIB processes [101]. Most
recently, the Ge-based RUTs are used for magnetic induction by patterning the metal
in a way they form coils [116].

For the fabrication of Ge-based RUTs, two-step lithography is required. Figure
3.4 presents the schematic of the two-step photolithography fabrication process com-
bined with electron-beam-based layer deposition and lift-off to define the rolling ar-
eas. The image reversal lithography is done to form Ge patterns. The samples are
coated with a thin layer of HMDS at 125◦C to improve the adhesion of the pho-
tolithography resist. AZ5214E image reversal resist is spin-coated at 3000 RPM for
40 sec. The resist is soft-baked at 100 ◦C for 60 sec. The spin-coated samples are
exposed using the Suss MA6 mask aligner for 4 sec under a UV lamp using the rect-
angular pattern in the mask. The post-baking process is done at 115 ◦C for 120 sec.
For image reversal, the samples are exposed a second time without a mask using the
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Figure 3.4 Schematic representation of the fabrication steps for obtaining RUTs. The first step consists
of defining the Ge layer pattern. The second step opens a window to define the SiO2 and Au
bilayer, with reduced dimensions on the front and lateral sides in order to facilitate the next
step, which is the etching process of the Ge, leading to the self-rolling of the SiO2/Au layers
into a RUT.

same Suss MA6 mask aligner for 30 sec (also known as flood exposure). The sam-
ples are developed for 45 sec using MIF 726 developer and then rinsed three times in
DI water. The developed samples are coated with 40 nm of Ge using electron beam
evaporation. The S-1165 remover is used to lift off the Ge, with the same parameters
discussed in section 2.6. To further clean the resist residue, the reactive ion etching
(RIE) with O2 plasma for 2 min is applied. The quality of Ge patterns is verified us-
ing a microscope. Once Ge patterns are obtained, the second step of lithography is
done by using a positive resist to create an opening for Ge etching. The same param-
eters for the HMDS adhesion layer are used. Then, AZ3421E positive is spin-coated,
soft-backed, exposed, post-baked, and developed with exactly the same parameters
discussed in section 3.1.1. The developed samples are then coated with SiO2 at 0.1
nm/sec and Ti/Au at 0.3 nm with different thickness combinations. Au is deposited
at an angle of 60◦, to further guide the rolling direction. Once the samples are coated,
the lift-off is done by using the S1165 remover, which opened the window for the
wet etching of Ge. The etching is done by leaving the samples in 35% of H2O2 for
90 min, which allowed the rolling of the strained SiO2/Au layers. The microscope
image is presented in Figure 3.5.
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Figure 3.5 Optical microscope image of SiO2/Au based RUTs fabricated using Ge as a sacrificial layer.

3.2 Diameter of rolled-up tubes

The better control of the diameters using Ge as a sacrificial layer provides a platform
to study the strain mechanism between SiO2/Au much more carefully. Therefore,
this section focuses on the Ge-based tubes, and the diameters of such tubes are nu-
merically modelled. The strain introduced between the layers arises from the fact
that a slow deposition rate of SiO2 induces compressive stress within the first layer
while a relatively high deposition rate of Au creates tensile stress within the second
layer. In addition to the deposition rate, the adhesive Ti layer under the Au layer
contributes to the strain [100].

Once such a combination of films under stress is released by selectively etching
the sacrificial layers, it results in the self-rolling of the films into RUTs. Although it is
possible to deposit different thickness layers, the strain between these layers is one of
the important parameters that define the final RUT’s diameter. Therefore, initially,
the diameter of RUTs is modelled as a function of the thickness of the strained layers
as [104]:

D =
E2

m t 4
m +E2

d t 4
d + 4EmEd (t

3
m td + tm t 3

d )+ 6EmEd (t
2
m t 2

d )

3|∆ε|(1+ ν)EmEd (tm + td )(tm td )
, (3.1)

where, subscript m and d represent metal (Au) and dielectric (SiO2), respectively,
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Figure 3.6 Analytically calculated diameter of a self-rolled structure as a function of Au and SiO2 thick-
nesses.

∆ε is the strain difference between the two layers, E is the Young’s modulus, t is the
thickness of films in nanometers (nm) and ν is the Poisson’s ratio (set at 0.422). The
E of Au is set at 79 gigapascal (GPa) [117] and SiO2 at 50 GPa [118]. The calculated
diameter D of the RUTs as a function of the dielectric (td) and metal (tm) thickness is
presented in Figure 3.6. The analytically calculated diameter of the RUT, based on
this model, shows that the thicker layers create larger diameters. However, I focus on
broader range of dielectric thickness (5-40 nm) compared to metallic layer (5-20 nm)
as the thick metal layers won’t provide the optical properties and effective medium
of the HMM required for this study. To fit the model with experimentally measured
diameters, an average value of∆ε=1.2% is used.

In the systematic experimental study to identify the effect of different parameters
on Ge-based RUTs, eight different samples are fabricated. Four different dielectric
thickness td (5, 10, 20 and 40 nm) and two different metal layer thickness tm (10 and
20 nm) are used. The SEM images of the self-rolled structures at an angle of 40◦ are
presented in Figure 3.7. The RUTs ranging from sub-micron diameters (∼0.63 µm)
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a) b)

c) d)

e) f)

Figure 3.7 The SEM images of RUTs with (a) td/tm=5/20 nm, (b) td/tm=10/10 nm, (c) td/tm=20/10 nm, (d)
td/tm=20/20 nm, (e) td/tm=40/10 nm, and (f) td/tm=40/20 nm. The green scale bar is 2µm and
red one is 10 µm.

up to ∼7.5 µm are obtained. Note that the diameter of the RUTs depends on the
strain, hence the thickness of SiO2 and Au layers are used to form the multilayer
metamaterial. Table 3.1 presents the inner diameters from eight different samples,
and the number of turns is given in parenthesis.

In this fabrication process, the width (wg) of rectangular pattern of Ge defines
the length of the RUT, while the length (lg) of the pattern controls the number of
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Table 3.1 Measured approximate inner diameters of the RUTs formed using corresponding td and tm.

(tm ↓)(td →) 40 nm 20 nm 10 nm 5 nm

10 nm 7.5 µm (3) 2 µm (5) 712 nm (13) 632 nm (15)

20 nm 5 µm (5) 3 µm (3) 1250 nm (8) 1.5 µm (6)

the turns (N ). As N depends upon the diameter of the RUT through the fix area of
the rectangular pattern, the number of turns can be approximated as a function of
D and lg as N = lg/πD . In each sample, several pattern designs with varying length
and width dimensions are included. The analysis of the results revealed that the thin
layers yield smaller diameters while the rolling success is better in smaller patterned
areas. For example, the areas of 30×25 (wg×lg) µm2 provided compact RUTs with
diameters below 3 µm , while areas of 90×75 µm2 allowed proper rolling of the
tubes with the diameters above 3 µm.

3.3 Rolled up hyperbolic metamaterials

Although applying a self-rolling method to fold more complex structures opens new
ways to produce 3D photonic micro-objects with novel designs and optical proper-
ties, it has not been adopted yet into metamaterials. So far, most of the works have
focused on the possibility to stack optically active semiconductor heterostructures
[119, 120] and metallic nanostructures [101, 121]. Moreover, Smith et al. pointed
out that these RUTs can be promising candidates for waveguides [122] and hyper-
lenses [123]. Later these tubes are used for the realization of 3D metamaterials [124],
fishnet HMMs [125], and active metamaterials [126]. However, the predominant
use of semiconductor layers in RUT-based metamaterials limits the design flexibility
and extension of these applications towards engineered ENZ-metamaterials. There-
fore, the unique ENZ features of HMMs via self-rolling systems have not been ex-
plored. In this study (PUBLICATION IV), I utilized cylindrical multilayer struc-
tures/RUTs based on Ge as a sacrificial layer to explore the engineered ENZ meta-
materials. The use of Ge allowed better control on the diameter and as well as the
number of layers for each metamaterial.

Previously, the material dispersion of planar multilayer metamaterials/HMM has
been qualitatively defined using the PEMA. The effective permittivity of HMM is
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divided into in-plane ϵ|| and out of plane ϵ⊥ components. Both components only
depend upon the ratio of metal and dielectric in the metamaterial. This approxima-
tion method works based on the assumption that the number of layers is infinite
and effective ϵ is independent of the number of layers. Moreover, the metamate-
rial is considered as an infinite planar sheet, and the dispersion is independent of
the shape. However, due to these considerations in the PEMA method, the calcu-
lations may not be precisely suitable to describe the optical response of cylindrical
HMMs with a finite number of Au/SiO2 layers. Therefore, in this work, a cylindri-
cal effective medium approximation (CEMA) is implemented to define the effective
dispersion properties of a curved multilayer medium [127]. Figure 3.8 (a) shows a
transversal view schematic of a cylindrical multilayer structure and the parameters
defined in the model, with ϵρ, ϵθ and ϵz as the principal permittivities in the ρ, θ
and z directions, respectively in the cylindrical coordinate system.

y

x

r0r1r2
rn

Ɛ1

Ɛθ

z

ƐN

Ɛ 0

Ɛ2

Ɛρ

Figure 3.8 Schematic representation of a multilayer structure and corresponding ϵ values defined CEMA
method.

In CEMA method, the effective ϵ values for the multilayer structures are ex-
pressed as [127]:

ϵρ = l o g (rN/r0)
� N
∑︂

n=1
(l o g (rn/rn−1)/ϵn)

�−1

(3.2)
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ϵθ = ϵz = (l o g (rN/r0))
−1

� N
∑︂

n=1
(l o g (rn/rn−1)ϵn

�

(3.3)

where ϵm and ϵd are ϵ of Au and SiO2, respectively. The innermost and outermost
radii are denoted by (r0) and (rN), respectively. Each layer is defined by the radius (rn)
and permittivity (ϵn) and the total number of layers are denoted by N. The thick-
ness of each layer is tn= rn-rn-1. This model considers the thicknesses of SiO2/Au,
the inner radius of the tube, and the number of turns e.g. number of bilayers. As
discussed in section 3.2, the thickness of the layers defines the diameter of a RUT.
However, one advantage of the RUT fabrication approach is that one can obtain
varying numbers of layers for fixed inner diameter and layer thickness values, which
depend mainly on the length of the patterned area.

In order to envision the effect of the diameter, number of turns and the ratio
(td/tm), the Re(ϵθ) is calculated for the RUTs with diameters 600 and 900 nm. Three
different ratios and change the number of bilayers from 1 to 10 are used. Figure
3.9, presents the heat map of Re(ϵθ), for the same ratio (10/10) with three differ-
ent diameters in first row. Similarly, 10/20 and 10/30 in the second and third row,
respectively.

The heat maps show that by changing the ratio of the thicknesses of SiO2 and Au
(td/tm), the Re(ϵθ) values are changed significantly. Similarly, the Re(ϵθ) is changed
by changing the number of bilayers up to 4 and saturates afterward. This means the
RUT with 7.5µm diameter with 3 number of turns it is significant to use the CEMA
method for accurate calculation of the ENZ wavelength. However, the diameter of
the RUT does not play a very significant role, because the sizes are not subwavelength
range.

3.4 Epsilon near zero properties

Next, based on the knowledge obtained in the previous section, I focus on the analy-
sis of the dispersion of the fabricated samples. Figure 3.10 (a) presents ϵ values for the
fabricated RUTs based on the CEMA calculation by comparing the effect of ratio of
the thicknesses of SiO2 and Au (td/tm), and the diameter (2r0). The first part of Fig-
ure 3.10 (a) shows the dispersion of the RUTs with different thickness ratios [5/20,
20/20, and 40/10], presented by blue, magenta, and dark blue lines. The thickness
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Figure 3.9 Re(ϵθ) for RUTs with two different diameters (600 and 900 nm), three different thicknesses
of SiO2 (10, 20 and 30 nm) and increasing number of bilayers.

of the layers defined the dispersion of the circular multilayer metamaterial. In addi-
tion, the large difference in the thickness ratios results in different diameters (1.5, 3,
and 7.5 µm) as they provide different strain values but also modify the ϵ value and
change the ENZ wavelength range quite significantly. Overall, the ENZ wavelength
of the RUT is tuned from 400 nm to 600 nm, and it is possible to obtain the same
or similar ENZ ranges using different diameters of RUTs by arranging the metal
and dielectric layers. The second part of Figure 3.10 (a) shows Re(ϵθ) of some of
the fabricated samples with identical thickness ratios (td/tm) but different diameters
(D). The dispersion results for 5/10 (632 nm) and 10/20 (1250 nm) as shown in black
and green dotted lines are identical although having different diameters. Similarly,
Re(ϵθ) for 10/10 and 20/20 with diameters of 712 nm and 3 µm shown in red and
dotted magenta lines, are almost identical. Whereas the RUTs (2 and 5 µm) with
a ratio of 20/10 and 40/20 have slightly different dispersion and ENZ wavelength
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Figure 3.10 (a) Calculated Re(ϵθ) of the fabricated RUTs using CEMA method. (b) Simulated and
measured reflectance spectra from RUTs of diameters 2µm (cyan), 3µm (magenta), 5µm
(dark yellow) and 7.5µm (navy blue).

regions. Note that, in all these tubes, the number of turns is higher than 4, and the
ϵ values are almost identical even though the thicknesses and diameter are different.

The calculation of the material dispersion reveals that one can obtain quite sim-
ilar results although the diameter of the RUT can be different. Therefore, one can
design the ENZ wavelength range as well as the diameter based on the application
needs such that it is possible to use a RUT with a diameter of 3 µm instead of 712
nm while exploiting the same material dispersion. Furthermore, the reflectance re-
sponse of the same RUTs is investigated, which allows measurable areas using 100X
air objective, Figure 3.10 (b) presents the simulation (dashed lines) and experimental
(solid lines) for RUT with diameters of 2µm (cyan), 3µm (magenta), 5µm (dark
yellow) and 7.5µm (navy blue). The results show the general trend for the reflec-
tion of the metamaterial with increasing reflectance above the ENZ wavelengths.
The reflection spectra of the RUTs with diameters of 2 µm and 5 µm confirm that
they exhibit a very similar ENZ transition (onset of the reflection band); however,
the 5 µm RUT represents a more convenient platform for certain applications as it
provides a larger collection area.
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Figure 3.11 (a) Re(ϵ||) obtained from PEMA calculations for eight different fabricated RUTs.

Table 3.2 Comparison of ENZ wavelengths calculated using CEMA and PEMA for the fabricated RUTs.

td/tm (D) CEMA PEMA

5/10 (632 nm) 362 nm 342 nm

10/10 (712 nm) 478 nm 488 nm

10/20 (1250 nm) 362 nm 362 nm

5/10 (1.5 µm) 340 nm 340 nm

20/10 (2 µm) 523 nm 524 nm

20/20 (3 µm) 478 nm 488 nm

40/20 (5 µm) 515 nm 524 nm

40/10 (7.5 µm) 548 nm 587 nm

For comparison purpose, ϵ|| and ϵ⊥ using PEMA are calculated. Figure 3.11,
shows that the ϵ values are only the function of (ff=tm/(tm+td)) and there is no effect
of the diameter of the tube [14]. As PEMA ignores the effect of the number of layers
and the diameter of RUT, the ENZ wavelength is calculated using CEMA and PEMA
as a function of the diameter of the RUTs, shown in Table 3.2. The results show
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that when the tubes have a low number of turns, the ENZ wavelength values are
significantly different. The RUT with 7.5 µm has ENZ wavelength ∼39 nm longer
when it is calculated with PEMA rather than CEMA. Therefore, it is more accurate
to use CEMA for the material dispersion calculation of cylindrical HMM.

3.5 Structural dispersion

Beside the material dispersion of ENZ materials, there is also a technique based on
structural dispersion to exploit the dispersion characteristics of composite metal-
dielectric waveguides. Nanoscale plasmonic waveguides support a fundamental
guided mode with a cutoff wavelength where the mode effective index vanishes,
Light propagation in the ENZ media has the property of a stretched wavelength
as a consequence of the near-zero refractive index, leading to a relatively small phase
variation over the physically large region of such media. One of the advantages to
use Ge as a sacrificial layer is to obtain tubes with a diameter<1 µm. This allows to
use of the tubes as waveguides and produces wafer-scale ENZ waveguides compared
to rectangular waveguides fabricated [85] and numerically proposed [128]. Here,
the smaller diameter tubes are investigated as waveguides with ENZ mode by taking
advantage of structural dispersion. To study this dispersion phenomenon, first, the
RUTs are considered as cylindrical waveguides. The Eigenmode simulation is used
to study the fundamental modes excited at the cutoff wavelength of the RUTs.

The fundamental mode profiles and structural dispersion of the RUT were char-
acterized using a Finite Difference Eigenmode (FDE) solver in Ansys Lumerical
MODE. The numerical simulation is set up by building up different thickness depen-
dent alternating layers of SiO2 and Au with a hollow air core using Ansys Lumerical
script commands. The solver type is set to 2D normal to calculate the mode pro-
files that exist in the RUT in the x-y plane. A minimum mesh step of 0.001 nm is
used, grading factor of

⎷
2 and conformer variant 1 mesh refinement to attain mode

profiles with good resolution. The mode profiles and the cutoff wavelength of the
rolled-up waveguide are determined for different selected core diameters (D) (i.e. 632
nm, 712 nm, 1250 nm, and 1500 nm). In addition, parametric sweeps of the funda-
mental transverse electric (TE11) mode at different spectral wavelengths are imple-
mented for the different diameters of the waveguide to obtain their corresponding
effective index (ne f f ). The structural dispersion relation of the selected RUT diam-
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eters is presented as the relation between the ne f f and the cutoff wavelengths of the
RUT structure.

The dispersion relation of the selected RUTs exhibits the dependence of the
waveguide effective mode indices ne f f as a function of wavelength. Figure 3.12 (a)
illustrates the structural dispersion relation of the RUT with different core D. This
helped in identifying the cutoff wavelengths where the effective refractive index of
the medium is approximately zero (ne f f ≈ 0) for the different RUTs. Since the index
of refraction is directly related to the permittivity, these structures exhibit effective
ENZ features.

a) b)
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Figure 3.12 (a) The dependence of the waveguide mode effective indices ne f f on the wavelengths for
the selected diameters. (b) Fundamental TE11 electric field |E| distribution for the selected
diameters of the RUT at their corresponding cutoff wavelength.

As the diameter of the RUT is the main defining parameter of the structural
dispersion, for different diameters (i.e. 632, 712, 1250, and 1500 nm), the cutoff
wavelengths obtained are ∼1296 nm, ∼1488 nm, ∼2295 nm, and ∼ 2860 nm, re-
spectively. This illustrates the dependence of the cutoff wavelength as a function of
varying diameters of the selected RUTs where the cutoff wavelength redshifts with
an increase in the diameter of the RUT. This illustrates the structural dispersion phe-
nomena where a structural parameter such as the diameter of the RUT determines
the zero-index mode that can be excited in the RUT (Fig 3.12 (b)). Note that a circu-
lar waveguide structure, similar to our RUTs, illustrates a fundamental (TE11) mode
at their corresponding cutoff wavelengths. At the cutoff wavelength, the TE11 mode
of the RUT has a dispersion curve that begins at the light line and cuts off the wave-
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length axis at k = 0. A wave vector that is vanishingly small at the cutoff wavelength
implies a waveguide mode with a near-zero index (ne f f = k/k0 ) where the wave dis-
plays little or no spatial variations. Overall, these waveguide structures around the
cutoff frequency of its fundamental mode behave as a metamaterial with effective
ENZ features.
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4 LOW LOSS 3D FISHNET METAMATERIAL

Besides the use of RUTs as multilayer metamaterials, these thin films can be further
patterned to obtain much more complex metamaterials such as fishnet metamaterials
[129], nanoholes based structures with Fano resonances [130], and nanohole based
plasmonic sensor [131]. Using RUTs will bring an advantage by allowing us to study
them in 3D. For example, using the nanoholes on the walls of RUTs as sensors can
be a microfluidic channel and sensing platform at the same time. In order to pattern
the walls and later characterize their optical properties, the resist-based technique is
more efficient and flexible to the integration of a broad range of materials. Therefore,
in PUBLICATION V, the resist-based tube is used to form 3D fishnet metamaterials
as a prototype for nanohole-based 3D metamaterial platforms.

4.1 Fishnet metamaterials

The concept introduced by Veselago in the 1960s of negative refraction of light and
later the application as perfect lensing [6] motivated scientists to work extensively
on the topic of optical negative-index metamaterials (NIM). Typically, a pair of short
wires aligned with E supports resonance with ε<0, and the wires along H, direction
act as magnetic resonators, providing negative µ [132, 133]. Even though such an
arrangement supports NIM, overlapping electric and magnetic resonances is a very
difficult task. As a solution to this, a fishnet structure was introduced to realize both
µ<0 and ε<0 at NIR frequencies [134, 135]. Figure 4.1 presents the schematic illus-
tration of basic fishnet metamaterial [136]. Most of the experimentally implemented
optical fishnet metamaterials consist of a multilayer structure and require multiple
evaporation steps to obtain a bulk fishnet metamaterial [137–139]. The fabrication
process can be laborious, especially when many functional layers are needed with
precise thicknesses. The RUT fabrication can be used to overcome the problem of
multiple depositions steps. Rottler et al. have shown curved fishnet metamaterial
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Figure 4.1 Schematic representation of a metal/insulator/metal as a functional layer with magnetic and
electric response if used individually. When these two elements are combined, they form a
fishnet structure with negative µ and ϵ at the resonance wavelength [136].

consisting of six alternating layers, using semiconductor strained gallium arsenide
(GaAs)/ indium GaAs (InGaAs) layers on top of aluminum arsenide (AlAs) sacrifi-
cial layer [140]. Upon etching the sacrificial layer, the strained layers start to roll,
and, in this way, it simplifies the process of multiple depositions and obtaining fish-
net metamaterials.

However, the circular nature of the rolled-up structure brings a challenge to the
spectral characterization of the fishnet metamaterials especially when the diameter
is small. Therefore, although a prototype of a fishnet metamaterial was fabricated,
the NIM behavior of such curved fishnet structures has not been realized. In this
study, I experimentally demonstrate a curved fishnet metamaterial that consists of
eight alternating layers of Au and SiO2. RUTs are fabricated by utilizing resist as a
sacrificial layer as discussed in Chapter 3. The resist-based RUTs provide the pos-
sibility to include different kinds of materials into the layers of a tube with bigger
diameters.

4.2 Design and fabrication

The studied fishnet structure consists of rectangular nanoholes on eight alternating
layers of Au and SiO2 with the periodicity of 400 nm along the x- and y- axes. The
schematic of the structure is shown in Figure 4.2. To investigate the type of the
modes supported by the fishnet structure the dispersion relation is calculated.

The dispersion relation of multilayered metamaterial helps to determine the exis-
tence of surface plasmon polaritons (SPPs) excited through a metal layer sandwiched
between two dielectric media. To comprehend the excitation of internal and exter-
nal SPPs in stacked hole, the dispersion relation is formulated using the Helmholtz
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Figure 4.2 Schematic representation of a fishnet structure unit cell, where Px and Px are set to be 400
nm, w=230 nm and l is changed from 190 to 270 nm [125].

equations. The field solutions along the propagation direction as well as the evanes-
cent fields confined in the transverse direction of the multilayered structure are de-
termined. As shown in Figure 4.3 (a), the layers are assumed to be parallel in the
x-axis with a relative ϵ dependent on one spatial coordinate (ε = ε(z)). The y-
direction of the multilayered structure is considered to be infinite and homogeneous
( ∂ /∂ y = 0). The transverse confined field in the z-direction is related to the atten-
uation coefficients in two metallic media with a field dependence of z > td/2+ tm ,
td/2< z < (td/2+ tm), −td/2< z < td/2, and (−td/2+ tm)< z <−td/2 as shown
in Figure 4.3 (a). Here, the TM plasmonic modes is considered in each region by
applying the required boundary conditions. The vector potentials of the E-field and
H -field are defined as F⃗ and A⃗, respectively. For simplicity, the formulation is limited
to the symmetric case whereby both the semi-infinite layers relative to the dielectric
constants are equal to ε1 = ε2 = εai r while εm1 = εm2 = εAu depicts the Au region.
εd represents the ϵ of the sandwiched dielectric region (SiO2 in this case). Based on
the aforementioned conditions, the A⃗ can be expressed as Az ẑ = Aekz z e iβx ẑ , where
ekz z describes the electromagnetic field depth dependence with kz = ±

Æ

β2 − k2
0ε

and k0 = 2π/λ. k0 depicts the vacuum wavenumber and propagation wavenumber
along x direction shown in Figure 4.3 (b) is represented asβ. Since metals are intris-
incly lossy, the field penetration depth is minimal and essentially the dominant field
will be surface waves concentrated at the metal-dielectric interfaces.

The dispersion relation helps to predict analytically the extraordinary optical
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Figure 4.3 (a) The geometry of a metal/dielectric interface, with a dielectric sandwiched between two
metal layers. (b) Dispersion relation of SPPs excited by the metal-insulator-metal structure
that depicts the internal and external SPP modes which propagate along the internal and
external metal-insulator interfaces. The light line εai r and εd show the dispersion relation
in free space and the dielectric medium, respectively. The SPPs even and odd show the
symmetric and anti-symmetric modes excited by a dielectric sandwiched between two metal
layers [125].

transmission (EOT) peaks from the excitation of both internal and external SPP
modes. This model formulated to depict the EOT peaks at different spectral wave-
lengths does not consider the holes stacked in the multilayered structure. Stacked
holes can be accounted for by implementing the conservation of momentum and
energy between the incident optical field and the periodicity of the rectangular ar-
ray. The relation of SPPs and conservation of momentum can be expressed as

|︁

|︁

|︁k⃗ s p p

|︁

|︁

|︁=
|︁

|︁

|︁k⃗ x + G⃗ i , j

|︁

|︁

|︁=
|︁

|︁

|︁k⃗0 sinφ+ iG⃗x + j G⃗y

|︁

|︁

|︁ (4.1)

where
|︁

|︁

|︁k⃗ s p p

|︁

|︁

|︁≡β(ϖ) is the wave vector of the SPP,
|︁

|︁

|︁G⃗x

|︁

|︁

|︁= 2π/ax , and
|︁

|︁

|︁G⃗y

|︁

|︁

|︁= 2π/ay

are the reciprocal lattice vectors for the stacked holes, and k⃗0 sinφ is the in-plane
component of the incident wave vector. ax and ay are the lattice periodicity in the
x and y-directions. Notably, the normalized frequency at large Bloch wave vectors
tend to approach the SPP frequency, which is expressed as

ϖs p =
ϖp

⎷
ϵ∞+ ϵi

(4.2)

with ϵi = ϵai r or ϵd for external or internal SPPs, respectively. However, for a short-

50



wave vectors β≪ kp , the SPP propagation constant is related to the internal SPPs,
and is expressed as

βint ≡
|︁
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where kp = 2π/λp , and the external frequency of the low frequency range can be
formulated as

βext ≡
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Although the proposed formulation is an approximation of the metasurface de-
sign, it can be extended to the general case of multiple layers with random permittiv-
ities. This formulation is used to elucidate the properties of SPPs, the propagating
modes on the surface and inside of the stacked hole metal-dielectric layers. Predomi-
nately, surface plasmons excitation in metamaterials is relevant due to its distinguish-
ing feature of confining optical field in the sub-wavelength regime and guiding it to
relatively long distances. These external and gap plasmon modes, excited by the
metamaterials with holes, have been of interest and used to understand the acquired
resonances in the reflectance spectra [141].

To account for the periodic nanoholes embedded in the multilayered structure
(20 nm of Au layer and 60 nm of SiO2), the dispersion relation is implemented be-
tween the wavevector |k⃗ s p p | and the reciprocal lattice vectors where the interaction
between an incident optical field and SPP obeys the conservation of energy and mo-
mentum. Figure 4.4 illustrates the reciprocal lattice vectors G⃗ i , j for the stacked hole
arrays, the external SPP, gap SPP and the light-line of the dielectric media.

Next, the mode profile at 640 nm and 780 nm for the 230 nm nanohole case is cal-
culated which corresponds to external SPP and gap SPP, respectively. In Figure 4.5,
the top two panels show the y component of the E field in the y-x plane. The bottom
panels show the x component of the H field, the cutting plane was in the middle of
the unit cell with normalized color codes. The first mode at 640 nm indicates the
fields are propagating on the top layer of the metal and air interface, an indication
of external SPP. On the other hand, in the other mode, the fields are localized inside
the hole and dielectric between the metal layers at 780 nm. Thus, the mode profile
at 780 nm is evidence of the gap SPPs, which can be controlled by changing the hole
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Figure 4.4 (a) Dispersion curves of the external and gap modes excited by metamaterials milled with
holes. The light-line εd shows the dispersion relation of the dielectric medium and the G
parameter corresponds to the reciprocal lattice vector of the stacked holes. The two orange
circular insets illustrate the relation of SPPs and the conservation of momentum as a function
of the lattice periodicity [125].

size.
Once the dispersion of the stacked layers is identified, the effect of the rectangular

hole size on the resonance is investigated numerically. The reflectance spectra of
fishnet structure with different hole sizes excited with y-polarized plane wave source
are presented in Figure 4.6. By increasing the size of the hole along y-axis a blueshift
is observed in the resonance from 828 to 727 nm. The holes embedded in SiO2/Au
layers will have two resonances relative to the direction of the incident E and H field
components. The cross-section along the H field exhibits magnetic resonance while
the opposite cross-section along the E-field exhibits electric resonance. These two
resonance effects result in the negativity ofµ and ε of the proposed fishnet structure.

To experimentally realize the fishnet structure, the resist-based rolled-up tech-
nique is adopted to reduce the deposition steps for metal and dielectric layers. Instead
of costly and tedious MBE deposition, The photoresist is spin-coated as a sacrificial
layer. Such a sacrificial layer can be easily etched without compromising the qual-
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Figure 4.5 The y component of electric (E) fields from the top at 640 and 780 nm are presented in top
panels. Similarly, the x component of H-fields from the cross-section are presented in bottom
panels at 640 and 780 nm [125].

ity of obtained tubes. In addition, the fishnet structure integrated into the wall of
RUT eliminates an undesirable effect caused by the substrate of decreasing negative
refractive response, especially prominent in the structures with a small number of
functional layers [142]. Si/SiO2 is used as a substrate, and 60 nm of SiO2 and 20
nm of Au are deposited on top of the photoresist using the same fabrication method
discussed in detail earlier (section 3.1.1). By quickly removing the photoresist with
acetone the tubes are formed with large diameters (∼10 µm).

Finally, the fishnet structures are created on this fabricated RUT using the FIB
milling method. A Zeiss Crossbeam 540 FIB machine is used to ion mill the holes
through the upper wall of the RUT. The acceleration energy of gallium ions is 30
KeV. The ion current used in the experiments is not determined because it is not
calibrated, but a 1 pA probe is used.
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Figure 4.6 Numerically calculated reflectance response of fishnet structures with length fixed along x-
axis and changed in y -axis, 190 nm (black), 210 nm (red), 230 nm (green), 250 nm (blue),
and 270 nm (cyan) [125].

4.3 Results and discussion

The large diameter of RUT supported an array with 20 unit cells along x-axis and
30 unit cells along y-axis on the upper curvature of the tube. The number of unit
cells is limited by the size of the curvature of the tube. As the length of the tube
is sufficient, all of the five designs are fabricated on the same tube to maintain the
same material environment and focusing surface for the measurements. Overall, five
different fishnet structures are fabricated on 75 µm long RUT. Figure 4.7 shows the
microscope and the SEM images of the fabricated structure on top of RUT. The
RUTs formation is confirmed by taking microscopy images. The SEM images are
taken from the top of the tube to verify the quality of the structure, see Figure 4.7
(c-g). For structural analysis such as the RUT quality and the number of layers, a
cross-sectional SEM image is taken, as shown in Figure 4.7 (h).

The large diameter of ∼10 µm allowed the optical measurement of the patterns
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Figure 4.7 a) A microscope image of RUT with 8 alternating metal and dielectric layers with a fishnet
pattern on the upper curvature (top view). b) SEM image of the same RUT. A zoom-in of a
fishnet with a hole size c) 270, d) 250, e)230, f) 210, and g) 190 nm. h) An SEM cross-section
image of the RUT wall [125].

with standard techniques. The fabricated fishnet structures are characterized using
100X objective and y-polarized broadband white light source. The reflection spec-
trum of the fishnet from the upper curvature of RUT is obtained with respect to the
acquired reflection from the unpatterned area of the Si/SiO2 substrate. Figure 4.8
presents the reflectance measurements for different hole diameters. The resonance
for the smallest hole size appears at 870 nm, and blueshifts towards the lower wave-
length as the size of the holes are increased. These results are in good agreement with
the simulated results presented in Figure 4.6, however, the air gaps in the layers may
create some interference effect and result in the ripples.
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Figure 4.8 Experimentally measured reflectance from the RUT-based fishnet structure with five different
hole sizes [125].

4.3.1 S-parameter calculation

The refractive index of the simulated and fabricated fishnet structures is analytically
calculated with the scattering matrix (S) parameters:

S21 = S12 =
1

cos(nkd )− i
2

�

Z + 1
2

�

sin(nkd )
, (4.5)

S11 = S22 =
i
2

�

1
Z
−Z
�

sin(nkd ), (4.6)

whereS21,S12,S11,S22,Z , n, k , and d represent theS parameters, the impedance, the
effective refractive index, the propagation constant (wave vector) and the thickness
of the fishnet structure, respectively. S21 represents the forward transmission, S12

is the backward transmission, S11 is the forward reflection, and S22 is the backward
reflection. From the effective retrieval formulation, the (ne f f ), which represents the
material properties of the fishnet structure can be obtained using the scattering pa-
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Figure 4.9 The refractive index calculated with S-parameter retrieval method for fishnet structure with
hole size a) 190 b) 210 and c) 230 nm. d) FOM of all fishnet structures versus the holes’
size [125].

rameters and the inverse of the optical path length (kL) as a function of wavelength,

ne f f (ω) =±
�

1
kL

�

arccos

�

1−S211+S
2
21

2S21

�

, (4.7)

where k and L denote the propagation wavenumber and the size of the unit cell,
respectively [143]. The negative index is observed around the resonance region of
the reflectance spectrum of the structures. Therefore, the calculation range of the
S-parameters is set from 700 to 950 nm. In addition to resonance wavelength, the
quality factor (Q-factor) of the resonance is important. The Q-factor of the last two
structures (Fig. 4.6 (f) and (g)) is low. Therefore, the index of the first three structures
(190, 210, and 230 nm) is calculated. Figure 4.9 (a-c) shows real and imaginary parts
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of refractive index for 190, 210 and 230 nm case, respectively.
The fishnet design with a high Q-factor (190 nm case) has the largest negative

index value compared to two other cases. The negative index region is highlighted
by gray colour in each graph. However, the large value of the real index (Re(n)) is not
the only criteria to design NIM. In order to define a high-quality NIM, one needs to
define the imaginary part (Im(n)) as well as the Re(n). The figure of merit (FOM) is
used to calculate the ratio between Re(n) and Im(n)as:

F OM = Re(n)/I m(n) (4.8)

The maximum value of the calculated FOM for the fabricated structures is 2.76.
This FOM is three times higher than in the work based on the rolled-up structures
reported earlier [140], which indicates the low-loss feature of the fishnet metamate-
rial studied in this work.
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5 OUT-OF-PLANE METASURFACES

Although metasurfaces have currently been under heavy investigation for numer-
ous numbers of applications, there are only a few works that investigated the curved
metasurfaces, Burch and Falco attached the metasurfaces on a nonflat platform to
obtain curved metasurfaces [144]. Wu et al. numerically modeled the curved meta-
surfaces to investigate the effect of nonflat design [145]. However, the designs are
limited in terms of fabrication and integration. The patterning of RUTs as 3D fishnet
metamaterials allows a platform to study advanced devices such as curved metasur-
faces on RUTs. One of the examples of this advancement is to use these nanoholes as
metasurfaces to shape the wavefront of light inside the RUTs. The purpose of using
RUTs is to take the advantage of curved nature of RUTs and provide a much sim-
pler way to obtain the curved metasurfaces. Therefore, in PUBLICATION VI, the
nanoholes are designed to control the wavefront of light and investigate the effect of
the curved design of the metasurfaces compared to the planar case.

5.1 Metasurfaces

In recent years, the two-dimensional counterparts of metamaterials (metasurfaces)
have been extensively studied to achieve applications such as metalenses [146–148],
beam steering devices [149], color filters [150], visual gas sensing [151], holography
[152], and optical trapping devices [153]. The basic principle of metasurfaces is to
modify the wavefront of light by changing the phase, amplitude, and polarization
in the desired fashion. Earlier this was done using bulky optics which work on the
principle of refraction and reflection of light. This required propagation of light
through the media with different indexes of refraction to control the light. This
limits their ability to steer light in an unusual way. Therefore, metasurfaces which
use the metallic [154] and dielectric [155] nanostructures or nanoholes [156, 157] to
control the light much more significantly compared to the conventional optics. The
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essence of these metasurfaces is to use them as an array of nanostructures with unit
cells much smaller than the wavelength of light with varying the spatially the geome-
try to achieve a spatially varying optical collective response [158, 159]. This response
can then mold the wavefront into different shapes that can be easily designated. Dif-
ferent level of manipulation and efficiency was obtained in these applications which
are provided by the arrangement of different antennas.

The V-shaped antennas are one of the earlier metasurfaces designed to control
light. Yu et al. presented the use V-shaped antenna which can abruptly change
the phase of light [160]. Later these were used quite extensively for spatially vary-
ing phase and polarization responses [161, 162]. The other shapes include elliptical
[163], square nanoposts [164], and perforated nano-voids or nanoholes [165, 166].
Among all these metasurfaces, the nanohole arrays contribute to the flexible meta-
surface platforms with different applications due to their top-down approach to in-
corporating various materials [167].

When these nanohole arrays are obtained on the structures comprising stacked
metal-dielectric layers, the spectral response will be much richer as the additionally
supported SPP modes arise, discussed earlier in detail in section 4.2. Not only single-
interface (external) SPP [168] but also a gap (internal) SPP [169, 170] are supported
in these nanohole arrangements introduced on a thin metal layer or metal/dielec-
tric stacks. Over the last several years, these nanohole arrays delivered interesting
features and applications from EOT [171] to enhanced biosensing [172] and real-
ization of the negative refractive index [173–175]. Lately, Matusui et al. brought
metal-dielectric hole arrays to the metasurface applications using different shapes to
control the phase of the transmitted light [176]. Additionally, an inclined wavefront
for beam steering in the near-infrared range has been achieved using a gradual change
in the hole size [177]. These inverted metasurfaces in contrast to the regular ones
lead to a significantly higher signal-to-noise ratio, and efficient focusing of the inci-
dent light [166]. However, the fabrication of such structures is typically based on
sub-sequential layer deposition of metal and dielectric, which require precise con-
trol of the deposition of each layer. As highlighted earlier, such an approach is not
only time-consuming but also limited by the uniformity and reproducibility of each
layer, given the involvement of multiple steps of deposition. Therefore, in this work,
nanohole-based metasurfaces are fabricated on top of RUTs similar to fishnet struc-
tures in the previous chapter. In addition to the reduction in deposition steps, the
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Figure 5.1 (a) The top view of varied hole size structures are used to obtain wavefront control. A unit cell
is composed of five different hole sizes. (b) The schematics of inclined wavefront transmitted
inside the RUT with nanoholes on the top curvature [100].

curved nature of RUTs allowed designing out-of-plane metasurfaces.
The metasurface design is based on fishnet structures/nanoholes. As the modes

provided by the different size nanoholes are identified in the previous chapter, it
is possible to bring them together in the design of the metasurface. Figure 5.1 (a)
presents the top view of the proposed design of the nanoholes with different side
lengths changing from 190 to 270 nm along the y-axis which is placed in a supercell
of 2 µm. Although this simple planar design based on the metal-dielectric stacks
works efficiently to control the wavefront, it is limited by the variation of the planar
nanohole dimensions. Therefore, the additional phase control requires the extension
of the metasurfaces design to out-of-plane. Motivated by the recent advances in the
3D self-rolling RUTs and the fabrication of inverse metasurfaces, and by combining
these features in the out-of-plane metasurface on these 3D photonic microstructures.
Figure 5.1 (b) shows the cross-sectional view of the proposed metasurface design
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Figure 5.2 Phase profile (units in radians) of y component of the E-field up to 2λ from the nano-holes
changing along y axis from 190 to 270 nm at λ=750 nm. A white arrow is added for better
visual comparison [100].

with the additional control which is achieved by introducing a curve to the planar
nanohole array.

To investigate the metasurfaces, the change in the phase of the E-field by increas-
ing the hole size is simulated at λ=750 nm. The E-field is calculated by exciting the
samples with the same linearly polarized Total-Field Scattered-Field (TFSF) source
in the y direction with PML BCs along with all directions. The complete supercell
with the same and different holes is designed to see the effect of planar and curved
RUTs on the wavefront control and electromagnetic field manipulations. A uniform
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mesh of 4 nm is used to obtain a better resolution in the distribution of the E-field.
Figure 5.2, shows the numerically calculated phase profile of five different hole

sizes up to 2λ along the direction of the propagation (z-axis). As the hole size changes
from 190 nm to 270 nm, the transmitted light experiences an additional phase. Thus,
increasing the hole size from 190 to 270 nm gradually with a step size of 20 nm
along the normal to the polarization direction (while keeping other parameters fixed)
will introduce a gradual change of 0.95 radians in the phase. Although this can be
optimized further for specific applications, this is sufficient to explore the proof-of-
concept in this work. The numerical results confirm that using a transition in the
hole sizes leads to an inclined phase that can be used to control the wavefront for
changing the propagation direction or focusing.

5.2 Results and Discussion

To experimentally realize out-of-plane metasurfaces for wavefront control, RUTs
are fabricated using a resist-based self-rolling mechanism, used for fishnet metamate-
rials. A tube with a diameter of 10 µm supplies a surface area that is big enough to
accommodate 20 unit cells of 400 nm (or 4 supercells). Besides, the curvature of such
diameter provides the out-of-plane effect with respect to the operating wavelength.
Once the desired diameter of 10 µm is achieved, the number of turns and the size of
the tube by designing the rectangular pattern. The short side of the rectangle defines
the length of the tube, and the number of turns is defined by the longer side of the
rectangle, as the rolling happens along the shorter edge of the rectangle. 75x125µm2

rectangular pattern was used to achieve the 75 µm long tube with 4 turns meaning
8 alternative layers of SiO2 and Au. The nanohole arrays were obtained using FIB
milling on the upper curvature of RUT. The optical microscope image and the SEM
images of the milled area (8x12 µm2) are presented in Figure 5.3 (c-f). The quality of
the tube is first confirmed using an optical microscope, as shown in Figure 5.3 (a), the
FIB milling is performed on the center of curvature, to achieve better quality meta-
surfaces, presented in Figure 5.3 (b) as a complete device and a supercell in Figure 5.3
(c). The cross-section SEM image is taken to confirm the number of bilayers, shown
in Figure 5.3 (d). The tilted images are used to measure the diameter and rolling
quality of the tubes, shown in Figure 5.3 (e) and (f), respectively. To control the
wavefront of light, it is important to achieve maximum phase difference. However,
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Figure 5.3 Released thin films resulting in the formation of RUT with a diameter of 10 µm. a) Optical
microscope image of RUT with nanoholes. The SEM images from (b-c) top, (d) cross-section,
and (e-f) bottom corner [100].

this phase difference should be achieved with less modulation in the intensity of the
transmitted light. Figure 5.4, presents the comparison between the transmission in-
tensity (red line with circles) and phase (black line with rectangles) of the transmitted
light at λ=750 nm, showing that the proposed metasurface has minimum intensity
modulation. Changing the hole size from 190 to 270 nm results in ∼1 radian phase
difference, which is suitable for the proof-of-concept phase control in out-of-plane
metasurfaces.

Figure 5.5 comparatively presents the phase profile for two different cases (pla-
nar metasurfaces and curved metasurfaces) with a single hole size (190 nm). The
planar metasurfaces with equal hole size confirm no phase gradient and the electro-
magnetic field propagates in the straight direction without any change in the propa-
gation direction. Contrary to that, the curved metasurfaces with the same hole size
will slightly bend the light towards the center of the tube. This unique nature of the
curved metasurface introduces an additional control to the light propagating inside
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Figure 5.4 The comparison of different hole size transmission intensity and phase at λ=750 nm [100].

the tube compared to that of the planar case. The curvature of RUT brings a new
degree of freedom to control light more effectively compared to planar metasurfaces.
Finally, the role of the curvature on the wavefront propagation inside the RUT with
nano-hole arrays is investigated. To identify this, first, the phase response from the
metasurfaces with a uniform hole size at λ=750 nm was calculated. Then, to mimic
the effect of the curvature, the phase response is calculated for the metasurfaces with
different hole sizes in a supercell (2 µm) with five different hole sizes. The change in
the hole size along the y axis introduces a gradual change in phase, leading to steady
wavefront control in one direction (Figure 5.6).

The change in the phase for the planar case is due to the change in the hole size.
However, the phase response for the out-of-plane metasurfaces has additional bend-
ing which is the outcome of the curvature of the tube. The curvature of the RUT
defines the additional phase component for the out-of-plane nanohole-based meta-
surfaces. For this RUT, each hole has a tilt of 6◦ compared to the adjacent nanohole.
The results show that the curvature of the RUT brings an additional phase control
compared to the planar case, that only depends on the size of the hole. For a single
unit cell, the phase is changed up to 0.77 radians, while changing the tilt angle from
12◦ to -12◦.

65



Figure 5.5 Phase response of the y -component of the E-field at λ= 780 nm for planar and curved meta-
surfaces with same hole size, respectively [100]. 

Figure 5.6 Phase response of the y -component E-field at λ= 750 nm for planar and curved metasurfaces
with different hole sizes, respectively [100].
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Figure 5.7 The simulated and measured reflectance spectra of the fabricated sample with nano-holes
of different sizes from the planar (black) and curved metasurface (red (simulation) and blue
(experiment)). The light is illuminated from the top of the RUT with y -polarization [100].

The fabricated samples were characterized using a confocal microscope with re-
sults presented in Figure 5.7. The simulation results are presented in the same figure,
for two different metasurfaces with planar (in black) and curved (in red) metasur-
faces, that are illuminated by y-polarized light source. The measurement (in blue)
has a better agreement with the numerically calculated results for the curved meta-
surface design.

The spectral response of the supercell is an average of all the individual holes.
The experimental results show that the out-of-plane metasurfaces will be different
from the planar metasurfaces. This new degree of freedom will allow better control
of light and will open an entirely new avenue to utilize the light inside the tube.
This controlled propagation of light can be then used to selectively manipulate the
particles as well as sense them inside the RUTs.
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6 THESIS SUMMARY

The work in this thesis is aimed to study thin film-based metamaterials from a differ-
ent perspective. The thesis introduces the basic concept of metamaterials and their
significance in present-day technology.

The thesis begins with the introduction of important topics, such as HMM and
how multilayer thin films can be used to design metamaterials. Next, the topic of
the plasmonic antenna is elucidated and the importance of substrate on the plasmon
resonance is highlighted. The ENZ metamaterials used in this thesis are based on
HMMs. This allows using these ENZ metamaterials with a significant amount of
flexibility to tune the ENZ spectral region. The ENZ feature is used to control the
plasmon resonance of the plasmonic antenna by slowing down their spectral shift.
This is possible because of the high impedance of ENZ materials and restricting the
field propagation inside them leading to less shift in the resonance. Two different
ENZ substrates are designed by changing the thicknesses of TiO2 and therefore, the
pinning effect is observed at two different wavelengths. Due to the unique feature
of ENZ media, one can diminish the effects of the size of the nanostructure on the
spectral position of plasmon resonance. Transmission spectra of the NDs, fabricated
on glass, HMM-1 (ENZ at 684 nm) and HMM-2 (ENZ at 751 nm) display 50, 16, and
29 nm of spectral shifts in the resonance, respectively, as the disk diameter increases.
The spectral shift of the NDs on HMMs is suppressed at least three times due to
almost zero index of the substrate. The phase of the scattered field from an ND is
affected by the ENZ properties of the substrate providing flexibility on the phase
modification. In addition to that, the phase shift on top of ENZ substrates is signifi-
cantly low compared to a glass substrate. The total shift in the resonance is reduced
almost 3 times for HMM-1 (ENZ at 684 nm) and 2 times for HMM-2 (ENZ at 751
nm). Thus, better control of the LSPR can be achieved using HMM-based ENZ
substrates.

Controlling the plasmonic resonance via substrate properties will open an en-
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tirely new avenue. For example, this will provide an efficient method to control the
emission properties of quantum emitters and the scattering properties of nanoparti-
cles. I foresee that the improved low-loss ENZ substrates and dynamic tunability of
the ENZ wavelength will bring more implementations to this platform. Recently,
it has been shown that the large non-linear optical response of ENZ materials [58,
76] provides optical tuning of ENZ wavelength. Similarly, the graphene-based tun-
able HMM [178] can be used in the MIR range to electrically tune the pinning wave-
length. Another perspective would be using the function of Vanadium dioxide (VO2)
as a phase-changing material in the HMM layers [179] to thermally turn on and off
the pinning effect. The control over the plasmon resonance by designing an ENZ
substrate and tuning its properties dynamically enables compensation of the fabri-
cation error from the visible to infrared region. Metal-insulator-metal-based tunable
ENZ cavities [180] can be used to obtain a pinning effect in waveguides. Overall,
these results may facilitate efficient sensing, better beam-steering applications, and
less crosstalk for on-chip nanophotonic devices in flat optics designs.

Although the multilayer metamaterials hold great potential, the fabrication of
multilayer thin film requires subsequent deposition steps. In order to overcome the
limitations introduced due to the consequent deposition process of a planar HMM, a
new fabrication approach is required. To address this, the self-rolling technique that
has been used for MBE growth materials is adapted to the multilayer materials using
commonly used dielectric and metal layers for HMMs.

The strain-induced self-rolling mechanism is used to fabricate RUTs multilayer
metamaterials. The diameters of the Ge-based RUTs are modelled and controlled
as a function of thicknesses of SiO2 and Au. The RUTs with diameter ranges from
∼632 nm to 7.5 µm are obtained. The RUTs with small diameters are suitable for
waveguide application, while the bigger diameter RUTs can be used in 3D metama-
terials. The material dispersion is modelled using CEMA for 3D HMM which is
controlled by the thicknesses, the number of layers, and the diameter of the RUT.
The optical dispersion of circular multilayer structures is qualitatively defined us-
ing an effective medium approximation method. This analytical model reveals that
the ENZ wavelength range of RUTs can be tuned by the ratio of the metal and di-
electric content. However, the diameter of the RUT which is also a parameter in
these calculations is interrelated to the thicknesses of the layers and their ratio via
the strain-induced fabrication method. Hence, it is possible to obtain similar disper-
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sion properties for RUTs with different diameters but similar thickness ratios. The
fabricated RUTs in this study, exhibit ENZ wavelengths in the visible range for vari-
ous diameters. The RUTs are also characterized and compared with the numerically
obtained reflection response of the RUTs with a diameter bigger than 1.5 µm.

The RUTs are also an excellent structure as a hollow cylindrical waveguide that
supports the guided mode. Here, the RUTs are used as ENZ waveguides with the
index zero effective modes that vanish and stretch the wavelength. The ENZ waveg-
uide mode is very sensitive to the diameter and is studied through the ENZ waveg-
uide mode. In addition to the material dispersion, the structural dispersion of RUTs
is studied by considering the fabricated RUTs as cylindrical waveguides. The waveg-
uide modes are supported inside the core of the RUTs and identify the cutoff wave-
length of the fundamental mode which supports the ENZ medium. A strong shift is
observed in the cut-off wavelength from 1296 nm to 2.86 µm for RUTs with diame-
ters ranging from ∼632 nm to 1.5µm, respectively. This makes the ENZ mode very
sensitive to the diameter of the RUT. The use of a self-rolling mechanism for the ENZ
waveguide overcomes the limitation of the fabrication process and the throughput
is faster and higher.

Overall, a self-rolling ENZ medium-based platform is presented whose optical
properties can be engineered through material dispersion. Therefore, this work
opens new applications for ENZ metamaterials, such as studying the integration
of phase-changing materials on a planar layer and rolling them to form multilayer
tunable ENZ (e.g. graphene and vanadium dioxide). Moreover, the integration of
quantum emitters in an ENZ medium can be used for quantum information pro-
cessing and communication applications.

These self-rolling tubes with bigger diameters supply a unique platform to design
and fabricate 3D metamaterials and metasurfaces. The use of RUTs as HMM can be
further extended to exotic metamaterials by patterning from the top to form curved
metamaterials. The curved metamaterials, in general, open the possibility to pre-
pare 3D devices. The RUTs are further patterned with FIB milling to form fishnet
structures on the upper wall of the RUTs. The nanoholes are analytically modelled
to identify different modes. The fabricated samples are numerically modelled and
characterized by measuring their reflection response. The bigger diameter allows
the characterization of 3D fishnet metamaterials. Moreover, the fishnet structures
are further analyzed by calculating their index of refraction. The numerical calcu-
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lations demonstrate that the structures exhibit a negative index. The negative index
region can be tuned by precise control of the size of the holes, from λ = 887 nm to
λ = 717 nm. The maximum value of the calculated FOM for the fabricated struc-
tures is 2.76 which is three times higher than earlier reported structures. Hence, low
loss 3D fishnet metamaterials are introduced with a simple resist-based fabrication
method and characterized for the first time.

The results obtained are especially beneficial from the point of view of the easily
available fabrication materials. Indeed, the results show a simple and flexible plat-
form for the fabrication of RUT-based metamaterials. It is possible to shift the NIM
response towards the visible spectrum by using Ag-based RUTs. Moreover, the RUT
with an embedded fishnet structure can serve as a microfluidic channel where bio-
logical imaging and sensing can be done.

The patterning of RUTs to form a 3D fishnet metamaterial opened a new avenue
for studying curved metasurfaces. By extending the idea of nanohole for fishnet
metamaterials, a supercell with different hole sizes was formed to gradually change
the phase of light. First, each unit cell was simulated to study its phase response, and
a change in the transitivity was calculated. For a single unit cell phase is changed up
to 0.77 radians. Next, the effect of RUTs is studied by modelling the collective phase
response of five different holes in curved geometry and as well as planar geometry.
The out-of-plane metasurfaces have a large phase difference compared to the planar
case. To investigate that, I studied the phase response of the same hole in a curved and
planar geometry and realized that the curvature itself adds a phase difference. This
means the RUT-based metasurfaces have an additional parameter for phase control.
This opens a unique platform for out-of-plane metasurface design which provides
possibilities for the new kind of metalenses, and beam steering devices.

It is possible to further improve the properties by using the optimized RUT cur-
vature for the operating wavelength. Additionally, the out-of-plane metasurfaces can
be improved further by using the neural network techniques for the metasurface de-
sign, a better modeling approach [145] and increasing the number of meta-atoms
(nanoholes) in a supercell. This will allow higher phase difference and even bet-
ter wavefront control. Moreover, the signal-to-noise ratio/efficiency of meta-atoms
can be improved by using thin metal layers. Apart from that, this approach can be
used to fabricate more complex structures on RUTs, for example, Babinet-inverted
nanoantennas [166], to achieve metalenses for focusing and imaging purposes inside
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the tube. Overall, the results of this study open a unique platform for out-of-plane
metasurface design which provides possibilities for the new kind of metalenses, beam
steering, and optical trapping of particles inside the RUTs. These applications may
also lead to different platforms when integrated with already demonstrated proper-
ties of the RUTs such as wireless energy transfer, tunable shape, and neural guidance.

6.1 Possible extension of thesis

As further work, the multilayer thin films can be used for dynamically tunable ENZ
substrates with graphene and VO2 as a dielectric with electrical and thermal actua-
tion. Tunable ENZ substrate and controlled LSPR through this, can be an ideal
platform for efficient sensing, better beam-steering applications, and flat optics de-
signs. Furthermore, using the self-rolling mechanism for the integration of tunable
materials provides multifunctional smart metamaterials while taking the advantage
of wafer-scale fabrication [86]. The integration of quantum emitters in RUT-based
ENZ waveguides creates an extraordinary platform for quantum information pro-
cessing and communication applications.

Combining the RUTs with advanced lithography either before or after the rolling
process opens the door for many other applications. The 3D fishnet metamaterials
can be further improved to serve as a microfluidic channel for different sensing appli-
cations. The out-of-plane metasurfaces design can be advanced with more complex
metalens designs that couple the light inside RUT where optical trapping can be uti-
lized.

Overall, the thesis work can be extended from tunable RUTs-based HMMs to
metalenses that can be formed on the walls to take the advantage of the curve effect.
On one hand, the results can be utilized by integrating different emitters to study
their response in cylindrical HMM and waveguides for quantum applications, on the
other their structural and optical properties can be used to stimulate brain activities
by guiding the neurons through the RUTs to mimic their connections and paths.
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Abstract
In this work, we performed a systematic study on a hybrid plasmonic system to elucidate a new
insight into the mechanisms governing the fluorescent enhancement process. Our lithographically
defined plasmonic nanodisks with various diameters act as receiver and transmitter nano-antennas
to outcouple efficiently the photoluminescence of the coupled dye molecules. We show that the
enhancement of the spontaneous emission rate arises from the superposition of three principal
phenomena: (i) metal enhanced fluorescence, (ii) metal enhanced excitation and (iii)
plasmon-modulated photoluminescence of the photoexcited nanostructures. Overall, the observed
enhanced emission is attributed to the bi-directional near-field coupling of the fluorescent dye
molecules to the localized plasmonic field of nano-antennas. We identify the role of
exciton–plasmon coupling in the recombination rate of the sp-band electrons with d-band holes,
resulting in the generation of particle plasmons. According to our comprehensive experimental
analyses, the mismatch between the enhanced emission and the emission spectrum of the
uncoupled dye molecules is attributed to the plasmon-modulated photoluminescence of the
photoexcited hybrid plasmonic system.

1. Introduction

The control over the spontaneous emission rate of a single quantum emitter (QE) has attracted particular
interest, since it provides a powerful multifunctional tool for different promising applications [1–5]. During
the last two decades, rapid advances in the field of nano-plasmonics have opened avenues for extremely
high energy confinement below the diffraction limit [6]. The interaction of the localized surface plasmons
(LSPs) with different types of quantum emitters (QEs) has stimulated the field of plasmon-enhanced
spectroscopy [7–10].

In a quantum system, the electrons promoted to the excited state can relax back to the ground state via
radiative or non-radiative decay channels. Depending on the design of a hybrid system, the competition
between radiative and non-radiative decay rates results in either photoluminescence (PL) quenching or
enhancement process [11–14]. In an engineered hybrid plasmonic system, the near-field coupling of an
excitonic element to the enhanced local field of the plasmonic nano-antenna may speed up the radiative
decay rate [15–18]. This can be achieved by overlapping the LSP mode of a plasmonic cavity with
resonating mode of a QE, which is oscillating at the same polarization of the plasmonic cavity [19–21].
According to Fermi’s golden rule, the photonic density of states (PDOS) of a plasmonic cavity can modify
the spontaneous emission of a QE, known as the Purcell effect [22–24]. The Purcell factor can be significant
for nano-resonators which have a high-quality factor and provide considerable local field confinement [24].
However, the stronger confinement implies stronger plasmonic losses. Therefore, in the design of an
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efficient hybrid system, an optimized trade-off between these two effects should be considered. Such
optimization can be done by changing the shape, size, composition and arrangement of the
nano-resonators.

Besides exploiting radiative decay rate enhancement, one can manipulate the excitation rate of the QEs
to achieve more significant spontaneous emission enhancement in hybrid systems [25–27]. Similar to
radiative decay rate enhancement, excitation rate enhancement is strongly dependent on the orientation of
QEs’ dipoles relative to the resonance mode of the nano-resonator. Urena et al show that the PL signal of a
coupled quantum dot to the monomers and dimers of gold nano-antennas is influenced by the separate
modifications of the excitation rate and the quantum yield of the hybrid systems [28]. Similarly, in another
work, the authors have optimized a hybrid system, consisting of gold nano-prism antennas and CdSe/ZnS
nanocrystals to increase the excitation and/or emission rates of quantum dots, resulting in a significant
enhancement of their fluorescence [29].

Even though the interaction between excitonic and plasmonic elements has been extensively studied in
the last years, all underlying mechanisms related to the fluorescence enhancement process are not yet
completely revealed. A hybrid system can be designed in such a way that in addition to the radiative decay
rate enhancement and/or excitation rate enhancement, another process related to the radiative decay of
particle plasmons (PPs) can contribute in the emission enhancement process.

The photoluminescence from noble metals has been reported in several earlier studies [30–33]. Through
interband transitions, excitation photons of a light source with proper energy can establish non-equilibrium
populations of electrons and holes in metal. The recombination of non-equilibrium populations of
electrons and holes, located below and above Fermi level, can form highly localized electron–hole dipoles,
leading to the polarization of the nanostructure and subsequently, the establishment of a coherent
oscillation of the free electrons (PPs generation). In some studies, due to the enhanced local field around
nano-antennas, some of the d-band holes undergo direct radiative recombination with electrons in the
sp-band, leading to photoluminescence from the excited metals [32–35]. However, some other theoretical
studies and experimental findings show that the observed PL from the photoexcited metallic structures
originates from the radiative decay of the generated PPs which is associated with emitted photons [36–39].
In the experimental study of Hu et al, the observed PL of the photoexcited Au nanodisks (NDs) is attributed
to the radiative decay of bright plasmon resonance modes [39]. They have shown the correlation between
the LSP band and the acquired PL spectrum of the excited nanostructures. According to their observations,
the PL intensity is depended on energy matching between excitation laser wavelength (532 nm, 2.33 eV)
and plasmon resonance. Similar to this reported observation, in some studies on plasmonic hybrid systems,
it is shown that the enhanced PL spectra of QEs closely tracks the LSP band of the nano-resonators
[40–43]. However, to the best of our knowledge, the contribution of the plasmon-modulated PL in the
enhanced emission of hybrid exciton–plasmon systems is overlooked.

The goal of this study is to realize a plasmonic hybrid system, consisting of the plasmonic
nano-antennas and fluorescent dye molecules to reveal the underlying mechanisms behind the
photoluminescence enhancement process. Our approach for modulating the spectral overlap between
emission spectrum of the QEs and resonance band of the nano-antennas relies on modifying the diameter
of NDs. We use steady-state fluorescence spectroscopy, as well as fluorescence lifetime imaging and
spectroscopy methods to manifest increase of the spontaneous emission rate, as signatures of a bidirectional
near-field coupling. The precisely engineered hybrid exciton–plasmon systems provide us the opportunity
to exploit the enhanced local field of the nano-antennas by intensifying both excitation and spontaneous
radiative decay rates. This is achieved by creating a simultaneous spectral overlap between the plasmon
band of Au NDs and the emission and absorption spectra of LDS 750 fluorescent dye molecules. The
photoexcited dye molecules, operating as radiating antennas, and the recombination of the photoexcited
electrons in sp-band with d-band holes function as two pathways to induce plasmonic oscillation on NDs.
We show that the radiative de-excitation of the generated PPs functions as an extra channel to enhance the
radiative decay rate of the hybrid system. The contribution of the amplified plasmon-modulated
photoluminescence in the enhanced emission of the hybrid system is manifested by the spectral shift of the
enhanced emission with respect to the emission of the uncoupled dye molecules. Our results reveal the role
of the bright-mode PPs in the PL enhancement process, leading to a new perspective in the engineering
procedure of plasmonic hybrid systems for both fundamental science and technological applications.

2. Simulation and experimental results

We designed periodic arrays of plasmonic NDs with height of 70 nm and varied diameters from
105 to 180 nm, while keeping the period fixed as 400 nm. Figure 1(a) shows a scanning electron microscopy
(SEM) image of the NDs, fabricated by standard electron-beam lithography (EBL) method on Si/SiO2
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Figure 1. (a) The SEM image of the fabricated NDs by EBL method. (b) The reflectance spectra of NDs with different diameters
in the presence of PMMA. The emission spectrum of embedded LDS 750 fluorescent dye molecules in PMMA is presented as a
violet dashed line.

substrate (for details see methods section). Figures S1(a) and (c) depict the simulated reflectance spectra of
NDs with different diameters. The experimentally acquired reflectance spectra of the corresponding NDs
are presented in figure S1(b). The comparison of the simulation and experimental results shows an excellent
agreement between the design and fabrication. As the diameter increases, the strengthening and red-shift of
the reflectance bands are evident in these results. The spectral shift in the resonance band of NDs with
different diameters provides the opportunity to investigate the modification of the coupling efficiency
between QEs and the local field of the designed nano-antennas.

In this work, we considered LDS 750 dye molecules as an appropriate QE. The fluorescent molecules
with mass percent concentration of 0.01% are dissolved mono-dispersively and homogeneously in PMMA
A2. For such concentration, the number of LDS 750 dye molecules located on the considered unit square
area of PMMA host medium is calculated (see supplementary material (https://stacks.iop.org/NJP/22/
093033/mmedia), section 3 and 4, for further details). The emission spectrum of the embedded LDS 750
dye molecules in PMMA is presented in figure 1(b), which is about 50 nm blue-shifted with respect to the
case when they are dissolved in a polar solution [44]. One can explain the observed blue-shift according to
optochemical properties of LDS 750 molecule. In the chemical structure of this hemicyanine dye, a
dimethylamine group is linked to an aromatic ring (naphtha-thiazole) through an ethylene group. Due to
the internal concomitant twisting motion of dimethylamine group, the formation of the twisted
intramolecular charge transfer (TICT) state is the major deactivation pathway for the populated excited
state. However, transition to the TICT state is strongly dependent on the viscosity and polarity of the
surrounding medium [45]. In polar solvents such as ethanol and methanol, the emission originates from
the TICT state rather than the locally excited state, resulting in a red-shifted emission spectrum. However,
for LDS 750 molecules embedded in a rigid PMMA matrix, the emission is generated only from
high-energy locally excited states. This occurs due to the hindering of large-amplitude motion, preventing
the formation of TICT state, which is the relaxed state. Subsequently, transition of the excited electrons to
the ground state through locally excited states results in a large blue-shift in the emission spectrum.

The measured reflectance spectra of the NDs with spin-coated PMMA is presented in figure 1(b). The
presence of PMMA on NDs modifies the intensity, quality factor and spectral position of the plasmonic
resonance, as compared to the case that the NDs are exposed to air (figure S1(b)). This occurs due to the
change in the surrounding refractive index of NDs from air to PMMA (n = 1.48) [46]. The simulated
reflectance spectra of NDs with PMMA layer is presented in figure S1(d). The obtained results are
consistent with the acquired experimental results, confirming the role of PMMA layer in modifying the
optical properties of the plasmonic nano-antennas. Furthermore, the local electric field intensity of NDs are
calculated in the absence and the presence of PMMA layer (figure S2). Intensification of NDs local field in
the presence of PMMA is evident in these results, leading to improve the strength of exciton–plasmon
coupling in the designed hybrid system.

Figure 2(a) reports the enhanced PL of LDS 750 dye molecules in the presence of plasmonic NDs with
different diameters. The observed increase in the emission intensity of the fluorescent dye molecules can be
interpreted as the Purcell factor enhancement, as a result of the near-field coupling between the
photoexcited QEs and plasmonic nano-resonators. However, as is discussed below, the other mechanisms
contribute to the emission enhancement process. The spontaneous emission rate enhancement is correlated
with the spatial overlap between fluorescent material and the plasmonic nano-antenna. In other words, the
presence of the thin approximately 40 nm gain layer on top of NDs satisfies the desired condition for an
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Figure 2. (a) The enhanced emission spectra of LDS 750 dye molecules in the presence of NDs with different diameters versus
the reference sample. (b) The calculated PL enhancement factor for the designed NDs with different diameters. The highest PL
intensification is achieved for NDs with diameter of 135 nm.

efficient interaction between dye molecules and the local fields of NDs. However, to avoid the possible
self-quenching effect resulting from the direct charge transfer, a smooth 5 nm thick layer of Al2O3 is placed
as a spacer between the active PMMA layer and NDs.

Additionally, the spectral overlap between the emission spectrum of fluorescent material and the
extinction of plasmonic nanostructure is critical to accomplish an efficient emission enhancement. In the
fluorescence enhancement process, both absorption and reflection properties of a nano-antenna play role.
The absorbance of a nano-antenna corresponds to the absorptive losses (dark modes) and shows the
interaction ability of the resonator with the incident light. On the other hand, the reflectance of a
nano-antenna shows the capability of the resonator to out-couple the confined local field (bright modes) to
the far-field. The reflectance band of the fabricated NDs on the non-transparent substrate of Si/SiO2 is a
signature for the spectral position of the localized surface plasmon resonance (LSPR) band of the
nano-resonators (supplementary material, figure S3). By tuning the diameter of NDs, one can achieve a
desired spectral matching between the LSP resonance band of the nano-resonators and the emission
spectrum of LDS 750 dye molecules. We studied this for the PL enhancement in hybrid systems that consist
of LDS 750 dye molecules and NDs with different diameters, changing from 105 nm to 180 nm with 15 nm
step. The samples are excited far from the NDs resonance band by a continuous wave laser, operating at
532 nm. For each sample the PL enhancement factor is calculated as the ratio between LDS 750
photoluminescence in the presence and absence of nano-antennas. As is seen in figure 2(b), the maximum
PL enhancement (7 folds) is achieved for NDs with diameter 135 nm, which has the best spectral overlap of
the reflectance with the emission spectrum of the fluorescent molecules.

Figure 3(a) presents the power-depended emission peak intensity of LDS 750 dye molecules in the
presence and absence of NDs with diameter of 135 nm. It reveals the significant difference in the slope of
the fluorescence count-rates, while the excitation power intensity is altered. The observed slope change
clarifies that the coupling efficiency between the excited gain material and nano-antennas enhances, as the
intensity of the excitation power increases. Indeed, a greater number of the excited gain dipoles can induce
stronger dipolar LSPs and higher-order oscillations in NDs. Furthermore, as it will be discussed later, the
utilized excitation source with the energy of 2.33 eV can induce plasmon oscillation in the nano-resonators.
The higher intensities of the excitation source may lead to induce stronger plasmonic resonances in NDs.
Therefore, the circumstance for the occurrence of stronger gain-plasmon interactions at higher excitation
power intensities can be satisfied, leading to higher PL enhancement rates.

Subsequently, the fluorescent lifetime of LDS 750 dye molecules is measured for the designed hybrid
exciton–plasmon systems. The shortening of the decay rates provides a signature for the near-field
interactions between LDS 750 dye molecules and the plasmonic field of NDs (figure 3(b)). The acquired
time-resolved fluorescence decay curves of the designed hybrid samples, including dye molecules embedded
in PMMA, which all are fitted with a bi-exponential decay function, are presented in table 1. It is worth
noting that according to our experimental observations, the kinetics of LDS 750 molecules dissolved in
ethanol can be fitted with single exponential decay, resulting in the measured lifetime of 365 ps. However, in
a rigid environment like PMMA, the large-amplitude motion of the excited molecules can be completely
blocked. Moreover, intermolecular beatings as an extra non-radiative relaxation pathway are hindered in
such rigid matrix. Therefore, in addition to the spectral shift of the emitted photons, the excited state
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Figure 3. (a) Power-depended emission peak intensity of LDS 750 dye molecules in the presence and absence of NDs with
diameter of 135 nm. The change in the slope of the curve is evident. (b) The acquired fluorescent lifetime of the fluorescent
molecules in the vicinity of 135 nm NDs. The applied bi-exponential fits on the acquired fluorescent lifetime data are presented,
as well. The shortening of the lifetime is evident in comparison to the lifetime of the uncoupled dye molecules.

Table 1. Time-resolved fluorescence spectroscopy results for hybrid plasmonic
systems with different diameters. τShort and τLong are the components of the
bi-exponential function used to fit kinetics of embedded LDS 750 molecules in
PMMA as well as hybrid systems.

LDS 750 105 nm 120 nm 135 nm 150 nm 165 nm 180 nm

τShort (ns) 1 0.49 0.46 0.45 0.52 0.56 0.59
τLong (ns) 2.09 1.69 1.67 1.66 1.67 1.68 1.71

lifetimes of LDS 750 dye are influenced by the viscosity and rigidity of the environment. This leads a longer
average fluorescent lifetime in PMMA than that in ethanol [47]. Moreover, in such a dense matrix, the
monomers of dye molecules may aggregate, providing two fluorescent lifetime components rather than the
one component which is observed for dissolved LDS dye molecules in ethanol. The shortening of both short
and long components in the measured decay times is obvious for all samples, in comparison to the
reference sample (embedded LDS 750 molecules in PMMA far from NDs). Evidently, the change in the
decay rates of the coupled LDS 750 to NDs with diameter of 135 nm is much more pronounced as
compared to other NDs. Indeed, as a crucial factor to achieve much more efficient exciton–plasmon
interaction, the highest spectral overlap is realized for this sample.

To provide a much clearer picture of the decay rates modification related to LDS 750 dye molecules, we
have performed fluorescence lifetime imaging microscopy (FLIM). In figure 4 insets, we report the
processed FLIM images related to the decay time fit components of the dye molecules, placed far from
((a) and (b)) and in the close vicinity ((c) and (d)) of the NDs with diameter of 135 nm. In these images,
the spots with bright colors represent short lifetime components, while dark spots stand for the long
lifetime components. The presence of the brighter colors, as a footprint for the shortened lifetimes, in both
fast and slow decay fit components of the hybrid systems are evident. Moreover, to provide a quantitative
presentation for the acquired lifetime fit components, the corresponding histograms of the acquired FLIM
images are reported in figure 4. The shorter lifetimes (faster decay rates) can be noticed in the histograms of
the coupled dye molecules.

3. Theory and discussion

Modifying the diameter allowed us to tune the spectral overlap between the LSPR band of NDs and the
emission spectra of LDS 750 fluorescent dye molecules. We show that there is a correlation between the
efficiency of the spectral overlap and PL enhancement rate. In addition, we engineered our plasmonic
hybrid system in such a way that both emission and absorption bands of the used QEs overlap
simultaneously with the nano-antennas LSP resonance band. This fact is depicted in figure 5(a), for NDs
with diameter of 135 nm. Such spectral overlap influences the underlying mechanisms behind the enhanced
PL of the coupled dye molecules to nano-antennas. In principle, three mechanisms are involved in the
spontaneous emission enhancement process of our plasmonic hybrid systems: (i) Purcell effect
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Figure 4. Histograms for (a) short and (b) long decay-time components of the uncoupled LDS 750 dye molecules, and for (c)
short and (d) long decay-time components of the dye molecules in close proximity of NDs with diameter of 135 nm. The figures
insets show the corresponding FLIM results corresponding to each one of the lifetime fit components.

enhancement, (ii) excitation rate enhancement, and (iii) radiative decay of the photoexcited PPs. Depending
on the physical circumstances, the contribution of each one of these three mechanisms in the overall
enhanced emission can be differed. These mechanisms are illustrated as a scheme in figure 5(b). In general,
the spontaneous emission rate (Kem) of a QE depends on the quantum yield (ΦQE) and the excitation rate
(Kexc) of that emitter.

Kem = ΦQEKexc. (1)

Thus, the mechanisms behind the emission enhancement of an emitter which is located nearby a
plasmonic nano-resonator can be explained based on the modification of one or both of these two
parameters. For a QE located far from an optical cavity, the ΦQE is defined as follow,

ΦQE =
kr,0

kr,0 + knr,0
(2)

in which the kr,0 and knr,0 are intrinsic radiative and non-radiative decay rates, respectively.
The reported several times of magnitude emission rate enhancement in our hybrid exciton–plasmon

systems can be explained based on the nano-antenna effect, which leads to the enhancement of the Purcell
factor through modifying the ΦQE. This effect, which is so-called metal enhanced fluorescence (MEF),
requires spectral overlap between the emission spectrum of the excited QE and the plasmon band of the
nano-antenna, as well as, the spatial proximity between the two resonating elements.

The excitation of the dye molecules out of the LSP resonance band of NDs with a 532 nm laser creates
oscillating dipoles, which act as small antennas. These oscillating dipoles, at a specific dipole moment
orientation [48], may induce collective oscillation of the free electrons in the plasmonic system through
non-radiative energy transfer process (KET in figure 5(b)). This results in a strong oscillating dipole around
plasmonic NDs and subsequently local field confinement in the nano-scale range. Embedding LDS 750
molecules in the close vicinity of the nano-antennas can intensify the PDOS. According to the Purcell effect,
the plasmonic NDs acting as transmitter nano-antennas outcouple the emission of small oscillating dipoles
to the far-field more efficiently [49]. One can consider the interactions between dye molecule dipoles and
NDs dipoles almost bidirectional, in which the enhanced local fields around plasmonic nano-resonators
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Figure 5. (a) Simultaneous spectral overlap between the absorption and emission of LDS 750 dye molecules with reflectance
spectrum of NDs with diameter of 135 nm. (b) A scheme for the underlying mechanisms of the emission enhancement based on
MEF, MEX and radiative de-excitation of the plasmon modes processes. (c) The spectral shift between the enhanced emission of
plasmonic hybrid systems with different diameters versus uncoupled dye molecules. Furthermore, the calculated efficiency of the
spectral overlap between the normalized emission spectrum of LDS 750 molecules and the normalized reflectance band of NDs
with different diameters is presented.

affect the radiative decay rate of the coupled QE. The probability of such bidirectional interaction depends
on the efficiency of the spectral and spatial overlaps between two oscillating dipoles of the QE and
plasmonic NDs [11, 50]. Considering such bidirectional interaction, the quantum yield of LDS 750 emitter
nearby a ND is given by

ΦQE−ND =
kr,0 + kMEF

kr,0 + kMEF + knr,0 + kET
. (3)

Such modification in overall radiative decay rate (kr,0 + kMEF) leads to increase in the quantum yield and
consequently a net increase in emission intensity, while the lifetime of the hybrid system decreases [51].
This occurs because most of the excited molecules are knocked down to the ground state through the
radiative channels, rather than the non-radiative ones. The relaxed molecules are ready to reabsorb the
excitation photons and participate in the photoluminescence process. According to equation (1), this results
in the enhancement of the total spontaneous emission rate. This effect can be much more pronounced for a
QE with lower quantum yield, since any increase in the radiative decay rate cannot influence the quantum
yield if it is already close to unity [52]. The reported low quantum yield values for LDS 750 dye molecules
makes it a promising candidate for emission enhancement purposes [53].

The excitation rate (Kexc) of a QE with an absorbance in the linear regime (i.e. far from saturation), is
directly proportional to the square of the excitation field intensity and molar absorptivity of the QE. In the
case of the spectral overlap between the absorption band of QEs and the plasmon band of nano-antennas,
the confined electromagnetic fields around nano-antennas act as an extra channel to excite the QE. This
effect is the so-called lightning rod effect [54] or metal enhanced excitation (MEX) [19, 51], in which
plasmonic structure acts as a receiver nano-antenna, leading to increase the total spontaneous emission rate
(Kem) by promoting more molecules from the ground state to the excited states. In our designed system,
due to the spectral overlap between the absorption band of LDS 750 dye molecules with the plasmon band
of the NDs with different diameters, the condition to enhance the excitation rate of the dye molecules is
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Figure 6. Plasmon-modulated photoluminescence of plasmonic NDs (a) in the absence and (b) in the presence of PMMA layer.
PL spectra of NDs follows the position of the corresponding plasmonic resonance.

satisfied. Consequently, in combination with the external excitation field (Eexc), the localized
electromagnetic fields of NDs (ENDs) act as an extra excitation pathway to enhance the excitation rate of dye
molecules. It is easy to distinguish the MEX from MEF, since MEF requires the spectral overlap between the
emission band of the QE and the LSPR band of the nano-resonators. Furthermore, in contrast to MEF, this
effect will not change the decay rate of the photoexcited molecules, but the peak position of the enhanced
PL appears at the same spectral position of the PL signal related to an uncoupled QE.

Figure 5(c) shows the modification of the spectral overlap efficiency between the emission spectrum of
LDS 750 dye molecules with the reflectance band of NDs with different diameters. The spectral overlap
efficiency is determined as the area of the overlapping region between the NDs reflectance band and the PL
spectrum of LDs 750 molecules. It can be also seen that the maximum PL enhancement factor is obtained
for NDs with a diameter of 135 nm when the maximum matching occurs between the reflectance band and
the emission spectrum of LDS 750 molecules (figure 2(b)). Our reported results prove the correlation
between spectral overlap efficiency and the PL spectrum intensification, in which a stronger spectral
overlaps result in a higher intensification of the Purcell factor. However, the PL enhancement factor for NDs
with larger diameters remains almost the same as that of the smaller NDs, even if the spectral overlap
efficiency reduces for NDs with larger diameters. One needs to consider that still larger NDs works as
better transmitter antennas and can reradiate or scatter the photons to the far-field in a more efficient way
[11]. Additionally, the larger NDs exhibit strong dipole moment and therefore, they can intensify the
bi-directional near-field couplings towards radiative decay rate enhancement. On the other hand, according
to the MEX effect, the broad reflectance band of NDs with larger diameters provides the required spectral
overlap with the absorption spectrum of LDS 750 dye molecules to boost the excitation rate (Kexc).
Therefore, in our designed system, the larger NDs can operate as an efficient receiver antenna, even though
the efficiency of the spectral overlap with the emission spectrum of LDS 750 dye molecules diminishes.

The third mechanism in the spontaneous emission rate enhancement that should be taken into account
is the radiative decay of the generated particle plasmons. The PPs can be formed either by the non-radiative
energy transfer from the photoexcited gain molecules to the nano-antennas or by the non-radiative
recombination of the photoexcited holes in d-band with electrons in SP-band. The specific design of our
NDs and photoexcitation of these nano-resonators by using a 2.33 eV excitation source provide the required
condition for the radiative decay of the generated PPs [39]. The excitation photons of the laser source
promote d-band interband electrons into sp-band, well above the Fermi energy level of the gold. The
thermalization of the photoexcited electrons creates inhomogeneous energy distribution of non-equilibrium
electrons in the conduction band. The recombination of non-equilibrium electrons with d-band holes leads
to PPs generation. These processes are illustrated in the scheme of figure 5(b).

Figure 6 shows the acquired plasmon-modulated photoluminescence of bare plasmonic NDs with
various diameters in the absence and the presence of the PMMA layer. The shift of the PL signal to the
higher wavelengths is observed, as the diameter of plasmonic nano-antenna increases. Moreover, in general
the PL spectrum follows the reflectance band, even if it appears slightly at lower wavelengths with respect to
the plasmonic resonance peak. One can expect a stronger PL signal from the NDs with larger diameters or
covered with PMMA layer, as they are much more efficient scatters, but the opposite behavior is observed
instead. The observed contrast can be explained by the fact that the quantity of the generated PPs can be
influenced by the population of the formed non-equilibrium electrons in the photoexcited metal and the
number of available PDOS. The localization of the thermalized electrons intensifies where the number of
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available PDOS is higher. In other words, as the energy mismatch between the excitation source and
reflectance band of NDs (ΔE = EExcitation − Eplasmon) decreases, the probability for boosting the population
of PPs increases. This explains the lower PL intensity of NDs covered by PMMA film than that of NDs
exposed to air, even if they function as better scatters in the presence of PMMA layer. In the PL results of
larger NDs, one can see that the tail of the spectrum stretches towards the excitation wavelength. This is
similar to the PL signal of an unpatterned gold film, resulting from the direct radiative recombination of
d-band holes with sp-band electrons [39].

In our hybrid plasmonic system, the number of available PDOS can be intensified by the collective
oscillation of the excited free electrons as well as by the resonant interaction between the dipoles of LDS 750
molecules with the confined local field of nano-antennas. In other words, the bi-directional interaction
between gain material and plasmonic NDs operates as an extra pathway to amplify the generation of PPs.
The generated PPs subsequently decay either radiatively (bright mode PPs) or non-radiatively (dark mode
PPs). The radiative damping of the bright mode PPs provides an additional channel for the outcoupling of
photons to the far-field in competition to the probable direct radiative recombination of the photoexcited
holes with promoted electron above Fermi energy level. Therefore, by considering the plasmon-modulated
PL of gold nanostructures (kPPs) as an additional gateway to modify the spontaneous decay rate, the
ΦQE–ND of an emitter nearby a ND antenna can be rewritten as follows

ΦQE−ND =
kr,0 + kMEF + kPPs

kr,0 + kMEF + kPPs + knr,0 + kET
. (4)

As is evident in figure 2(a), the emission peak of the enhanced PL in plasmonic hybrid systems is
mismatched compared to the emission peak of the reference dye molecules. Figure 5(c) shows the red-shift
of the enhanced PL peak for different diameters of plasmonic nano-antennas. Notably, the red-shift of the
intensified emission spectrum goes up, as the diameter of nano-antennas increases, and it reaches the
maximum for NDs with 135 nm diameter. After that it goes down for NDs with larger diameters. The
observed red-shift in the PL spectra is considered as the overall evidence for the manifestation of the
plasmon-modulated PL of the plasmonic nano-antennas in the enhanced PL spectra of the hybrid system.
The bright mode PPs which decay radiatively track the reflectance band of NDs. Overall, the observed
enhanced emission is the superposition of this process with MEF and MEX processes.

The designed hybrid exciton–plasmon system operates as a radiating antenna to outcouple efficiently
the bright mode PPs to the far-field. An efficient coupling between oscillating dipoles of the photoexcited
dye molecules and plasmonic antenna can induce stronger collective oscillation of the plasmonic dipoles,
providing larger local density of optical states [55–57]. According Fermi’s golden rule, due to the larger
number of available PDOS, the non-equilibrium electrons have a higher probability to excite PPs and
subsequently the probability for the radiative decay of the PPs increases. This leads to the achieved
maximum PL enhancement and the maximum PL red-shift for 135 nm NDs, in which the most efficient
spectral overlap occurs. On the other hand, the reported PL red-shift for NDs with diameters larger than
135 nm is pronounced compared to smaller ones. In fact, larger NDs with stronger confined local field can
act as better radiating antennas to outcouple PPs. However, by increasing diameter the performance of
nano-antennas for radiating out the PPs is hindered due to the diminishing of the spectral overlap efficiency
and increasing energy mismatch of ΔE. Hence, the observed intensified PL of larger NDs is attributed
partially to MEF effect and MEX effect.

4. Conclusion

To summarize, we explored different underlying mechanisms related to the observed emission enhancement
in our designed plasmonic hybrid systems. The systems are engineered to exploit the enhanced local field of
the lithographically fabricated plasmonic NDs in the direction of both radiative decay rate and excitation
rate enhancement of the QEs. We show that the simultaneous spectral overlap of a nano-antenna’s
resonance band with the absorption and emission spectra of an emitter leads to enhanced emission from
QEs with low quantum efficiency. The overall evidence for the manifestation of the PL enhancement via
bidirectional near-field coupling is the reduction in the decay time of the excited molecule, due to the
modification of the radiative and non-radiative decay rates. The measured plasmon-modulated PL signals
of NDs in the presence and the absence of PMMA layer are established from polarizing nanostructures by
highly localized d-hole photoexcitation. However, owing to the elaborated design of the hybrid systems,
beside the non-radiative recombination of the photoexcited d-band holes with non-equilibrium electrons,
the near-field coupling between the photoexcited dye molecules and NDs functions as the second pathway
to imply PPs in NDs. This additional pathway leads to the amplification and more efficient outcoupling of
the plasmon-modulated PL in hybrid plasmonic systems with respect to the bare plasmonic systems. We
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show that in plasmonic hybrid systems with an efficient spectral overlap and therefore larger availability of
PDOS this amplification process is boosted. Our theoretical and experimental analyses show that the
contribution of the outcoupled PPs in the enhancement of the radiative decay rate process manifests itself as
a red-shift in the enhanced emission spectrum peak of the hybrid systems as compared to that of the
uncoupled dye molecules. These results provide crucial knowledge to engineer hybrid exciton–plasmon
systems to unlock promising applications of nanophotonic devices.

5. Methods

5.1. Simulation
Simulations were conducted utilizing the FDTD method, implemented with the aid of a commercial
software package (Lumerical FDTD Solutions). Gold nanostructures with various diameters are modeled
with a frequency dependent dielectric function taken from Johnson and Christy [58], while 5 nm Al2O3

spacer is simulated using the reported data in reference [59]. For the case in which the surrounding
environment of NDs was considered as PMMA, the dielectric constant data is adopted from reference [60].
In local field simulation, the incident field is a transverse electromagnetic plane wave with electric and
magnetic fields in X and Y directions, respectively, while wave propagates in Z direction. Along with this
excitation, electric dipole resonators are formed in X direction. The normalized field profiles were
calculated at the maximum reflectance wavelength of the NDs and plotted in XY cross-section plane. In
reflectance simulations, the reflected signal is collected from the structure surface, as the injected beam of
the source is considered to propagate in the Z direction with a normal incident.

5.2. Fabrication
The Si/SiO2 are used as substrates for fabricating plasmonic NDs as a right candidate to avoid charging
effects during the EBL process. The thickness of SiO2 on silicon substrates was 280 nm, which is deposited
by plasma-enhanced chemical vapor deposition (PECVD) method to eliminate any possible polar and
nonpolar impurities, the SiO2/Si substrate are sonicated for 20 min in acetone and then soaked and rinsed
with fresh acetone and IPA solvent, respectively. The positive PMMA A4 photoresist (950 K molecular
weight) from microchem corp. is spin-coated at 3000 rpm for 40 s on cleaned substrate to create a layer
with the thickness of approximately 200 nm. After that the spin-coated resist is baked for 90 s at 180 ◦C.
The NDs with varied diameters from 105 to 180 nm and the constant period of 400 nm are fabricated using
standard EBL method. The coated sample with PMMA is exposed to a dose of 2000 pC cm−2 under E-beam
with an accelerating voltage of 20 kV to form NDs. The exposed samples were developed with 1:1
MIBK/IPA developer for 1 min and then they are kept in IPA as the stopper solvent for 30 s. Then, the
developed samples are directly blown to be dried using N2. The metallization process is completed by
depositing 70 nm thick gold layer using an E-beam evaporator machine at the constant rate of 0.5 Å s−1 and
a vacuum pressure of 1 × 10−6 mbar. During the entire deposition process, the sample chamber is cooled
down below room temperature with the continuous flow of cold water. The nanostructures appeared after
the lift-off process, by soaking the samples for 24 h in acetone. The 5 nm spacer is deposited on top of NDs
using atomic layer deposition method to create a precise and smooth layer of Al2O3. LDS 750 dye molecules
are dissolved in PMMA A2 (950 K molecular weight), provided by EM Resist LTD, with a mass percent
concentration of 0.01% (see supplementary material, section 3 for further details). To avoid the aggregation
of the incorporated dye molecules in PMMA, the prepared samples are sonicated at low temperature for 30
min. Moreover, to homogenize the prepared samples, the dye-PMMA samples are stirred for at least 90 s
with a vortex mixer operating at 3000 rpm. Then the active PMMA layer is spin-coated on top of NDs
coated with Al2O3 at 4000 rpm for 40 s. To avoid any change in the chemical and optical properties of the
incorporated LDS 750 dye molecules in PMMA, instead of baking, the samples are left overnight to
evaporate the anisole solvent at room temperature. This process leads to LDS 750 molecules embedded
homogeneously in the PMMA polymer.

5.3. Characterization
Reflectance, PL, fluorescent lifetime and FLIM measurements of Au nanostructure are performed on a
multi-functional WITec alpha300C confocal Raman microscopy system. The reflectance bands are acquired
using an ultrahigh throughput spectrometer equipped to 150 lines/mm grating and detected using a
thermoelectrically cooled, back-illuminated CCD camera. For reflectance measurements the samples are
illuminated by highly bright and stable broadband light (LDLS EQ-99X) through a Zeiss EC ‘Epiplan’ DIC,
20× air objective (NA = 0.4, WD = 3.0 mm) and the reflected signal through the samples surfaces are
detected by ultra-high throughput spectrometer, equipped with 150 lines/mm grating and a TE-cooled
CCD (Andor DV 401-BV-351) camera. The reflectance spectra (Rfl) are calculated according to the
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following formula

Rf l =
IRf l−NDs − Isub

Isource − IBG
(5)

where IRf l−NDs is the collected reflection spectrum of the nanostructures and Isource is the acquired spectrum
of the broadband light source, which is measured using a perfect reflector. Isub is the substrate reflection,
acquired from the un-patterned area of the Si/SiO2 substrate and IBG stands for the background counts,
acquired by the used system.

The transmittance spectra (Tra) for NDs on sapphire substrate are calculated as follows

Tra =
ITra−NDs − IBG

Isub − IBG
(6)

where ITra−NDs is the collected transmission spectrum of the NDs on sapphire and here Isub stands for the
substrate transmission, acquired from the un-patterned area of the sapphire substrate.

The photoluminescence spectra of the control and main samples are acquired utilizing VIS-NIR Flame
detector (350–1000 nm) provided by Ocean Optics with an integration time of 300 ms. The samples are
excited with 532 nm CW laser and the PL signals are guided to the detector through a 50× Zeiss EC
‘Epiplan’ DIC objective, (NA = 0.75, WD = 1.0 mm). The background counts are subtracted from the
measured PL spectra. To calculate the PL enhanced factor, the acquired results are normalized to the PL
signal which is acquired from an un-patterned area of the spin-coated substrate with gain-doped PMMA.
For power-depended PL experiments the laser power is varied in the range of 10 to 100 mW, which is
measured inside the microscope, right before impinging to the objective.

For lifetime measurements the samples are excited using a 532 nm pulsed laser beam. To generate the
excitation pulses in the visible range (420–700 nm), the output of the ps super-continuum Fianium laser is
connected to an acoustic optical tunable filter. The photons of the excited sample are collected using the
50× objective and detected by the single-photon avalanche diode (SPAD) detectors, provided by Picoquant,
feature an extremely high photon detection efficiency up to 70%, operating in the range of 400 nm to
1100 nm. The acquired time-correlated single-photon counting data (TCSPC) is processed by a time to
digital converter (TDC) module, provided by Picoquant and the results are analyzed by SymPhoTime 64
software.

To perform FLIM measurement, a motorized stage with a step size of 100 nm and reproducibility better
than 0.01% is used to scan the selected area of the samples. The acquired signal is collected using 50×
objective and detected by avalanche photodiode detector, provided by MPD company, operating in the
spectral range 400–1050 nm and with optimized timing resolution down to 50 ps. Collected photons are
processed by a TCSPC module, provided by WITec, and the results are analyzed by microscope software.
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Nanotechnol. 8 512
[53] Liu C, Eliseeva S V, Luo T-Y, Muldoon P F, Petoud S and Rosi N L 2018 Chem. Sci. 9 8099–102
[54] Aktsipetrov O, Baranova I, Mishina E and Petukhov A 1984 JETP Lett. 40 1012–5
[55] Pelton M 2015 Nat. Photon. 9 427–35
[56] Nguyen M, Kim S, Tran T T, Xu Z-Q, Kianinia M, Toth M and Aharonovich I 2018 Nanoscale 10 2267–74
[57] Shahbazyan T V 2016 Phys. Rev. Lett. 117 207401
[58] Johnson P B and Christy R W 1972 Phys. Rev. B 6 4370
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ABSTRACT

Controlling the hybridization is a very powerful tool to manipulate the modes in a single nanostructure. We investigate the hybridization
between localized and propagating surface plasmons in a nanostructure system where a thin metal layer strongly interacts with a nanodisk
array. Hybrid plasmon resonances are observed in the reflection spectra obtained from finite-difference time domain simulations and experi-
mental measurements in the visible-near-infrared region. We demonstrate how the geometrical parameters of the nanostructure can be uti-
lized to bring these plasmon modes in the strong coupling regime. The hybrid plasmon modes exhibit anticrossing with a Rabi splitting of
�0:1 eV, which is the signature of strong coupling. Near-field profiles of the hybrid modes exhibit a mixture of localized and propagating
plasmon characteristics, with propagating modes excited on both sides of the metal film. Our design promises richer implementations in
light manipulation towards novel photonic applications compared to the systems with thick metal films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115818

I. INTRODUCTION

Plasmon hybridization theory1 was developed to understand
the response of complex plasmonic systems of arbitrary shapes,
where multiple plasmon modes are supported. It describes the
complex system as the interaction or “hybridization” of elementary
plasmons supported by nanostructures. Hybridization of the ele-
mentary plasmon modes leads to a split in the plasmon resonance
of the complex system into two energy levels: a bonding mode with
a low-energy level and an antibonding mode with a higher energy
level. The terms bonding and antibonding are similar to the molec-
ular orbital theory, as the plasmon hybridization model is devel-
oped as the nanoscale electromagnetic analog of how atomic
orbitals interact to form molecular orbitals in the electronic struc-
ture theory. This model has been successfully applied to a variety
of plasmonic structures, such as metallic nanodimers,2 metallic
nanoshells,3–5 metallic nanotubes,6–8 and metallic nanoparticles
near metal films.9,10 In these studies, hybridization between different
localized surface plasmons (LSPs) has been investigated. It has also
been of interest how LSPs and propagating counterpart of LSPs,
surface plasmon polaritons (SPPs), interact with each other.11–16

Cesario et al.17 observed the extinction of a hybrid nanostructure
where a 2D nanoparticle array interacts with a thin metal film, dis-
playing multiple resonances. This observation has been attributed to

the plasmon hybridization between localized and propagating
modes, with the assumption that the propagating plasmons are
present only on one of the interfaces. In another work, it has been
observed that triangular-shaped silver nanoparticles and a thin silver
film display strong coupling, where the propagating plasmons are
excited in one of the surfaces by Kretschmann configuration.18 The
hybridization between LSP and guided modes on a thick metal film
based on band diagrams19 and the near-field spectra has also been
reported.20 Alrasheed and Di21 theoretically presented a strong field
enhancement as a result of hybridization between the magnetic
plasmon resonance and propagating surface plasmons. Strong cou-
pling between propagating plasmons and localized plasmons sup-
ported by L-shaped metal nanostructures has been demonstrated
numerically.22 In these studies, the metal film supporting the SPPs is
much thicker than the skin depth, and, therefore, the propagating
plasmons are excited only on one of the metal-dielectric interfaces.
However, the systems with thin metal layers allow the excitation of
SPPs on both top and bottom interfaces, which provides more
flexible control on the hybridization, as these modes can be easily
tuned by the environment. Besides, allowing near-field enhancement
on both interfaces, hybrid systems of thin metal films would provide
potentially richer implementations in light manipulation, compared
to the systems with thick metal films, particularly in surface
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plasmon-enhanced fluorescence spectroscopy,23 and plasmon-
mediated energy transfer systems.24

In this paper, we experimentally and theoretically demonstrate
the hybridization between a continuous thin gold film deposited on
a glass substrate and a periodic gold nanodisk (ND) array that is
separated from the gold film by an oxide spacer layer, in the
visible-near-infrared (NIR) region. Furthermore, we analyze the
nature of the hybrid modes, calculate the coupling energy, and
present how the coupling between the NDs and the thin metal
layer is modified by the ND size and array periodicity.

II. ELEMENTARY PLASMON RESONANCES

The studied system (shown in Fig. 1) supports the elementary
plasmon modes of its components: an ND array and a thin metal
film. The ND array supports a single localized resonance (LSP
mode). The continuous metal film supports SPP modes that can be
excited by the periodicity of the ND array as long as the ND array
and the thin metal film interact with each other.

To determine the elementary LSP modes, we perform finite-
difference time domain (FDTD)25 simulations using Lumerical
FDTD Solutions. We calculate the scattering cross section of a peri-
odic ND array on 50 nm of the Al2O3 (oxide) layer, on a glass sub-
strate, without the thin metal layer. The thickness of the gold NDs
is 70 nm. The refractive indices of the glass and oxide materials are
set constant to n ¼ 1:45 and n ¼ 1:65, respectively. We use the tab-
ulated experimental data provided by Johnson and Christy26 to
simulate the electric permittivity of gold. The boundary conditions
are periodic along the directions parallel to the plane wave source
injection (z axis) and perfectly matched layers (PML) in the propa-
gation direction. We note that by considering the scattering cross
section of an ND array, but not an isolated ND, we encounter any
possible interaction among the NDs in determining the elementary
LSP mode. In fact, a full treatment of the plasmon response of
the ND array would encounter the lattice effect, known as surface
lattice resonance (SLR),27,28 arising out of the coupling between
the plasmon resonance of the individual NDs and diffracted waves
due to the lattice geometry. Since we focus on the hybridization
phenomenon, in order to keep the model simple, we consider the
plasmon response of the ND array as an LSP resonance, rather
than an SLR, relying on the fact that the plasmon resonance is
dominantly determined by the ND size, but not by the periodicity.
The resonances of the ND arrays of fixed periodicity, p ¼ 460 nm,
for ranging values of the ND diameter, d, from 100 nm to 180 nm,

with steps of 10 nm are shown in Fig. 2(a). This is a typical local-
ized plasmon resonance resulted from the dipolar charge align-
ments on the NDs [Fig. 2(b)] in response to the incident field and
determined fundamentally by the size and material of the ND as
well as the environment.29 We observe that the elementary LSP res-
onances of the system vary between 670 and 780 nm, almost line-
arly with the ND size.

Next, we obtain the elementary SPP modes of the system.
These SPP modes are supported by the continuous thin gold layer
and depend certainly on the surrounding media. The SPP modes
are calculated for the multilayer structure with semi-infinite layers
of air (region I) on the top and glass (region IV) at the bottom and
two finite-thickness layers in between; an oxide layer with thickness
a ¼ 50 nm (region II); and a gold layer with thickness b ¼ 30 nm
(region III). In such a system, each single metal-dielectric interface
can sustain bound SPPs. If the separation between adjacent inter-
faces is small, i.e., the metal thickness is comparable to the skin
depth (�25 nm), the interactions between SPPs along each of the
interfaces provide coupled SPP modes. To obtain these modes,
we first write the Ex and Hy fields in each of the four regions. The
solution of the wave equation, together with the continuity of Ex
and Hy fields at the three boundaries, gives the analytical implicit
dispersion relation. Hence, the propagation constant of the SPP, β,
is expressed as follows:

k3
ϵ3

k3=ϵ3þk4=ϵ4
k3=ϵ3�k4=ϵ4

e2k3b � 1
k3=ϵ3þk4=ϵ4
k3=ϵ3�k4=ϵ4

e2k3b þ 1
¼ k2

ϵ2

k1=ϵ1�k2=ϵ2
k1=ϵ1þk2=ϵ2

e�2k2a � 1
k1=ϵ1�k2=ϵ2
k1=ϵ1þk2=ϵ2

e�2k2aþ1
, (1)

where a(b) is the thickness of the region II (III) and k2i ¼ β2 � ϵik20
is the component of the wave vector perpendicular to the interface
associated with each of the regions (i ¼ 1, 2, 3, 4), with k0 being
the magnitude of the vacuum wavevector and ϵi the electric per-
mittivity. We numerically solve this equation for varying values
of the oxide thickness, a (not shown), and the metal thickness,
b (Fig. 3).

Although it is not presented here, based on these calculations,
we observe that for small values of the oxide thickness (10–30 nm),

FIG. 1. (a) Schematic of the hybrid nanostructure, showing the periodicity
p and nanodisk diameter d. (b) SEM image taken from the sample with
p ¼ 460 nm and d ¼ 180 nm.

FIG. 2. (a) Localized plasmon modes of the ND arrays for fixed periodicity,
p ¼ 460 nm, and varying ND diameters, d ¼ 100–180 nm. The color bar
shows the scattering cross section in units of μm2. (b) On-resonance (700 nm)
field profile at z ¼ 0 plane for p ¼ 460 nm and d ¼ 130 nm. The color bar
shows the electric field enhancement.
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the dispersion curves are very similar to the dispersion of the
air-gold-glass model and not affected from the existence of the
oxide layer. On the other hand, for moderate values (40–80 nm),
the dispersion curves lie between the ones calculated from the
air-gold-glass model and oxide-gold-glass model. Finally, when a is
equal or larger than �100 nm, the system behaves as an
oxide-gold-glass structure, completely ignoring the presence of air
on the top. In this work, the oxide layer is 50 nm; hence, the com-
plete model (air-oxide-gold-glass) is required. The oxide layer
thickness is set by considering the maximum interaction regime
between the LSP and SPP modes.

Figure 3 shows the dispersion curves of five different metal
thicknesses, b, where the oxide layer thickness is fixed to
a ¼ 50 nm. We observe that the dispersion curves for metal thick-
nesses comparable (30 nm) with, and less (10 nm) than the skin
depth, are distinct from the ones for larger thicknesses, where SPPs
propagate along the single interface. In this work, the metal thick-
ness, b, is 30 nm. Therefore, SPP propagation is expected to emerge
at each of the interfaces. To excite an SPP mode, the momentum of
the SPP wave is required to be matched either with one of the x
component of the incident light or any additional momentum con-
tribution. In the studied case, the light is normally incident, and
hence, the only way to excite the SPP modes would be using the
periodicity of the ND array as gratings. Therefore, the elementary
SPP resonances of the system are found at the intersections of the
red dispersion curve with β ¼ klattice( ¼ 2π=p) lines, for any period-
icity, p, in Fig. 3. We find that the elementary SPP resonances of
the system vary between 620 and 820 nm, almost linearly with p,
varying in the range of 400–540 nm.

III. HYBRIDIZED PLASMON RESONANCES

The hybridized plasmon modes of the overall system are
demonstrated experimentally by the reflection spectra, where two

pronounced resonances are observed. We fabricate the nanostruc-
ture shown in Fig. 1, for varying values of d and p. The 30 nm
metal layer is deposited on a glass substrate, using an electron
beam evaporator, and the 50 nm oxide layer is deposited using the
atomic layer deposition technique. The electron beam lithography
technique is used to fabricate the array of NDs on top of the oxide
layer. The thickness of the NDs is 70 nm. The SEM image of
the fabricated sample with p ¼ 460 nm and d ¼ 180 nm is pre-
sented in Fig. 1(b). Reflection measurements are performed by a
confocal microscope, where the incident light is focused on the
nanostructure by a 50� objective. The reflected light is collected by
a CCD spectrometer. The acquired signal is normalized to the
reflected beam from a perfect mirror.

Experimental reflection spectra are shown by solid lines in
Fig. 4. In Fig. 4(a), we present two modes for a fixed periodicity of
p ¼ 460 nm and increasing ND diameter, d, from 160 nm to
180 nm. In Fig. 4(b), we observe the reflection spectra for a fixed
ND diameter of d ¼ 140 nm and increasing periodicity from
400 nm to 440 nm. We refer the two resonances as the first hybrid
resonance, λ(þ)

HYB (short wavelength or high energy), and the second
hybrid resonance, λ(�)

HYB (long wavelength or low energy), for the
rest of the paper. The dashed lines are obtained from FDTD simu-
lations, which agree with the experimental data. It is notable that
for the case of fixed p, changing d does not alter the first hybrid
resonance but shifts the second one to the right [Fig. 4(a)]. On the
other hand, the case of fixed d and changing p exhibits a larger
shift in the first hybrid resonance than the one in the second
hybrid resonance [Fig. 4(b)].

To understand the hybridization between plasmon modes
comprehensively, we study the system more thoroughly by observ-
ing the resonances for a wide range of periodicity and ND size and

FIG. 3. SPP dispersion relation for fixed thickness of the oxide layer (region II),
a ¼ 50 nm, and different thicknesses of the metal layer (region III), b. In this
work, b is 30 nm, which is shown by the red curve. The red perpendicular
dashed line shows the β ¼ klattice line, where the SPP mode can be excited for
a periodic structure of periodicity, p ¼ 460 nm.

FIG. 4. Reflection spectra of the overall system for (a) fixed periodicity,
p ¼ 460 nm, and changing ND diameter, d ¼ 160, 170, and 180 nm and for (b)
fixed d ¼ 140 nm and changing p ¼ 400, 420, and 440 nm. Solid lines are
obtained from reflection measurements, and dashed lines are obtained from
FDTD simulations.
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compare these with the elementary plasmon resonances. Figure 5
shows both the hybrid and the elementary plasmon resonances of
the system for the fixed periodicity, p ¼ 460 nm, and varying ND
diameters in panel a and for the fixed ND diameter, d ¼ 130 nm,
and varying periodicities in panel b. The reflection spectra display
two distinct resonances as stated earlier. The first hybrid resonance
(pink lines) and the second hybrid resonance (blue lines) for
changing periodicities and diameters are obtained from FDTD sim-
ulations. Black lines are the elementary LSP resonance that is
obtained from the scattering cross-section simulations [as shown
in Fig. 2(a)]. Red lines are the elementary SPP resonance that is cal-
culated from the dispersion relation of the three-interface model,
shown in Fig. 3. We observe both for periodicity and ND diameter
sweeps that the first and the second resonances of the overall
system are very close to the elementary resonance lines, except at
and around the intersections of these lines. For the cases away from
the anticrossing point, the two resonances are associated with the
elementary LSP and SPP modes. They are weakly hybridized
modes, dominantly carrying characteristics of one of the elemen-
tary modes. At the intersection, which corresponds to p ¼ 460 nm
and d ¼ 130 nm, the first and second resonances, 675 nm and
760 nm, respectively, are split from the elementary LSP and SPP
resonances, both of which are originally at �700 nm. The anticross-
ing behavior shows that the ND array and the continuous thin gold
film are in the strong coupling regime.30 In this regime, Rabi split-
ting of the elementary plasmon mode energies of the same amount
arises because of two hybridized modes with different local field
distributions. At the anticrossing point, the resonances are no
longer associated with the elementary LSP or SPP modes; instead,
they are strongly hybridized plasmon modes, carrying characteris-
tics of both the plasmon modes. To demonstrate this, we obtain the

on-resonance field and phase profiles of the hybrid modes at the
anticrossing point. Figures 6(a)–6(d) show the magnitude of the
electric and magnetic fields, and Figs. 6(e)–6(h) show the phase
profiles of the field components at the resonance wavelengths
(λ(+)

HYB) of the system of periodicity 460 nm and ND diameter
130 nm. We present the reflection, transmission, and absorption
spectra of the hybrid nanostructure with the same geometrical
properties in Fig. 6(i). We observe characteristics of both LSP and
SPP modes in both field profiles. At λ(þ)

HYB ¼ 675 nm, we observe a

FIG. 5. Elementary and hybrid plasmon modes for (a) varying ND diameter, d,
with the fixed periodicity p ¼ 460 nm and for (b) varying p, with the fixed
d ¼ 130 nm. Red solid lines: SPP resonance calculated from the dispersion
relation given by Eq. (1). Black solid lines: Scattering cross-sectional peak of
the ND array. Pink and blue lines: the first and the second resonances of the
reflection spectrum.

FIG. 6. Normalized field (a)–(d) and phase profiles (e)–(h) at the y ¼ 0 plane,
at the first (675 nm) and second (760 nm) resonances of the reflection spectrum
(indicated at the upper left corner of each profile), simulated for the anticrossing
point where p ¼ 460 nm and d ¼ 130 nm. White borders indicate the borders
of the nanostructure system. (i) Reflection, transmission, and absorption spec-
trum, calculated at the anticrossing point.
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mixture of a dipolar localized mode and a propagating mode along
the gold-oxide interface. On the other hand, at λ(�)

HYB, which is
760 nm, we observe a mixture of a quadrupole localized mode and
a propagating mode along the glass-gold interface, which would
not be possible with a thick metal layer. This is the key outcome of
this work. Contrarily to the case of a hybrid system where a thick
metal layer is employed, rather than a thin one, the proposed
system provides field confinement on both of the metal surfaces.
Since the resonances of this system are hybridized modes of
plasmon fields, they could be flexibly tuned by the geometrical
parameters: periodicity, ND diameter, and layer thicknesses, as well
as the material types. As a comparison with other platforms where
the propagating modes are generated without hybridization, tun-
ability is limited with the material type in prism-coupled configura-
tions and with environment and periodicity in grating-coupled
configurations.

IV. RABI SPLITTING OF THE COUPLED MODES

Finally, we complete the hybridization picture by calculating,
theoretically, the energies of the hybrid modes. We examine the
coupling between two plasmonic modes, which can be considered
as two coupled harmonic oscillators. We use a simple model of two
coupled undamped harmonic oscillators to calculate the individual
LSP and SPP resonances by using the Rabi split energy found in
Sec. III. When the coupling strength exceeds the decoherence rate
of the uncoupled oscillators, strong coupling occurs, and the
energy exchange between the oscillators becomes the dominant

relaxation channel. In this regime, the energy levels of hybrid
modes can be significantly altered, in which Rabi splitting is
observed as a distinguishable characteristic of the optical
response.11,31–34 The hybrid modes resulting from the strong inter-
action of such two coupled oscillators are given by the expression

ϵ(+)
HYB ¼ 1

2
(ϵLSP þ ϵSPP)+

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ϵLSP � ϵSPP)

2 þ 4jΔj2
q

, (2)

where ϵLSP(SPP) is the energy of the uncoupled LSP (SPP) mode, in
units of electron volt, that is calculated using ϵLSP(SPP) ¼ hc=λLSP(SPP),
with c being the speed of light in vacuum and h the Planck constant.
Δ is the energy shift term (Rabi splitting energy ¼ 2Δ). The half of
the split between the first and the second resonances of the reflection
spectrum at the anticrossing point can be considered as the shift
term in this formula, which is found as Δ ¼ 105meV. Using this, in
Eq. (2), we calculate the theoretical low- and high-energy modes at
the anticrossing point, where both of the uncoupled mode energies
are the same (λLSP ¼ λSPP ¼ 700 nm). The theoretical hybrid reso-
nance wavelengths are given in Fig. 7, together with the completed
hybridization scheme of the proposed structure in the strong
coupling regime. The calculated high- and low-energy modes
(661 and 745 nm) are slightly different than what we obtain
from the reflection spectrum (675 and 760 nm). The theoretical
coupled oscillator model in the strong coupling regime repro-
duces the results of Sec. III.

V. CONCLUSIONS

In summary, we observe hybridization between localized and
propagating plasmon modes in a coupled system of a gold nano-
disk array and a continuous thin gold film. The strong coupling
regime is obtained by the anticrossing behavior of hybrid plasmon
resonances for varying ND diameters and structure periodicities.
We observe that the energy shift is the highest at the anticrossing
point, which corresponds to the same resonance wavelengths of the
elementary LSP and SPP modes. The on-resonance field profiles
display a mixture of LSP and SPP characteristics. The localized
nature is dipolar in the first hybrid resonance, whereas it is quadru-
polar in the second hybrid resonance. The propagating part of the
hybrid mode is dominant along the gold-oxide interface in the first
hybrid resonance and along the gold-glass interface in the second
one. Such a rich-feature nanostructure follows from the control
over the geometrical parameters, as we report here, and it is possi-
ble to further optimize this system by different dielectric materials.
This hybrid system with two distinct resonances would be benefi-
cial in energy transfer systems and sensing. Most importantly,
allowing the excitation of SPPs at each surface, the proposed
model provides flexibility in plasmon-mediated applications,
where the propagating plasmons are utilized. One can benefit
from the field confinement at the back side of the metal layer, in
addition to the front side, in quantum emitter-metal hybrid
nanostructure systems.35 It is also possible to manipulate the
energy transfer between quantum emitters and plasmon fields so
that the emitters are excited at one plasmon resonance wave-
length, whereas they emit at the other, in a configuration where
the emitters are located on each side of the metal layer.

FIG. 7. Hybridization scheme. Hybrid mode resonance wavelengths are calcu-
lated using the strong interaction of two coupled oscillators, with Δ ¼ 105meV,
which is obtained from the reflection spectra.
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Abstract: Localized plasmon resonance of a metal nano-
antenna is determined by its size, shape and environment.
Here, we diminish the size dependence by using multilayer
metamaterials as epsilon-near-zero (ENZ) substrates. By
means of the vanishing index of the substrate, we show that
the spectral position of the plasmonic resonance becomes
less sensitive to the characteristics of the plasmonic nano-
structure and is controlled mostly by the substrate, and
hence, it is pinned at a fixed narrow spectral range near the
ENZwavelength. Moreover, this plasmonwavelength can be
adjusted by tuning the ENZ region of the substrate, for the
same size nanodisk (ND) array. We also show that the dif-
ference in the phase of the scattered field by different size
NDs at a certain distance is reduced when the substrate is
changed to ENZmetamaterial. Thisprovides effective control
of the phase contribution of each nanostructure. Our results
could be utilized to manipulate the resonance for advanced
metasurfaces and plasmonic applications, especially when
precise control of the plasmon resonance is required in flat
optics designs. In addition, the pinning wavelength can be
tuned optically, electrically and thermally by introducing
active layers inside the hyperbolic metamaterial.

Keywords: epsilon near zero; hyperbolic metamaterial;
localized surface plasmon; pinning effect.

1 Introduction

In the last two decades, a new frontier has been opened up
with plasmonics. An enormous range of technological

development has become possible by perfect light ab-
sorption, controlled propagation to certain directions or
light confinement within a subwavelength volume [1–4].
Plasmonic light confinement has been utilized in bio-
sensors [5–8], cellular imaging devices [9], surface-
enhanced Raman spectroscopy [10] and nanoplasmonic
rulers [11, 12]. To enable these applications, light is trapped
around subwavelength metal nanoantennas at the local-
ized surface plasmon resonance (LSPR) wavelength [13,
14], with enhanced electric fields. Size, shape, composition
and arrangement of nanoantennas, as well as the dielectric
environment surrounding them, have been extensively
studied to obtain precise control over the LSPR [15, 16].
However, substrateswere overlooked in these studies since
mostly dielectric substrates, e.g. glass or silicon, were
used. Metallic substrates were employed only in limited
applications, such as hybridization between localized and
propagating surface plasmons [17] or refractive index
sensing [18].

One of the unusualmaterials of a growing interest is an
epsilon-near-zero (ENZ) material, characterized by its
permittivity (ε) being close to zero at certain wavelengths.
These materials have been utilized in beam shaping and
steering [19, 20], subwavelength tunnelling [21, 22] and
enhanced nonlinear interactions [23]. Only recently, ENZ
materials were used as substrates to control the LSPR of
plasmonic antennas [24–27], revealing their great potential
for plasmon-ENZ systems. However, only transparent
conductive oxides, such as indium tin oxide and
aluminium-doped zinc oxide, are used in these studies.
These are naturally occurring ENZ materials with ENZ
wavelengths in near-infrared and mid-infrared (MIR) re-
gions [28]; hence, applications involving these materials
are limited to those wavelength ranges. On the other hand,
noble metals, such as gold (Au) and silver (Ag), have real
permittivities Re(ε) close to zero in the ultraviolet region
with very high imaginary permittivities (Im(ε)), preventing
them from being effective ENZ materials. However, it is
possible to engineer an effective material capable of sup-
porting a vanishingly small permittivity in the desired
wavelength range. A metamaterial composed of alter-
nating layers of metal and dielectric was previously
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demonstrated to exhibit ENZ in the visible region [29–31]
with a potential of ultrafast tuning [32]. Metamaterials with
this geometry are known as hyperbolic metamaterials
(HMMs) due to their hyperbolic wave-vector diagram [30].

In this work, by employing HMMs as ENZ substrates,
we experimentally demonstrate how to control LSPR of a
plasmonic nanoantenna array without changing its di-
mensions in the visible region.We present that not only the
plasmon resonance wavelength can be pinned, although
the nanodisk (ND) diameter is changed, but also it can
easily be adjusted to another operating wavelength by
changing thematerial composition of the substratewithout
any changes in the ND array. Furthermore, we show the
effect of an ENZ substrate on the phase of the scattered field
from different size NDs. This modification over the plas-
mon resonance relaxes the requirements on precise control
of subwavelength features and provides flexibility in the
design of the plasmonic nanostructures in flat optics

applications by giving another option for tuning or
compensating the fabrication errors.

The HMM substrates used in this study are composed
of three bilayers of Au and titanium dioxide (TiO2). The
optical properties of these metamaterials are modelled by
the effective medium theory (EMT) [30, 33–38]. The HMM
serves as a uniaxial medium with permittivity given by a
tensor ε � [εxx,  εyy ,  εzz], where in-plane isotropic/parallel
components are defined as εxx � εyy � ε∥. The third
component which is out of the plane (perpendicular
component) is defined as εzz � ε⊥. The parallel and
perpendicular components of permittivity of a medium
composed of alternating thin layers of metal and dielectric
are defined as follows:

ε∥ � ρεm + (1 − ρ)εd (1)

ε⊥ � εmεd
ρεd + (1 − ρ)εm (2)

a) b)

d) e)

c)

360 nm

60 nm 

TiO2

Au

z

x
y

Figure 1: (a) The Re(ε∥) (black lines) and Im(ε∥) (red lines) of HMM-1 (solid lines) and HMM-2 (dashed lines). The crossover of Re(ε∥) for HMM-1
(violet dotted line) and HMM-2 (magenta dotted line) are highlighted. (b) The schematic of NDs on HMM and (c) the scanning electron
microscopy (SEM) image of NDs on HMM-1. The simulated (dashed lines) and measured (solid lines) spectra of transmission (black lines) and
reflection (red lines) results for (d) HMM-1 and (e) HMM-2. The inset of (d) shows the SEM image of HMM-1. HMM, hyperbolicmetamaterial; ND,
nanodisk.
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where ρ = tm/(tm + td) is the metal filling fraction, with tm(d)

being the thickness of the metal (dielectric) layer, and εm
and εd are permittivity values of metal and dielectric,
respectively [30]. At specific wavelengths, a component of
the permittivity tensor of the metamaterial either passes
through zero (ENZ) or a resonant pole (epsilon-near-pole).
The multilayer HMM shows the ENZ properties when the
real part of ε∥ (Re(ε∥)) component crosses zero and imagi-
nary component (Im(ε∥)) is very small [30]. It is important to
note that both dielectric and metallic nature of the sub-
strate can affect the plasmon resonance significantly [18].
However, the substrate with ENZ properties results in
slowing down of the resonance shift which is defined as
pinning effect [26, 27].

In order to explore this, we designed two substrates
which are referred as HMM-1 and HMM-2 and studied their
effect on the plasmon resonance at their corresponding ENZ
regions. Au thickness is 10 nm for both of them, but TiO2

thickness is 25 nm for HMM-1, whereas 45 nm for HMM-2,
providing the ENZ conditions at 684 and 751 nm,

respectively. Figure 1(a) shows numerically calculatedRe(ε∥)
and Im(ε∥) using Equation 1. The Re(ε⊥) and Im(ε⊥) are
calculated using Eq (2) and presented in SI-Figure 5. The
simulated andmeasured transmission and reflection spectra
of HMM-1 and HMM-2 (Figure 1(d) and 1(e)) are in good
agreement with the projection of the calculated permittivity
values. Finite-difference time-domain (FDTD) simulations
were performed in Lumerical FDTD Solutions (see Methods
for details).

2 Results and discussion

In this study, a set of ND arrays of increasing diameters on
different substrates is investigated. Schematic of one of the
NDarrays is presented inFigure 1(b). Thediameterof theNDs
is changed from 120 to 180 nm, while the thickness is kept
60 nm. Figure 2 shows the evolution of the calculated
nanoantenna resonances (transmission dip) with increasing
diameter on different substrates (glass, HMM-1 and HMM-2).

a) b)

c) d)

Figure 2: Evolution of the plasmon resonance with varying diameters of NDs on (a) glass (b) HMM-1, (c) HMM-2 and (d) spectral shift of the
resonance, calculated by FDTD simulations. FDTD, finite-difference time-domain; HMM, hyperbolic metamaterial; ND, nanodisk.
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The comparison of the spectral shifts of the plasmon reso-
nances reveals that the change is much smaller when the
NDs are on the ENZ substrates, compared to the case of the
glass substrate. That is to say, the resonance of the NDs on
the ENZ substrates is pinned near the ENZ wavelengths.
Moreover, the ENZ substrates having different ENZ wave-
lengths control the pinning effect at those wavelengths.

To observe the pinning effect experimentally, we
fabricated ND arrays on glass, HMM-1 and HMM-2 sub-
strates using standard electron-beam lithography (EBL)
and lift-off process (see Methods for details). Figure 1(c)
shows the scanning electron microscope (SEM) image of a
fabricated sample on HMM-1. Transmission spectra of NDs
on glass with different diameters are presented in
Figure 3(a). A resonance shift from 628 to 678 nm is
observed, by changing the disk diameter from 120 to
180 nm. The same amount of modification in the diameter
for theNDs onHMM-1 changes the plasmon resonance only
within a smaller wavelength region of 659 nm ≤ λ ≤ 675 nm,

as shown in Figure 3(b). We note that the transmission
spectra are normalized to the transmission of the HMM-1
without the NDs. The LSPR of the antenna is not only
determined by its size anymore when it is located on the
ENZ substrate. This phenomenon is a consequence of the
interaction between the resonating antennas, aswell as the
ENZ substrate. It is also possible to obtain this effect for an
antenna array of the same size, at a different wavelength
region, by adjusting the composition of the substrate.
When the ND array is onHMM-2 having an ENZwavelength
at 751 nm, the pinning effect is observed in the region
703 nm ≤ λ ≤ 732 nm, as shown in Figure 3(c). The pinning
effect is observed around the ENZ region of the corre-
sponding HMM substrate.

Plasmonic nanoantennas scatter the incident field to
all directions towards two different media: substrate
and air. The relative efficiency of the scattering is deter-
mined by the dielectric constants of the two media.
Therefore, effective permittivity of the local environment

a) b)

c) d)

Figure 3: Normalized transmission spectra of the fabricated ND arrays, with disk diameters of 120, 140, 160 and 180 nm on three different
substrates: (a) glass (green), (b) HMM-1 (red) and (c) HMM-2 (blue). The ENZ points of HMM-1 andHMM-2 are highlighted by violet andmagenta
vertical dashed lines in the associated graphs, respectively. (d) The spectral shifts in the resonance wavelengths of the NDs on glass, HMM-1
and HMM-2. HMM, hyperbolic metamaterial; ND, nanodisk; ENZ, epsilon-near-zero.
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can be defined as εeff = (εsub+εair)/2. When the substrate is
a low-loss ENZ medium, the value of the effective

index (neff � �������������������������������
[

�����������������
Re(εeff)2 + Im(εeff)2

√
+ Re(εeff)]/2

√ ) be-

comes almost zero at the ENZ region. The resonance fre-
quency of an antenna can be approximated as
λres ≃ 2neff(D + 2δ), where D + 2δ is the effective length of
the antenna with a diameter (D) and evanescent extension
of the resonant mode (δ) [26].

The vanishing index of refraction (reduced real
permittivity) of the substrate limits the spectral shifting of
the antenna resonance beyond the ENZ condition [26, 27].
Hence, when an antenna is on an ENZ substrate, an in-
crease in the diameter of the ND antenna is compensated
by small neff, reducing the amount of the shift in the LSPR
near the ENZ wavelength, as observed in our experiments.
The spectral shift in the plasmon resonance, with respect to
the resonance wavelength of the ND arrays with 120 nm
diameter, for each sample, is shown in Figure 3(d). The
experimental results display a good agreement with the
simulation results. The ND arrays on glass exhibit a total
shift of 50 nm, whereas the shifts observed in the ND arrays
on HMM-1 and HMM-2 are 16 and 29 nm, respectively.
The shift in the resonance for HMM-1 is three times less
than the one for glass. However, for HMM-2, it is half of
the resonance shift obtained for the glass case. The shift
in the resonance for HMM-1 is more suppressed com-
pared to HMM-2 because the ENZ region of HMM-1
(660 nm ≤ λ ≤ 690 nm) is intentionally designed at the
resonance wavelength of the antenna (on glass). On the
other hand, the ENZ region (730 nm ≤ λ ≤ 780 nm) of HMM-2
is far away from the resonance of the antenna (on glass).

The possibility to tune the ENZ region by simply changing
the thickness of TiO2 allows us to probe the pinning effect
for HMM-1 and HMM-2 at two different wavelengths.
Similar to the transmission minimum, the shift in the
scattering peak of the ND antenna is suppressed three
times for the ENZ substrates, compared to glass (see
SI-Figure 8).

To further examine the scattering of NDs on different
substrates, we calculate the phase of the x component of
the scattered electric field (E-field) for the NDs of 120 and
180 nm diameter on glass and HMM-1 at 684 nm
(Figure 4(a–d)) and on glass and HMM-2 at 751 nm
(Figure 4(e–h)). The difference in the phase of the E-fields
at a distance of ∼2λ from the surface of the NDs (120 and
180 nm diameters) is 56 degrees when the substrate is
glass. However, this difference reduces to 21 degrees when
the substrate is changed to ENZ metamaterial. This pro-
vides possibilities for the effective control of the phase
contribution of each nanostructure.

3 Conclusion and outlook

In conclusion, with this study, we reveal the effect of the
ENZ metamaterials as a substrate. Due to the unique
feature of ENZmedia, we showed that one can diminish the
effects of the size of the nanostructure on the spectral po-
sition of plasmon resonance. We present the pinning effect
of HMM-based ENZ substrates on the LSPR of Au NDs. The
plasmon resonance of the same ND is pinned at two
different regions as a result of the substrates with different

a) b) c) d) e) f) g) h)

Figure 4: Phase profiles (in the unit of radian) of x component of the scattered E-field up to 2λ from the NDs of diameters (a) 120 nm and (b)
180 nm on glass at λ = 684 nm and (c) 120 nm and (d) 180 nm on HMM-1 at 684 nm. Similarly, (e) 120 nm and (f) 180 nm on glass at λ = 751 nm
and (g) 120 nm and (h) 180 nm on HMM-2 at λ = 751 nm. White dotted lines are added for better visual comparison. HMM, hyperbolic
metamaterial; ND, nanodisk.
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ENZ wavelengths. Transmission spectra of the NDs, fabri-
cated on glass, HMM-1 (ENZ at 684 nm) and HMM-2 (ENZ at
751 nm), display 50, 16 and 29 nm of spectral shifts in the
resonance, respectively, as the disk diameter increases.
The spectral shift of theNDs onHMMs is suppressed at least
three times due to almost zero index of the substrate.
Moreover, the phase of the scattered field from a ND is
affected by the ENZ properties of the substrate providing
flexibility on the phase modification.

Controlling the plasmonic resonance via substrate
properties will open an entirely new avenue. For example,
thiswill provide an efficientmethod to control the emission
properties of quantum emitters and scattering properties of
nanoparticles. We foresee that the improved low-loss ENZ
substrates and dynamic tunability of the ENZ wavelength
will bringmore implementations to this platform. Recently,
it has been shown that the large nonlinear optical response
of ENZ materials [32, 39] provides optical tuning of ENZ
wavelength. Similarly, the graphene-based tunable HMM
[40] can be used in the MIR range to electrically tune the
pinning wavelength. Another perspective would be using
the function of vanadium dioxide as a phase-changing
material in the HMM layers [41] to thermally turn on and off
the pinning effect. The control over the plasmon resonance
by designing an ENZ substrate and tuning its properties
dynamically enables compensation of the fabrication error
from visible to infrared region. Metal-insulator-metal–
based tunable ENZ cavities [22] can be used to obtain a
pinning effect in waveguides. Overall, these results may
facilitate efficient sensing, better beam-steering applica-
tions and less cross-talk for on-chip nanophotonic devices
in flat optics designs.

4 Methods

4.1 Numerical simulations

We use the commercially available software, Lumerical FDTD Solu-
tions, for 3D electromagnetic simulations of transmission, reflection
and field profiles of the samples. We use the experimental dielectric
functions provided in the literature tomodel Au [42], SiO2 [43] and TiO2

[44]. HMM-1 andHMM-2media aremodelledwith the help of dielectric
functions obtained by effective medium approach, as shown in
Figure 1(a). The overall thicknesses of the HMM-1 and HMM-2 media
are 105 and 165 nm, respectively. The thickness of the NDs is 60 nm
and the diameter is ranged from 120 to 180 nm. Conformal meshing is
used in the simulations, while a finer mesh constraint to 4 nm is
employed in the region enclosing the ND, to get a better resolution.

For the transmission and reflection simulations, the unit cell of
size 360 nm is illuminated by a linearly (x) polarized plane wave
source of wavelengths 500–900 nm. The boundary conditions (BCs)
are set to periodic in the directions parallel to the source propagation

(x, y) and perfectly matched layers (PMLs) in the direction perpen-
dicular to the source propagation (z).

To simulate the scattered electric field profiles, the BCs are set to
PMLs in all directions. We use a linearly (x) polarized plane wave
source of wavelengths 500–900 nm. The source profile is obtained
using the total-field scattered-field option (enclosing the ND). It sep-
arates the computation region into two distinct regions; one contains
the total field (i.e. the sum of the incident and scattered fields), while
the second region contains only the scattered field. A power monitor
covering the whole simulation region is used to collect the scattered
field at the ENZ wavelengths of each HMM.

4.2 Fabrication

For the fabrication of HMM substrates, the 500-μm-thick fused silica
substrate is cleaned in acetone, isopropanol (IPA) with 10 min soni-
cation and blow drying under nitrogen (N2) flow. The plasma cleaning
is used for thorough cleaning of organic contaminants from the sur-
face. Once the samples are cleaned, 10 nm of Au and 25/45 nm of TiO2

are deposited using electron beam deposition. About 1 nm of Ti is
deposited before each gold layer to improve the adhesion at the rate of
0.5 Å/s. The SEM image of HMM-1 is obtained after focused ion beam
milling, shown in the inset of Figure 1(d).

The periodic arrays of NDs are fabricated by standard EBL using
20 KeV and 10 μm aperture. The cleaned glass and fabricated HMM
samples are spin coated with poly(methyl methacrylate) (PMMA)-A4
at 3000 rotation per minutes (rpm) for 40 s. The spin coated samples
are baked at 180 C for 90 s in order to evaporate the anisole solution in
PMMA-A4. The 100 × 100 μm2 write field is used to create the NDs with
the area dose of 300 μC/cm2. The exposed samples are developed for
60 s in metylisobutylketon:IPA solution at the ratio of 1:3 and 30 s in
IPA to stop the development process. The developed samples are
loaded in the electron beam evaporation deposition chamber. Similar
to HMM fabrication, 1 nm of Ti is used as an adhesion layer, followed
by 60 nm of Au deposition at the rate of 0.5 Å/s. The S-1165 remover is
used to lift off the metals, and the samples are left in the solution to
heat up to 80C.When the desired temperature is reached, the hot plate
is turned off and the samples are kept in the solution for 5 min. Once
the cracks start to appear in the metal thin films, the gentle stirring
removes all the unwantedmetal from the sample. The sample is rinsed
in water, acetone and IPA and blow dried under N2 flow to get rid of
residualmetalfilms. Four differentmatrices are fabricated for 120, 140,
160 and 180 nm disk size by changing the dose factor.

4.3 Optical characterization

Transmission spectra are measured using a Confocal Raman micro-
scope from WiTec (alpha300R). The samples are excited with a
broadband light source (Energetiq EQ-99XFC LDLS, spectrum 190–
2100 nm). The optical beam is focused on the sample surface by using
a 20× objective lens (ZEISS EC EPIPLAN 20X/0.4) at normal incidence.
To detect the transmission spectra, a 50× objective lens (ZEISS EC
EPIPLAN 50X/0.75) is placed at the back focal plane to collect trans-
mitted light in the normal direction. The collected light is coupled to
an optical fibre connected to a spectrometer (Ocean Optics Flame UV–
VIS Spectrometer, detection range 40–900 nm). We first measure the
transmission spectrum from the glass substrate. Then, wemeasure the
transmission spectrum of the ND arrays, which is normalized to the
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spectrum of glass. Similarly, the transmission spectra of the NDs on
HMMs are normalized to transmission from HMM substrates.
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ABSTRACT

We propose and demonstrate the fabrication of a curved fishnet metamaterial integrated into a rolled-up tube (RUT) that consists of eight
alternating layers of gold and silicon dioxide. We adopt a self-rolled technique for the fabrication of metal/dielectric microtubes with large
enough diameters for optical characterization. We experimentally characterize the fabricated fishnet structure, and by means of numerical
calculations, we show that the fabricated structure possesses a negative refractive index with a high figure of merit. We demonstrate that the
negative refractive index region can be tuned by precisely controlling the dimensions of the holes forming the metamaterial. The results of
this study open up the possibility to obtain a simple, fast, and flexible platform for the fabrication of RUT-based metamaterials for bioimag-
ing and sensing applications.
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The possibility to build superlens,1,2 subwavelength imaging,3

invisibility cloak,4 and engineer complex metallo-dielectric5 motivated
scientists to work extensively on the topic of optical negative index
metamaterials (NIMs). Theoretically, the existence of NIMs, where
both permittivity (e) and permeability (l) are negative, was proved
half a century ago.6 However, due to the constraints present in obtain-
ing a naturally existing material with negative permeability, new and
exotic artificially engineered materials proposed by different authors
have gained much attention in modern physics. Typically, a pair of
short wires aligned with an electric field supports resonance with e <0,
and the wires along the magnetic fieldH, direction act as magnetic res-
onators, providing negative l.7,8 Even though such arrangement sup-
ports NIM, overlapping electric and magnetic resonances is a very
difficult task. As a solution to this, a fishnet structure was introduced
to realize both l<0 and e<0 at near-infrared (NIR) frequencies.9,10

Most of the experimentally implemented optical fishnet metama-
terials consist of a multilayer structure and require multiple evapora-
tion steps to obtain a bulk fishnet metamaterial.11–13 The fabrication
process can be laborious, especially when many functional layers are
needed with precise thicknesses. Over the past years, self-rolled nano-
technology is proved to be an efficient technique for the fabrication of
curved multilayer structures,14–18 as they overcome the problem of
multiple depositions steps. Rottler et al. have shown curved fishnet
metamaterial consisting of six alternating layers, using semiconductor
strained gallium arsenide (GaAs)/indium GaAs (InGaAs) layers on

top of the aluminum arsenide (AlAs) sacrificial layer that was grown
by molecular beam epitaxy (MBE).19 Upon etching the sacrificial layer,
the strained layers start to roll, and in this way, it simplifies the process
of multiple depositions and obtaining fishnet metamaterials. However,
the circular nature of the rolled-up structure brings the challenge to
the spectral characterization of the fishnet metamaterials especially
when the diameter is small. Therefore, although a prototype of a fish-
net metamaterial was fabricated, the NIM behavior of such curved
fishnet structures has not been realized. One of the possible solutions
to the problem is to achieve bigger rolled-up tubes (RUTs) using other
materials such as silicon nitride (Si3N4), silica (SiOx/SiO2), and noble
metals. Recently, such RUTs with bigger diameters have been demon-
strated for biological applications.16,20–23

In this work, we experimentally demonstrate a curved fishnet
metamaterial that consists of eight alternating layers of gold (Au)
and silicon dioxide (SiO2). RUTs are fabricated by utilizing resist as
a sacrificial layer. The nanohole structures are then milled through
the upper wall of a tube. The resist-based RUTs provide the possi-
bility to include different kinds of materials into the layers of a tube
with controllable diameters. The fabricated structure exhibits a neg-
ative index of refraction at a range from 700 to 900 nm with the
maximum figure of merit (FOM) of 2.76. In addition to efficient
design, we experimentally demonstrate that the reflectance from
the fishnet structure on rolled-up tubes exhibits low loss. Moreover,
we tune the wavelength of the negative refractive index range by
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adjusting the length and the width of the nanoholes forming the
fishnet metamaterials.

The fishnet structure consists of rectangular nanoholes on eight
alternating layers of Au and SiO2 with the periodicity of 400 nm
along both x- and y-axes. The schematic of the structure is shown in
Fig. 1(a). To investigate the effect of the size of rectangular holes on
the resonance, we simulated the fishnet structure using a commercially
available Ansys Lumerical finite-difference time-domain (FDTD)
solver. The size of the hole is fixed along the x-axis to w¼ 230nm and
is changed from l¼ 190 to 270nm with the step size of 20 nm along
the y-axis. The reflectance spectra of the fishnet structure with differ-
ent hole sizes excited with y-polarized plane wave source are presented
in Fig. 2. By increasing the size of the hole along the y-axis, we observe
a blueshift in the resonance from 828 to 727nm. The holes embedded
in the RUT generate two resonances relative to the direction of the
incident electric and magnetic field components. The cross section
along the magnetic field exhibits magnetic resonance, while the oppo-
site cross section along the electric field exhibits electric resonance.
These two resonance effects result in the negativity of l and e of the
proposed fishnet structure.

To experimentally realize the fishnet structure, we adopted a
resist-based rolled-up technique to reduce the deposition steps for
metal and dielectric layers. Instead of costly and tedious MBE deposi-
tion, we used a spin-coated photoresist as a sacrificial layer. Such a sac-
rificial layer can be easily etched without compromising the quality of
obtained tubes. In addition, the fishnet structure integrated into the
wall of RUT eliminates an undesirable effect caused by the substrate of
decreasing the negative refractive response, especially prominent in
the structures with a small number of functional layers.24 We depos-
ited 60nm of SiO2 and 20nm of Au on top of a photoresist. By quickly
removing the photoresist with acetone, we were able to form tubes
with large diameters (�10lm). The schematic image of RUT is given
in Fig. 1(b). The fishnet structures were created using the FIB milling
method. The large diameter of RUT supported an array with 20 unit
cells along the x-axis and 30 unit cells along the y-axis on the upper
curvature of the tube. The number of unit cells was limited by the size
of the curvature of the tube. As the length of the tube is sufficient, we
fabricated all of the five designs on the same tube to maintain the
same material environment and focusing surface for the measure-
ments. The array size of 8� 12 lm2 is sufficiently large to be charac-
terized using a 100� microscope objective. Overall, we fabricated five
different fishnet structures on a 75lm long RUT (see the supplemen-
tary material). Figure 3 shows microscope and scanning electron
microscope (SEM) images of the fabricated structure on top of the

RUT. The RUT formation was confirmed by taking microscopy
images. We took the SEM images from the top of the tube to verify the
quality of the structure, see Figs. 3(c)–3(g). For structural analysis such
as the RUT quality and the number of layers, a cross-sectional SEM
image was taken, as shown in Fig. 3(h).

The fabricated fishnet structures were characterized using the
100� objective and y-polarized broadband white light source
(Energetiq EQ-99XFC LDLC, spectrum 190–2100nm). The reflection
spectrum of the fishnet from the upper curvature of the RUT was
obtained with respect to the acquired reflection from the unpatterned
area of the Si/SiO2 substrate. Figure 4 presents the reflectance mea-
surements for different hole lenghts. The resonance for the smallest
hole size appears at 870 nm and blueshifts toward the lower wave-
length as the size of the hole is increased. These results are in a good
agreement with the simulated results presented in Fig. 2. In this work,

FIG. 1. (a) Schematic representation of a fishnet structure unit cell, where Px and
Py are set to be 400 nm, w¼ 230 nm and l is changed from 190 to 270 nm.
(b) Schematic representation of the RUT.

FIG. 2. Numerically calculated reflectance from the fishnet with five different hole
sizes.

FIG. 3. (a) A microscope image of the RUT with eight alternating metal and dielec-
tric layers with a fishnet pattern on the upper curvature (top view). (b) SEM image
of the same RUT. A zoom-in of a fishnet with hole size (c) 270, (d) 250, (e) 230,
(f) 210, and (g) 190 nm. (h) An SEM cross section image of the RUT wall.
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we overcome the characterization limit of nanostructures on the RUT
walls.

Finally, we analytically calculated the refractive index of the simu-
lated and fabricated fishnet structures using the parameter retrieval
method (S-parameter)25 (see the supplementary material for details).
The negative index is observed around the resonance region of the
reflectance spectrum of the structures. Therefore, we limited the calcu-
lation range of the S-parameters from 700 to 950nm. In addition to
resonance wavelength, the quality factor (Q-factor) of the resonance is
important. The Q-factor of two longest structures [Figs. 3(c) and 3(d)]
are low. Therefore, we only focused on the index of the first three
structures (190, 210, and 230nm). Figures 5(a)–5(c) shows real and
imaginary parts of refractive index for 190, 210, and 230nm case,
respectively. The fishnet design with a high Q-factor (190nm case) has
the largest negative index value compared to two other cases. The neg-
ative index region is highlighted by gray color in each graph. However,
the large value of the real index [Re(n)] is not the only criteria to
design NIMs. In order to define a high-quality NIM, one needs to
define the imaginary part [Im(n)] as well as the Re(n). A figure of

FIG. 4. Experimentally measured reflectance from the fishnet with five different
hole sizes.

FIG. 5. The refractive index calculated with the S-parameter retrieval method for fishnet structure with hole size (a) 190, (b) 210, and (c) 230 nm. (d) FOM of all fishnet struc-
tures vs the holes’ size.
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merit (FOM) was used to calculate the ratio between Re(n) and Im(n)
[FOM ¼ ReðnÞ=ImðnÞ]. The maximum value of the calculated FOM
for the fabricated structures is 2.76. This FOM is three times higher
than in the work based on the rolled-up structures reported earlier,19

which indicates the low-loss feature of the fishnet metamaterial in this
work.

In conclusion, we demonstrated the fabrication of low-loss fish-
net metamaterials integrated in the RUT consisting of eight alternating
layers of metals and dielectrics. In our fabrication, we used resist-based
rolled-up nanotechnology to simplify the fabrication procedure of
RUTs and achieved microtubes with a diameter as large as 10lm. The
FIB technique was used to obtain the nanoholes with different dimen-
sions on the fabricated RUT. We experimentally characterized the
obtained curved fishnet metamaterials, which are in good agreement
with the theoretical calculations. By the numerical calculations, we
also demonstrated that our structures exhibit a negative index. We
showed that the negative index region can be tuned by precise control
of the holes size, from k ¼ 887 to k ¼ 717nm. We obtained the FOM
as high as 2.76 in the NIR range.

The curved metamaterial, in general, opens up the possibility
to prepare three-dimensional devices. It is favorable to control the
region of the negative refractive index. We found out that by con-
trolling the size of the fishnet, we can tune the NIM response. The
results that we obtained are especially beneficial from the point of
view of the easily available fabrication materials. Indeed, our
results show a simple and flexible platform that can be used for
fabrication of RUT-based metamaterials. It is possible to shift the
NIM response toward the visible spectrum by using silver Ag based
RUTs. Moreover, the RUT with the embedded fishnet structure
can possibly serve as the microfluidic channel where biological
imaging and sensing can be done.

See the supplementary material for the S-parameters calculations
and sample fabrication details.
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ABSTRACT: Planar metasurfaces provide exceptional wavefront
manipulation at the subwavelength scale by controlling the phase
of the light. Here, we introduce an out-of-plane nanohole-based
metasurface design with the implementation of a unique self-rolling
technique. The photoresist-based technique enables the fabrication
of the metasurface formed by nanohole arrays on gold (Au) and
silicon dioxide (SiO2) rolled-up microtubes. The curved nature of
the tube allows the fabrication of an out-of-plane metasurface that
can effectively control the wavefront compared to the common
planar counterparts. This effect is verified by the spectral
measurements of the fabricated samples. In addition, we analyti-
cally calculated the dispersion relation to identify the resonance
wavelength of the structure and numerically calculate the phase of the transmitted light through the holes with different sizes. Our
work forms the basis for the unique platform to introduce a new feature to the metasurfaces, which may find many applications from
stacked metasurface layers to optical trapping particles inside the tube.

KEYWORDS: metasurfaces, rolled-up tubes, wavefront control, nanoholes

■ INTRODUCTION

In recent years, metamaterials with unusual electromagnetic
properties have provided extensive control on the response of
electromagnetic waves with the arrangement of subwavelength
antennas.1,2 Particularly, the two-dimensional counterparts of
metamaterials (metasurfaces) have been extensively studied to
achieve applications such as metalenses,3−5 beam steering
devices,6 color filters,7 visual gas sensing,8 holography,9 and
optical trapping10 devices. Different levels of manipulation and
efficiency were obtained in these applications, which are
provided by the arrangement of different antennas such as V-
shaped antennas,11 elliptical,12 square nanoposts,13 and
perforated nanovoids or nanoholes.14,15 Especially, the nano-
hole arrays contribute to the flexible metasurface platforms with
different applications due to their top-down approach for
incorporating various materials.16

Notably, when these nanohole arrays are obtained on the
structures comprising stacked metal-dielectric layers, the
spectral response is much richer as the additionally supported
surface plasmon polaritons (SPP) modes arise. Not only single-
interface (external) SPP17 but also a gap (internal) SPP18,19 are
supported in these nanohole arrangements introduced on a thin
metal layer or metal/dielectric stacks. Over the last several years,
these nanohole arrays delivered interesting features and
applications from extraordinary transmission20 to enhanced
biosensing21 and realization of the negative refractive
index.22−24 Lately, Matsui et al. brought metal-dielectric hole

arrays to the metasurface applications using different shapes to
control the phase of the transmitted light.25 Additionally, an
inclined wavefront for beam steering in the near-infrared range
has been achieved using a gradual change in the hole size.26

These inverted metasurfaces in contrast to the regular ones lead
to a significantly higher signal-to-noise ratio and efficient
focusing of the incident light.15 However, the fabrication of
such structures is typically based on subsequential layer
deposition of metal and dielectric, which require precise control
on the deposition of each layer. For research applications, such
an approach is not only time-consuming but also limited by the
uniformity and reproducibility of each layer, given the
involvement of multiple steps of deposition. Yet, a unique self-
rolling mechanism of multilayer metal and dielectric/semi-
conductor materials with fewer deposition steps can provide an
excellent solution to these challenges. The strain-induced self-
rolling method, known as the thin-film self-rolling technique for
three-dimensional (3D) rolled-up tubes (RUTs), has been used
in different fields after it was introduced in semiconductor
bilayers grown by molecular beam epitaxy (MBE),27 including
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electronic,28 magnetoelectronic devices,29 single-cell culture
study,30 and biological sensing.31−33 Although applying a self-
rolling method to fold more complex structures opens new ways
to produce 3D photonic micro-objects with novel designs and
optical properties, it has not been adopted yet into metasurfaces.
This work introduces another degree of control over the

design of planar metasurfaces by providing an out-of-plane
contribution to wavefront modification. We utilized the
curvature of strain-driven self-rolling three-dimensional RUTs
formed of gold (Au) and silicon dioxide (SiO2) layers to obtain a
unique metasurface with rectangular nanohole arrays. Nano-
holes were fabricated on the multilayer metal/dielectric walls of
the RUTs with different sizes to introduce a gradual shift to the
phase of the transmitted light. While enriched dispersion
provides the coupling to hybrid plasmon modes, the
metasurfaces on the RUTS wall provide additional degrees of
freedom to modify the dispersion of the planar structures. The
circular curvature of RUTs provides an extra phase difference
that leads to an additional wavefront control mechanism
compared to the planar metasurface designs. Our approach of
using RUTs does not only reduces the fabrication time and the
related challenges but also grants a powerful and unique
wavefront control and dispersion engineering platform. The
integration of self-rolling systems with the advanced meta-
surfaces enables various unique optical functionalities from
stacked nonlinear34,35 metasurface layers to optical trapping of
particles inside the tube.

■ METASURFACE DESIGN

To facilitate the properties of the modes in nanohole-based
metasurface design, we implemented the dispersion relation of
the stacked metal-dielectric film and illustrate the different
plasmon mode excitations using the Helmholtz equations (see
the Supporting Information for details). Although the proposed
formulation is an approximation of themetasurface design, it can

be extended to the general case of multiple layers with random
permittivities. This formulation is used to elucidate the
properties of SPPs, the propagating modes on the surface, and
the inside of the stacked hole metal-dielectric layers.
Predominately, localized surface plasmon excitation in meta-
materials is relevant due to its distinguishing feature of confining
an optical field in the subwavelength regime and guiding the
optical field to a relatively long distance. These external and gap
plasmon modes, excited by the metamaterials with holes, have
been of interest and used to understand the acquired resonances
in the reflectance spectra.36

To account for the periodic nanoholes embedded in the
multilayered structure (20 nm of a Au layer and 60 nm of SiO2),
we implemented the dispersion relation between the wavevector
|k  spp| and the reciprocal lattice vectors to illustrate that the
interaction between an incident optical field and SPP obeys the
conservation of energy and momentum (see Supporting
Information for details). Figure 1a illustrates the reciprocal
lattice vectors G i,j for the stacked hole arrays, the external SPP,
gap SPP, and the light-line of the dielectric media. The relation
between the SPPs and the conservation of momentum is linked
to the reflectance resonance dip, as shown in Figure 1b.
Once the dispersion of the stacked layers is identified, the

effect of the rectangular hole size on the resonance was
investigated by a finite difference time domain (FDTD) solver
(Ansys Lumerical FDTD Solutions). The reflection spectra of
nanoholes with different sizes reveal the gradual change in the
resonance wavelength from 830 to 750 nm. The design is
composed of eight alternative layers of SiO2 and Au with
periodic hole arrays. The periodicity of the hole is 400 nm in
both x- and y-axes. The hole size is fixed along the x-axis (230
nm) and changed from 190 to 270 nm along the y-axis with a
step size of 20 nm. Figure 1b presents the blue shift in the
reflection spectra for the y-polarized illumination, with the

Figure 1. (a) Dispersion curves of the external and gap SPP modes excited by metamaterials milled with holes. The light-line ϵd shows the dispersion
relation of the dielectric medium and the G parameter corresponds to the reciprocal lattice vector of the stacked holes. The two orange circular insets
illustrate the relation of SPPs and the conservation of momentum as a function of the lattice periodicity. (b) Reflectance curves of five different hole
sizes. The gray line shows the blue shift in the reflectance spectra as a function of different hole sizes. (c) y component of electric field (Ey) in the x−y
plane from the top at 640 and 780 nm are presented in top panels. Similarly, a cross section view of the x component of magnetic field (Hx) at 640 and
780 nm are presented in bottom panels.
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gradual size increase of the periodic nanohole arrays (see the
Methods section for details).
We calculated the mode profile at 640 and 780 nm for the 230

nm nanohole case, which corresponds to external SPP and gap
SPP, respectively. In Figure 1c, the top two panels show the y
component of the electric (E) field in the x−y plane. The bottom
panels show the x component of the magnetic (H) field; the
cutting plane was in the middle of the unit cell with normalized
color codes. The first mode at 640 nm indicates that the fields
are propagating on the top layer of the metal and air interface, an
indication of external SPP. On the other hand, in the other
mode, the fields are localized inside the hole and dielectric
between the metal layers at 780 nm. Thus, the mode profile at
780 nm is evidence of the gap SPPs, which can be controlled by

changing the hole size. Figure S2 presents Ey for a multiple unit
cell at λ = 640 and 780 nm.
As the modes provided by the different size nanoholes were

identified, it is possible to bring them together in the design of
the metasurface. To investigate this, the change in the phase of
the E-field by increasing the hole size was simulated at λ = 750
nm. Figure 2a, shows the numerically calculated phase profile of
five different hole sizes up to 2λ along the direction of the
propagation (z-axis). As the hole size changes from 190 to 270
nm, the transmitted light experiences an additional phase. Thus,
increasing the hole size from 190 to 270 nm gradually with a step
size of 20 nm along the polarization direction (while keeping
other parameters fixed) will introduce a gradual change of 0.95
radians in the phase. Although this can be optimized further for

Figure 2. (a) Phase profile (units in radians) of the y component of the E-field up to 2λ from the nanoholes changing along the y-axis from 190 to 270
nm at λ = 750 nm. Awhite arrow is added for better visual comparison. (b) Top view of varied hole size structures is used to obtain wavefront control. A
unit cell is composed of five different hole sizes. (c) Schematics of inclined wavefront transmitted inside the RUTwith nanoholes on the top curvature.

Figure 3. Sketch of the sample geometry showing the thin films deposited on top of the resist that rolls up from the substrate when resist was removed.
(a) Thick resist (2 μm) was used as a sacrificial layer on the top Si/SiO2 substrate; 60 nm SiO2 and 20 nmAu were used as strained layers. (b) Released
thin films resulting in the formation of RUT with a diameter of 10 μm. (c) Optical microscopy image of RUT with nanoholes. The scanning electron
microscopy (SEM) images from (d, e) top, (f) cross section, and (g, h) bottom corner.
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specific applications, this is sufficient to explore the proof-of-
concept in this work.
The numerical results confirm that using a transition in the

hole sizes leads to an inclined phase that can be used to control
the wavefront for changing the propagation direction or
focusing. Figure 2b presents the top view of the proposed
design of the nanoholes with different side lengths changing
from 190 to 270 nm along the y-axis, which is placed in a
supercell of 2 μm. Although this simple planar design based on
the metal-dielectric stacks works efficiently to control the
wavefront, it is limited by the variation of the planar nanohole
dimensions. Therefore, the additional phase control requires the
extension of the metasurfaces design to out-of-plane. Motivated
by the recent advances in the three-dimensional self-rolling
RUTs and the fabrication of inverse metasurfaces, we combined
these features in the out-of-plane metasurface on these 3D
photonic microstructures. Figure 2c shows the cross-sectional
view of the proposed metasurface design with the additional
control, which is achieved by introducing a curve to the planar
nanohole array.

■ RESULTS AND DISCUSSION
To experimentally realize out-of-plane metasurfaces for wave-
front control, RUTs were fabricated using a self-rolling
mechanism. The first rolled-up tubes were fabricated by Prinz
et al. using a strained indium arsenide/gallium arsenide (InAs/
GaAs) bilayer with lattice mismatch.27 Although the main
fabrication approach is similar, we have adopted this technique
to our study by changing the material layers and most
importantly the sacrificial layer. The defined pattern was used
to control the size and number of turns in the RUTs. This area
was coated with 60 nm SiO2 and 20 nm Au. As these thin films
inherit the strain due to the different deposition rates, this strain
generates the RUT formation when released by etching/
removing the sacrificial layer with acetone (see the Methods
section for details). The diameter of the tubes was controlled by
changing the thickness of SiO2 and Au. Additionally, the type of
stress on each layer defines the direction of rolling.37 To achieve
the rolling in an upward direction, we first deposit SiO2 with
compressive stress at a low deposition rate and then Au with
tensile stress by adding an adhesive layer of titanium (Ti) at a
high deposition rate, as schematically shown in Figure 3a, b.

In addition to the thin-film stress, the type of sacrificial layer
plays an important role in this process. The speed of rolling
depends on the etch rate of the sacrificial layer, which also
defines the diameter of the tube. The faster the sacrificial layer is
removed, the more strained material is available to roll.
Therefore, the size of the circumference of the tube gets bigger
if the sacrificial layer is removed abruptly. For this study, a
photolithography resist was chosen as a sacrificial layer. The
resist was removed in 15 seconds (s), restricting the Au and SiO2

layers to get compact rolling compared to other sacrificial layers
that take hours to etch. Therefore, the use of the resist not only
yielded to bigger diameter microtubes compared to other
sacrificial layers such as aluminum arsenide (AlAs)27 or
germanium (Ge)38 but also provided a quick process with
tight rolled layers.
We targeted a diameter of 10 μm with this process to

introduce the effect of the curvature on the spectral response of
the metasurfaces and also to overcome the characterization
limitations. A tube with a diameter of 10 μm supplies a surface
area that is big enough to accommodate 20× unit cells of 400 nm
(or four supercells). In addition, the curvature of such diameter
provides the out-of-plane effect with respect to the operating
wavelength. Once the desired diameter of 10 μm is achieved, we
specified the number of turns and the size of the tube by
designing the rectangular pattern. The short side of the rectangle
defines the length of the tube and the number of turns is the
function of the longer side of the tube, as the rolling happens
along the longer edge of the rectangle. A 75 × 125 μm2

rectangular pattern was used to achieve the 75 μm long tube
with four turns, meaning eight alternative layers of SiO2 and Au.
The nanohole arrays were obtained using focused ion beam
(FIB) milling on the upper curvature of RUT. The optical
microscopy image and the scanning electronmicroscopy (SEM)
images of the milled area (8× 12 μm2) (see theMethods section
for details) are presented in Figure 3c−h. The quality of the tube
is first confirmed using an optical microscope, as shown in
Figure 3c. The FIB milling is performed on the center of the
curvature to achieve better quality metasurfaces, presented in
Figure 3d, as a complete device, and a supercell in Figure 3e. The
cross-sectional SEM image is taken to confirm the number of
bilayers, as shown in Figure 3f. The tilted images are used to

Figure 4.Comparison of different hole size (a) resonance dips in reflection, (b) transmission intensity and phase at λ = 750 nm, (c) phase response of
the y component E-field at λ = 750 nm for planar and curved metasurfaces with different hole sizes, respectively, (d) simulated and measured
reflectance spectra of the fabricated sample with nanoholes of different sizes from the planar (black) and curvedmetasurface (red (simulation) and blue
(experiment)) along y polarization.
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measure the diameter and rolling quality of the tubes, as shown
in Figure 3g, h, respectively.
Additionally, metasurfaces formed by array of nanoholes with

a constant size were fabricated for five different sizes on the same
RUT. Figure 4a highlights the resonance value for five different
hole sizes used in the design of the out-of-plane metasurfaces.
The resonance from simulation (blue diamonds) and fabricated
samples (green triangles) shows quite a good agreement. To
control the wavefront of light, it is important to achieve a
maximum phase difference. However, this phase difference
should be achieved with low modulation in the intensity of the
transmitted light. Figure 4b presents the comparison between
the transmission intensity (red line with circles) and phase
(black line with rectangles) of the transmitted light at λ = 750
nm, showing that the proposed metasurface has minimum
intensity modulation. However, changing the hole size from 190
to 270 nm results in a ∼1 radian phase difference, which is
suitable for the proof-of-concept phase control in out-of-plane
metasurfaces.
Figure S3 comparatively presents the phase profile for two

different cases (planar metasurfaces and curved metasurfaces)
with a single hole size (190 nm). The planar metasurfaces with
equal hole size confirm no phase gradient and the electro-
magnetic field propagates forward without any change in the
propagation direction. Contrary to that, the curved metasurfaces
with the same hole size slightly bend the light toward the center
of the tube. This unique nature of the curved metasurface
introduces an additional control to the light propagating inside
the tube compared to that of the planar case. The curvature of
RUT brings a new degree of freedom to control light in a more
effective manner compared to planar metasurfaces.
Finally, we investigated the role of the curvature on the

wavefront propagation inside the RUT with nanohole arrays. To
identify this, first, the phase response from the metasurfaces with
a uniform hole size at λ = 750 nmwas calculated. Then, to mimic
the effect of the curvature, we calculated the phase response of
the metasurfaces with five different hole sizes in a supercell (2
μm). The change in the hole size along the y-axis introduces a
gradual change in the phase, leading to steady wavefront control
in one direction (Figure 4c). The change in the phase for the
planar case is due to the change in the hole size. However, the
phase response for the out-of-plane metasurfaces has additional
bending, which is the outcome of the curvature of the tube. The
curvature of the RUT defines the additional phase component
for the out-of-plane nanohole-basedmetasurfaces. For our RUT,
each hole has a tilt of 6° compared to the adjacent nanohole. We
calculate the phase response of the 230 nm hole case for five
different angles to see the effect of the curvature of the tube in
addition to the hole size. Figure S4 presents the phase response
of five different angles. The results show that the curvature of the
RUT brings an additional phase control compared to the planar
case, which only depends on the size of the hole. For a single unit
cell, we obtained a change of 0.77 radian in the phase, while
changing the tilt angle from 12° to −12° (see the Supporting
Information for details).
The fabricated samples were characterized using a confocal

microscope with results presented in Figure 4d. The simulation
results are presented in the same figure for two different
metasurfaces with planar (in black) and curved (in red)
metasurfaces, which are illuminated by a y-polarized light
source. The measurement (in blue) has a better agreement with
the numerically calculated results for the curved metasurface
design (see the Methods section for details). The spectral

response of the supercell is an average of all of the individual
holes. The experimental results show that the out-of-plane
metasurfaces will be different from the planar metasurfaces. This
new degree of freedom will allow better control of light and will
open an entirely new avenue to utilize the light inside the tube.
This controlled propagation of light can be used to selectively
manipulate and sense the particles inside the RUT.

■ CONCLUSIONS AND OUTLOOK
In conclusion, we introduced a new characteristic to the
metasurfaces that use the advantage of a self-rolling mechanism
to reduce the fabrication steps of multilayered structures and
effectively control the optical field in contrast to planar
metasurfaces. The dispersion relation for the metal/dielectric
multilayer structures was analytically calculated to predict the
resonance values for internal and external SPPs. In addition, we
numerically calculated the resonance wavelength and the phase
profile of each nanohole to design the metasurface. We
experimentally realized the unique metasurfaces via the self-
rolling mechanism and the FIB technique and measured the
reflectance spectra of the fabricated metasurfaces. The numeri-
cally studied wavefront demonstrates the effect of the curvature
on the wavefront defined by the metasurface. Another key result
obtained in this study is the usage of the resist as a sacrificial
layer. This yields a cost-effective, fast, and easy method to obtain
RUTs that can be utilized in different metasurface-based
applications.
While our samples demonstrate desired properties, it is

possible to further improve the properties using the optimized
RUT curvature for the operating wavelength. Additionally, the
out-of-plane metasurfaces can be improved further using the
neural network techniques for the metasurface design, better
modeling approach,39 and increasing the number of meta-atoms
(nanoholes) in a supercell. This will allow higher phase
difference and even better wavefront control. Moreover, the
signal-to-noise ratio/efficiency of meta-atoms can be improved
using thin metal layers. Apart from that, our approach can be
used to fabricate more complex structures on RUTs, for
example, Babinet-inverted nanoantennas,15 to achieve meta-
lenses for focusing and imaging purposes inside the tube.
Overall, the results of this study open a unique platform for out-
of-planemetasurface design, which provides possibilities for new
kinds of metalenses, beam steering, and optical trapping of
particles inside the RUTs. These applications may also lead to
different platforms when integrated with already demonstrated
properties of the RUTs such as wireless energy transfer, tunable
shape, and neural guidance.

■ METHODS
Numerical Simulations. The optical response of fabricated

nanoholes inside the eight alternative layers of Au/SiO2 is numerically
calculated using Ansys Lumerical FDTD Solutions. 3D electromagnetic
simulations of reflection, phase, and E-field profiles were performed.We
used the experimental dielectric functions provided in the literature to
model Au40 and SiO2.

4141 To obtain the optical response of nanoholes
with different side lengths, we set our boundary conditions to periodic
along the x- and y-axes and perfectly matched layer (PML) in the
direction of propagation (z). The unit cell of size 400 nm was
illuminated by a linearly polarized plane wave source in the y direction
with a 450−950 nm spectral range. A conformal mesh of 4 nm was used
in the simulation region while a finer mesh of 2 nm was employed in the
region enclosing the multilayers to get better resolution.

The reflection results for a single unit cell with five different hole sizes
were calculated along y polarization. However, the electric field was
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calculated by exciting the samples with the same linearly polarized total-
field scattered-field (TFSF) source in the y direction with PML
boundary conditions along x, y, and z axes. The complete supercell with
the same and different holes was designed to see the effect of planar and
curved RUTs on the wavefront control and electromagnetic field
manipulations. A uniform mesh of 4 nm was used to obtain a better
resolution in the distribution of the electric field.
Fabrication. For the fabrication of RUTs, a 500 μm thick silicon

(Si) substrate coated with 280 nm SiO2 was cleaned in acetone and
isopropanol (IPA) with 10 minutes (min) sonication, and blow-dried
under nitrogen (N2) flow. To clean the organic contaminants, oxygen
plasma cleaning was done for 10 min. Once the samples were
thoroughly cleaned, they were coated with a thin layer of
hexamethyldisilazane (HMDS) at 125 °C to improve the adhesion of
the photolithography resist. The AZECI3012 resist was spin-coated at
3000 rounds per minute (RPM) for 40 s. The resist was soft baked at 90
°C for 90 s. The spin-coated samples were exposed using the Suss MA6
mask aligner for 4 s under an ultraviolet (UV) lamp using the
rectangular pattern in the mask. The postbaking process was done at
110 °C for 60 s. The samples were developed for 60 s using anMIF 726
developer and then rinsed three times in deionized water.
The developed samples were coated with 60 nm SiO2 using electron

beam deposition at a rate of 0.1 nm/s. The thickness of SiO2 was
confirmed using an ellipsometer. In the second step of deposition, the
samples were coated with 2 nm Ti and 20 nm Au at 0.3 nm/s. The Ti
layer was used for better adhesion of Au. Acetone was used to lift off the
thin films on top of the resist. The samples were placed gently inside a
beaker containing acetone. The samples were kept in acetone for 5 min,
then moved to IPA for 30 s, and blow-dried under N2 flow. While
removing the resist, SiO2 and Au layers started to roll due to the stress
introduced during the deposition process. An optical microscope was
used to ensure the quality of the tubes.
A Zeiss Crossbeam 540 FIB machine was used to mill the samples.

The acceleration energy of Gallium ions was 30 KeV. The ion current
used in the experiments was not determined because it was not
calibrated, but a 1 pA probe was used.
Optical Characterization. Reflectance spectra were measured

using a Confocal Raman microscope from WiTec (alpha300R). The
samples were excited with a broad-band light source (Energetiq EQ-
99XFC LDLC, spectrum 190−2100 nm). The optical beam was
focused on the curvature of the tube with metasurfaces using a Zeiss
“Epiplan-Neofluar” 100× objective (NA = 0.7 WD = 0.31 mm) with a
linear polarizer operating in the visible range. To detect the reflected
signal, the same objective was used to collect the light in the normal
direction. The collected light was coupled to an optical fiber connected
to an Ocean Optics Flame UV−vis Spectrometer, with a detection
range from 400 to 980 nm. We first measured the reflection spectrum
from a reference Ag mirror. Then, we measured the reflection spectrum
of the nanorectangle array on the curved RUT. The reflectance spectra
(reflectance) were calculated according to the following formula

= −
−

I I

I I
reflectance sample sub

source BG (1)

where Isample is the collected reflection spectrum of the nanostructures;
Isource is the acquired spectrum of the broad-band light source, which is
measured using a perfect reflector; Isub is the substrate reflection,
acquired from the unpatterned area of the Si/SiO2 substrate; and IBG
stands for the background counts, acquired by the used system.
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