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Chapter 1

Abstract

Plasmonic metamaterials are artificial materials typically composed of noble metals in which
the features of photonics and electronics are linked by coupling photons to conduction elec-
trons of metal (known as surface plasmon). These rationally designed structures have spurred
interest noticeably since they demonstrate some fascinating properties which are unattain-
able with naturally occurring materials. Complete absorption of light is one of the recent
exotic properties of plasmonic metamaterials which has broadened its application area con-
siderably. However, up to date all of the applied methods (perforated metallic films, grating
structured systems, and conventional metamaterials) are costly and suffer from a lack of flex-
ibility. Furthermore, their absorbance is mainly limited to a narrow spectral range or their
fabrication is costly. So, such drawbacks make their vast application almost impossible.
Here, in this dissertation, we design, fabricate and characterize a novel perfect absorbers
based on nanocomposites whose total thickness is only a few tens of nanometers and its
absorption band is broad, tunable and insensitive to the angle of incidence. The nanocom-
posites consist of metal nanoparticles embedded in a dielectric matrix with a high filling
factor close to the percolation threshold. The filling factor can be tailored by vapor phase
co-deposition of the metallic and dielectric components. Accordingly, three types of metals
(gold, silver and copper) as the inclusions of the nanocomposite and four different mirrors
(gold, silver, copper and aluminum) are used as the base layer. The high absorption of these
metamaterials are originated from the huge absorption capability of the metallic nanoparti-
cles (smaller than 5 nanometer in diameter) via localized plasmon resonance, confinement of
the light within the tiny gap between nanoparticles as well as interference of the light by re-
flection through the layers. To functionalize the system, polymer-photoswitchable molecules
were added as the top or spacer layer which enable us to demonstrate a photodriven perfect
absorber in which the absorption band can be broadened or narrowed by ultraviolet or visible
light illumination, respectively. In this approach, the absorption tuning is originated from
the bond-breakage of the molecules which can be activated by irradiation. Due to the strong
interaction of the molecules and metal mirror, plasmon-exciton coupling happens which not
only enhances the absorption but also shifts or splits the absorption band. Also as the spe-
cific highlight of the idea, we show that a thin plasmonic nanocomposite film on a silicon
wafer covered by a silicon dioxide film would diminish the reflection in a broad range of fre-
quency and make a new class of plasmonic anti-reflection coating. Our novel concept (called



hybrid ARC) combines two possible arrangements for the layers in an anti-reflection coating
into a single structure; albeit at two different wavelengths. Its performance originates from
the strong dispersive nature of the nanocomposite. Furthermore, we show that the current
metamaterial on a metal reflector can be used for visualization of different colorations as a
plasmonic rainbow despite its sub-wavelength thickness.



Chapter 2

Introduction

2.1 Materials for energy

Air pollution and global warming are two of the furthermost anxieties of human health and
political stability. Energy insecurity and rising prices of conventional energy sources such as
fossil fuel and atomic energy are the other challenges of the growing society of the current
century [1]. One solution to the imminent energy shortage is to adopt renewable energy
sources and technologies |2|. Principally, every form of energy in the earth is solar in ori-
gin. Oil, coal, natural gas and woods were initially formed by photosynthetic processes and
further turned to their known form by long and complex chemical reactions. Even the wind
energy has a solar source as it is routed from the temperature differences in dissimilar areas
of the earth. Solar energy is more favorable than other resources since it is clean and can be
supplied with no ecological contamination [3|. According to International Energy Agency
(IEA): "The development of affordable, inexhaustible and clean solar energy technologies
will have huge longer-term benefits. Tt will increase countries’ energy security through re-
liance on an indigenous, inexhaustible and mostly import-independent resource, enhance
sustainability, reduce pollution, lower the costs of mitigating climate change, and keep fossil
fuel prices lower than otherwise. These advantages are global. Hence the additional costs of
the incentives for early deployment should be considered learning investments; they must be
wisely spent and need to be widely shared [4]." However, the energy cost of solar industry
is still high, and massive efforts is needed to reduce the price. In fact, most of the price of
solar panels is owing to the expenses of silicon materials and processing [5]. Consequently,
any method which reduces the material quantity of the cells whereas increasing the output
would be desired. Among the various strategies which are applied for expenses reduction,
deployment of plasmonic metamaterial in solar panels is rather new but it is nowadays con-
sidered as a potential approach for realization of more cost effective solar materials. Thanks
to the localized nature of the plasmonic system, the thickness of the absorbing layer of solar
materials can be considerably reduced [5] which could ultimately lessens the solar energy
cost.



4 2.2. Plasmonic and Metamaterial

2.2 Plasmonic and Metamaterial

Plasmons are resonant modes that entail the interaction amid free charges and electromag-
netic waves. Their oscillation originates from the restoring force that the distorted charge
distribution applies on the mobile charges as soon as they are dislocated from the equilibrium
state [6]. In other words, surface plasmon polaritons are the waves that propagate along the
interface of a conductor and insulator |7, evanescently confined in the perpendicular direc-
tion [8]. Surface plasmon modes can be localized in space in some nanostructured surfaces or
around nanoparticles, with fields confined to a sub-wavelength dimension. On the contrary,
flat surfaces allow surface plasmon to spread over a distance determined by absorption in
the metal or by geometry [6]. The light-matter interaction is considerably enhanced via
light coupling to the material surface (i.e. surface plasmon excitation). Consequently, the
incident electromagnetic wave can be confined and localized in an area smaller than that
predicted by the diffraction limit resulting in a huge electromagnetic field intensification [9].

Although the concept of plasmonic has drawn the attention of scientists and physicists
in 20" century, it has been in use since the first millennium BC when ancient civilizations
made use of them for decoration and artistic purposes [10]. A glimpse at the old colored
(stained) glasses (e.g. the Roman Lycurgus cup and stained glasses in churches), colorful
statues (e.g. the mask of the Tutankhamen’s mummy), painted tiles (the Immortal Soldiers
at the Darius’ palace in Susa and the Ishtar Gate in Babylon) one can observe the range
of different colors (blue to red) mainly arose from different metal/metal oxides particles
embedded in a dielectric (ceramic) matrix. The colorful facades of the mentioned ancient
sculptures might not be only plasmon originated but also the existence of metal /metal oxide
particles in their top surface is one of the major reasons of their charming color. [11,[12].
Jaber-ibn-Hayyan, prominent Iranian chemist, was one of the first researchers who wrote a
unique treatise of technical recipes dealing with the manufacture of colored glasses, making
lustre-painted glass (stained glass) and coloring gemstones in the late 8" century (details
can be found in [13]). Recent chemical and microscopic [14] analyses of a selection of lustre
ceramics dating from the last quarter of the 10" century AD to the second half of the
13" century AD from Iran, Egypt and Syria as well as those of the 13™ century Spanish
lusters [15] proved the existence of copper, gold and silver nanoparticles (NPs) as the main
coloring components (Figure 2.1). In Figure [2.2] a lustre analyzed by Padovani et al. [16] is
shown wherein they found the traces of silver and copper nanoparticles by a X-ray absorption
fine structure (XAFS) study on lustred glazes of shards belonging to 10'" and the 13" century
potteries from the National Museum of Iran [16].

Nevertheless, physical explanation of the plasmonic phenomena was not clear before
the first report of Maxwell Garnett in 1904 when he reviewed the work of his contemporary
researchers on coloration of silver and gold particles and analyzed stained glasses (as a
well known nanocomposite) theoretically [17]. Afterwards, Gustav Mie [18] proposed an
exact solution of the Maxwell’s equations and provided an easy way to interpret the optical
properties of nanoparticles which has been used till nowadays. The plasmonic research has
redrawn great attention in the last 3 decades because of considerable advances in production
techniques of nanostructure materials (i.e. Nanotechnology). Nowadays the application of
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Figure 2.1: TEM images of a copper-like luster from Paterna, circa the fourteenth century
((a) complete structure of the luster layer and (b) magnification of the outer surface of the
luster layer; the inset corresponds to the CBED pattern of a copper particle). (¢) TEM
image of the inner part of a gold-like luster from Deruta, circa the fifteenth century. (Figure
adapted with permission. Copyright 2001, John Wiley and Sons )

Figure 2.2: Five shards of a Middle Fast Medieval lustre pottery, dated on the basis of
stylistic criteria by archaeologists of the National Museum of Iran. They belong to excavations
in Neishabur, Ray and Kashan and show white glazes enriched with gold or reddish metallic
decorations (Figure adapted with permission. Copyright 2006, Springer [@V)
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plasmonics is not limited only to decorative purposes but also a vast number of new potential
utilities of this class of nanostructures has been proposed and demonstrated so far such as
sensor [19] and catalytic activity [20] to cancer therapy |21], genetics [22| and energy [23].
In particular, now plasmonics researchers are turning their interest on solar cells, where
plasmonics could potentially improve absorption, providing a substantial reduction in the
physical thickness of absorber layers, and enabling a new alternative for solar-cell design [5].
In that sense, by proper design of plasmonic sustaining nanostructures, the electromagnetic
wave can be concentrated and 'folded’ into the absorbing layer, thus increasing the absorption
[5]. Within the last decade, with the birth of metamaterial, the capability of plasmonics for
energy harvesting has become more noticeable than before. In other words, manipulating
light at the nanoscale by means of plasmonics is complemented by metamaterials [9).

Metamaterials as artificial materials consist of designed inclusions which can show
striking and unique electromagnetic properties not inherent in the individual constituent
components. These artificially structured composites could potentially fill the gap in the
electromagnetic spectrum where the material response is limited and thereby facilitate build-
ing of new devices [24]. Negative refraction [25|, artificial magnetism [26], perfect lens (i.e.
imaging below the diffraction limit) |27], cloak of invisibility 28|, nano-lasing [29] amongst
others are the prime applications of metamaterials. Indeed, metamaterials and plasmon-
ics develop a new innovative field in photonics, by which the features of photonics and
electronics are merged by coupling a photon to a free electron gas of the metal as surface
plasmons (SPs) [30]. Despite early consideration of loss as a major limiting factor against
the performance of plasmonic metamaterials, the absorptivity is regarded as a standalone
function of them following the first experimental demonstration of metamaterial perfect
absorber [31|(For details see the review by Padilla and co-workers [32]). Although the ini-
tially proposed absorbers were simply designed for a specific frequency (narrowband), the
requirement of broadband absorption of light for energy collection initiated the ever growing
research which is known today as metamaterial absorbers.

2.3 Metamaterial absorbers

A metamaterial perfect (or super) absorber (MPA) is a device wherein all incident waves
are absorbed at the working frequency whereas transmissivity, reflectivity and scattering
are hindered [32]. They can be classified into two main categories: resonant (narrowband)
absorbers and broadband (multi-band) absorbers. In the resonant absorbers, as the name
suggests, resonance at the designed frequency is the origin of high absorption. However, the
broadband absorbers usually rely on composite materials (metamaterial) with multiple fre-
quency resonances which are coupled with each other to realize a wide-band light absorption.
In both types of the absorbers, the main challenge is the vanishing of reflection. In other
words, the reflectivity should be reduced to a negligible value by reducing the impedance
mismatch at the interface of two medium. In the following subsections and [2.3.2)),
both types of metamaterial absorbers are overviewed.
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2.3.1 Resonant (narrowband) perfect absorbers

Perfect absorption of light can be achieved in different frequencies by conventional tech-
niques of optics such as gradient layers and macroporous black metals . However
either the thickness of the film is high or the absorption completely dissipates through the
metals thereby further control of energy flow is unattainable. In metamaterial absorbers, the
structure thickness is sub-wavelength and the energy flow can be controlled to some extent
via an innovative design. Therefore, in this part, we only overview the trends in narrowband
metamaterial absorbers.

The research on metamaterial perfect absorbers started in 2008 when Padilla et al.
demonstrated the first super absorber . The system consists of two metallic films and
one dielectric layer. The top layer is an electric ring resonator (ERR) while the bottom
layer is a metallic cut wire. The electric response are provided through the two layers by
coupling strongly to impingent electric field at the design frequency. The magnetic response
however is realized using anti-parallel currents in the cut wire and the center wire of the
ERR. Consequently, any varying magnetic field may couple to these antiparallel currents,
thereby resulting in a Lorentz like magnetic response . In other words, by tuning the
magnetic and electric response of the structure (via changing the geometry of the cut wire
and the separation between the cut wire and electric resonator) independently, they could
equalize permittivity and permeability which provide the impedance matching condition. At
the resonance (GHz frequency), the reflection and transmission vanish resulting in complete
absorption. Authors attributed the loss (absorption) mainly to the dielectric loss which
occurs between the two metamaterial elements where the electric field is large. Following
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Figure 2.3: (a) Geometry of the sample studied by Hao et al. @/ Wz and Wy represent,
respectively, the side lengths of the rectangular metallic particle along the x and y axises
and t represents its thickness. d and h, respectively, denote the thicknesses of the Al,Os
dielectric layer and the gold film. a is the lattice constant. (b) Top view SEM image of the
fabricated optical metamaterial absorber. (Figure adapted with permission. Copyright 2010,

AIP [36].)

this report, the trends in metamaterial absorber community started and it initially focused
on shifting the resonance to a shorter wavelength (higher frequency). Hence, with slight
changes in the pioneering design, highly absorber metamaterials are demonstrated. For
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instance in the report by Tao et al. [37], the ERR is replaced by a split ring resonator
for electrical coupling and the ground cut wire by a flat continuous film. By shrinking the
dimension, the authors were able to show the near unity absorption at 1 THz. However, their
designed structure was polarization and angle sensitive (similar to the earlier work). This
was because of the fact that the light-surface coupling strongly depends on the orientation of
the unit cell relative to the incident field. Landy et al. [38] significantly solved the problem of
polarization sensitivity of the former design by changing the geometry of the top structure.
In the new design, an ERR with a fourfold rotational symmetry about the propagation axis
was designed and it was therefore polarization insensitive [38]. In a similar work, a terahertz
MPA is fabricated based on a simple fishnet metallic film separated from a ground plane by a
dielectric spacer, in which a near unity absorption in both polarizations is realized [39]. Liu
et al. simplified the initial design by replacing the top layer by a a cross-shaped resonator
and could achieve near unity absorption in the mid-infrared regime (6m) [40].

Complexity of fabrication of the traditional resonators for a higher frequency turned
the attention of MPA researchers to a simpler and easily scalable design. The new geometry
consisted of metal clusters or cubes above the optically thick metal film while the two layers
were separated by a dielectric film. This approach facilitated down-scaling of the operating
frequency of MPA to visible and UV. The work of Diem et al. [41] is one of the earliest
reports based on this novel design in which numerically perfect absorption in THz frequency
was demonstrated. This metamaterial consisted of tungsten wire separated from tungsten
continuous film by a layer of silicon nitride. In this arrangement a strong resonance with a
big field augmentation in the dielectric interlayer and in between the stripes can be obtained.
Tuning the size of the top stripes provides the facility to adjust the reflection, and ultimately
vanishing it. However, the authors” calculation shows that the light is partially absorbed
by the dielectric and the major absorption occurs at the surface of metallic back plate and
the rear side of the top metal structure [41]. Sun et al. replaced tungsten with silver in a
similar geometry and numerically showed that absorption in different wavelengths can be
realized [42].

The experimental realization of perfect absorption in a metamaterial with metallic
clusters and film was reported in 2010 by two different research groups. In Qiu’s group [36],
they used a rectangular gold cluster atop of aluminum oxide (Figure [2.3) while Giessen
and co-workers [43| fabricated gold cylinder atop of a magnesium fluoride film. In both
the reports, an optically thick gold film was used in order to suppress transmission. The
mechanism of the high absorption is attributed to the excitation of localized electric and
magnetic dipoles where the latter originates from circulating antiparallel currents between
the top and bottom layer (Figure . Since the dielectrics used in both the designs were
almost loss-less in the operating frequency, the trapped energy is mainly dissipated through
the metals [36],43]. The efforts to shift the realm of high absorption to visible initially faced
some technical challenges since the nanostructures with few tens of nanometer in size are
needed. Nevertheless, the first narrowband perfect absorber in visible was demonstrated in
2008 [44] in a nanoporous metallic surface. The nanoporous metal surfaces was fabricated
by electrochemical deposition of gold above a dense monolayer of latex spheres supported on
a gold plate. By removing the latex, unfilled spherical voids will remain which are buried in
the gold. The designed structure can simultaneously sustain delocalized SPPs and localized
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Figure 2.4: (a) Simulated reflectance spectra in dependence on the damping constant of
the gold film. Reflectance with zero intensity is achieved using a damping constant that is
equal to three times that of bulk gold. (b) Calculated current distribution at resonance where
perfect absorbance occurs. Antiparallel currents are excited in the gold disk and the gold film.
(Figure adapted with permission. Copyright 2010, ACS [45].)

void plasmons. The unique feature of the nanoporous absorber is omnidirectionality and
invariance to the incident angle (and polarization) [44]. A narrowband perfect absorber for
visible was demonstrated numerically later in a stack of sub-wavelength hole array and thick
metal film [45]. In that geometry, the absorption is attributed to the coupling of the light into
the top hole array which further couples to the bottom layer. Consequently, no light reflects
back and high absorption is achieved. Note that the thickness of the base layer (thicker than
the skin depth) already hinders the light transmission completely. Moreover, the successful
realization of a narrowband MPA for visible was also demonstrated by the cluster-film ge-
ometry which mentioned above [46]. More interestingly, Qiu and co-workers [47]| show in a
study that the heat generated by the metallic component of the perfect absorber can even
lead to reshaping the cluster upon exposure to an intense light. According to their report,
by irradiation of the MPA consisted of blocks as the top clusters, the shape of top struc-
ture changed to spherical domes by photothermal fusion caused by plasmonic absorption.
This approach shows the potential of MPA for photothermal demanded applications such as
biotechnology [47].

The common feature of all the narrowband MPAs mentioned above is their physical
mechanism in which the magnetic resonance (originated from the antiparallel current within
the structure) and electric resonance provide the impedance matching condition and conse-
quently high absorption. However, a numerical study by Chen [48]| showed that the assumed
significant contribution of magnetic resonance in the impedance matching of MPA to free
space is negligible. On the contrary, it is the destructive interference between the direct
reflection and the following multiple reflections that in fact confines light in the MPA and
ultimately results in the high absorption. He showed that by consideration of the inter-
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ference model, surface currents (which are antiparallel in the top and bottom structures)
through multiple excitations and superposition can be derived [48]. Accordingly, the very
recent numerical study by Shu et al. [49] approved the Chen’s postulation to some extent
where they showed that the high absorption can be achieved even if the top layer is a con-
tinuous film (unpatented). They showed that the Fabry-Perot (FP) resonance of the middle
dielectric layer plays the major role in this configuration and can provide the narrowband
perfect absorption in visible and near-infrared. The simulation of the electric field distribu-
tion over the cross-section of the absorber showed that the electromagnetic wave is mainly
trapped in the interlayer (dielectric). Moreover, the base metal film not only absorbs the
transmitted light, but also supplies a strong reflection (i.e. acts as a mirror) and forms a FP
cavity for the dielectric layer [49]. Though the later methodology works well to achieve high
absorption in the design wavelength, the structure is much thicker than the conventional
MPAs and is not very practical. Although the narrowband MPAs are not efficient absorber
for photovoltaics and solar cells, their usefulness in other applications is undeniable. For in-
stance, narrowband MPA could find application as selective emitters, detectors and sensors
(radar sensors) amongst others [32].

2.3.2 Broadband (multi-band) perfect absorbers

The trends to design and fabricate broadband MPA were initiated in parallel with its coun-
terpart absorber (narrowband MPA). Kravets et al. demonstrated one of the earliest exper-
imental results in this subject in which a broadband absorber for visible is realized based
on a thin nanostructured metallic layer shaped in the form of a composite deep diffraction
grating [50]. The near unity absorption is demonstrated only for one light polarization and
is ascribed to excitation of the localized plasmons coupled to impinging electromagnetic
waves [50]. Although the absorption intensity in such a design is high, the polarization
sensitivity which is stemmed from the grating geometry would potentially exclude its ap-
plication as an efficient energy harvesting object. In an other approach, to broaden the
absorption band of sub-wavelength hole array and thick metal film MPA (see [2.3.1), Hu
et al. [51] replaced the top layer (holes array) by a mixed-size sub-wavelength square hole
array to enable mixed plasmon resonance coupling (overlapping of resonances). However,
the absorption band was widened very small (17 nm) and it acted same as a single band
absorber.

A non-resonant broadband absorber was demonstrated by Javey and co-workers in a
new dual-diameter nanopillar structure with a small diameter tip for a minimum reflectance
and a large diameter bottom for a maximal effective absorption coefficient [52]. But the
thickness of such a structure is 2p¢m which is even far above the traditional optical absorbers.
Lehman et al. [53] also showed a very black material (super broadband perfect absorber) with
vertically aligned multiwall carbon nanotubes. In analogy to the nanopillars, thickness and
mechanical stability are the two major challenges of this absorber. The optimized sample,
for instance, needs to have around 16um thick nano-tubes.

The broadband MPAs are also demonstrated with combination of old and novel de-
signs. Due to the technological importance of the visible spectrum, the considerable efforts
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(mainly successful) are made to shift the realm of absorption to this frequency. A relatively
broadband MPA in visible was theoretically investigated by Lin et al. [54] in a three-layered
structure composed of a lossy dielectric grating as top layer and a lossy dielectric film as
the bottom layer whereas the spacer layer assumed to be a low-loss dielectric. An average
absorption of above 80% over a range of wavelengths (200 nm) is shown but the presented
MPA is highly angular as well as relatively polarization sensitive. The high absorption is
attributed to cavity-like resonance (for both the polarizations) as well as the weakly bound
surface wave (for TM polarization). In fact, the electromagnetic field is confined within the
grating structure, resulting in a strong absorption [54].

In a very different approach to that of conventional metamaterials, Kravets et al. [55|
designed a new absorber where the whole three layers are replaced with one layer of compos-
ite in which the silver clusters are incorporated in an alumina matrix. The thickness of the
nanostructured films was 150-160 nm and the diameter of silver particles varies from 100 to
120 nm. This MPA shows a broadband absorption in visible. Physically, the cause of the
strong absorption is the excitation of localized plasmons in the isolated silver particles. Ow-
ing to dipole-dipole interaction among ensemble of particles and coupling between localized
plasmon, the resonances broaden and hence realize a wideband MPA [55]. Although this
approach seems to be applicable for solar (heat) collectors, the lack of metal back plate in
this design is very detrimental. Generally, the metal mirror is used in solar selective coating
to provide high reflection (no emission) at longer wavelengths (near-infrared) to keep the
efficiency high. Application of such an approach for solar cells is very unlikely, too. If such a
black coating is deposited on any solar cells, no light can reach the cell for generation of hole
and electron because of the lack of transparency. In addition to the mentioned limitations,
the big size of the nanoparticles imposes a restriction on thickness of the film. In other
words, the film should be in the range of 150-160 nm to encompass the particles thereby
further thinning of the coating is infeasible.

Inspired from structuring of silicon surface for solar cells, Mo et al. [56] proposed that
coaxially tapered holes could be an alternative for broadband MPA in visible. Their numer-
ically designed and analyzed structure revealed absorption of more than 88% over a very
large wavelength range (300 to 750 nm). Given that the central truncated cone in each hole
makes a gradual reduction of the effective index of the film from the base to air (i.e. gradient
refractive index), the reflectivity of the structure vanishes significantly. On the other hand,
the structure of the top surface enhances the diffraction toward the base. Therefore, the
absorption of this structure is considerably higher than that of a flat gold film. Bozhevolnyi
and co-workers also used the texturing of a metal surface in order to achieve wideband per-
fect absorber (Figure [57] but in a different geometry to that of Mo et al’s. [56]. They
realized a non-resonant super absorber in a geometry composed of ultra-sharp convex metal
grooves in which adiabatic nano-focusing of gap surface plasmon modes excited by scattering
off subwavelength-sized wedges provides the high absorption. The absorption band of the
designed structure spans the whole visible with high intensity. Although these classes of
broadband absorbers are not practical for application in solar cells, they could find utility
in thermophotovoltaics. Following the structuring strategy for achieving high absorption,
Cui et al. [58] demonstrated an ultra-broadband thin film but in infrared absorber made of
sawtoothed anisotropic metamaterial. According to their investigation, shorter wavelengths
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electromagnetic waves are harvested at upper parts of the sawteeth of smaller widths, while
those of longer wavelengths are trapped at lower parts of larger tooth widths. The obser-
vation is attributed to the slowlight modes in anisotropic metamaterial waveguide. In fact,
reflection of the impinging light vanishes due to the gradual change of effective index from
air to the bottom of the sawteeth which further contributes to absorption enhancement [58].
These researchers also demonstrated in other similar works, that a structure consisted of
a periodic array of metal-dielectric multilayered quadrangular frustum pyramids results in
an ultra-wide spectral band. Since these pyramids possess resonant absorption modes at
multi-frequencies, overlapping of the resonances leads to the total absorption of the incident
waves in a wide range of frequency [59]. In an other approach presented by Bozhevolnyi and
co-workers [60], a three layers structure is used to fabricate a broadband MPA. But instead
of a structured film as the top layer, a periodic array of differently sized and circularly-
shaped gap plasmon resonators was used. In such a design, the perfect absorption originates
from the localized gap surface plasmons whose resonant excitations only weakly depend on
the angle of incidence. Because of the huge field localization by the particles, the authors
envision that such arrays can have profound applications in single molecule SERS and in
the design of ultrathin highly absorbing photovoltaic devices provided that the SiO, layer
is replaced by an active semiconductor [60]. Atwater and co-workers |61] also demonstrated
a highly absorbing system in a three layers MPA (metal-insulator-metal stack) in which
the top layer consisted of crossed trapezoidal arrays of silver. In their design a trapezoid
arrays were utilized to broaden the spectra while a crossed symmetric arrangement was im-
plemented to enable a polarization-independent resonant response [61]. Though this 260 nm
thick structure yields broadband and polarization-independent resonant light absorptions in
visible, its average measured absorption (71%) was relatively far below unity (100%). In the
work of Xue et al. [62], the number of three layers is increased to five in order to broaden
the absorption bandwidth. The new designed structure consists of a two-dimensional pe-
riodic metal-dielectric-metal sandwiches array on dielectric/metal substrate and its overall
thickness measures 230 nm. Their numerical investigation on this structure showed that a
MPA with a bandwidth of about 50 nm in visible region can be achieved. The absorption is
attributed to overlapping of two plasmon resonances: one originating from the coupling of
electric dipoles between neighboring unit cells and another stemming from magnetic dipole
plasmon resonances. Field distribution studies revealed that a magnetic hot spot appears in
the dielectric, hence one of the two resonances (at the shorter wavelength) was attributed
to the multiple magnetic dipole plasmon resonances induced within a single unit cell while
the resonance at the longer wavelength was associated with electric resonance. Nevertheless,
the bandwidth of the absorber is rather narrow (50 nm) which limits its utility as a solar
absorber [62]. Recently, Qiu and co-workers [63] demonstrated a broadband MPA but oper-
ating in infrared in a three layers metamaterials in which the top layer was random metallic
nanorods. Due to the diversity of the size and randomness of the chemically synthesized
gold nanorods, the resulting absorption resonance was broad [63]. There have been some
other unique methods for fabrication of broadband perfect absorbers [64,65], but either they
are not categorized under MPA or their thickness is too large which exclude them from
application in modern energy harvesting devices.
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Figure 2.5: (a) Schematic of the considered configuration, showing orientation of a groove
array and incident plane wave, whose phase fronts are represented by grey squares on the
arrow indicating the propagation direction of incident light. (b) Geometrical parameters
defining the profile of groove arrays. (c¢) Reflectivity spectra calculated for 250 nm period
arrays of 500 nm deep grooves with the following parameters kept constant: a = r = 10
nm. Solid lines correspond to the reflection spectra of p-polarized light (which in our case
is polarized along the y azis) calculated for normal incidence (0 = 0°) and a minimum gap
width (6 = 0.3nm) (which is close to the gold atom diameter), and for different inclination
angles: o = 0,1.3,2.6,6.5,12.5°. Reflectivity spectrum for a flat gold surface is shown with
a dashed line. Reflectivity spectra for s-polarized (which, in our case, is polarized along the x
azis at normal incidence) light are shown with dash-dotted lines for two limiting inclination
angles: o =0,12.5°. (Figure adapted with permission. Copyright 2012, NPG [57].)
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2.3.3 Switchable metamaterial perfect absorbers

Realization of dynamic functionalities such as tunability and switching of electromagnetic
waves are current formidable technological challenges in the metamaterials research [66]. The
field of MPA is not an exception in that sense, and hence efforts are focused on introducing
functionality to the currently available absorbers by an innovative design. One of the initial
approaches to enable switching in MPAs was the integration of diodes into the structures.
For instance, Zhu et al. [67] showed that in the metamaterial consisted of dipole mode electric
resonators coupled by microwave diodes on one side of a dielectric substrate and metallic
ground plane on the other side, the absorption frequency can be shifted. In other words,
through forward or reverse biasing the diodes, the coupling between the resonators can be
tuned and result in realization of MPA with a dynamically controlled absorption band in
GHz [67]. Jiang and co-workers [68|, demonstrated an electrically active MPA in a similar
approach to that of Zhu et al. but with some design changes. This MPA consisted of arrays
of the electric-LC resonators on the top layer of a dielectric substrate and metallic film on
the bottom layer. The resonators are connected as a pair by a diode to enable dynamical
change of the resonance by an external bias voltage. This MPA could switch between a
complete absorber to reflector by applying the appropriate voltage (Figure 168].
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Figure 2.6: (a) Measured reflection (|S11|) under normal incidence at different forward
bias voltages (indicated in the inset). (b) Surface current density distribution on ELCs at
peak absorption frequency for one particular polarization. (Figure adapted with permission.
Copyright 2010, AIP [68].)

Real-time control of the optical properties of MPA by light is achieved in a work
by Zhao et al. [69] in which they realized a dual-band plasmonic absorber by integrating a
photosensitive nematic liquid crystal (PNLC) layer onto a traditional design of MPAs. In the
designed metamaterial, the top layer particles were asymmetric gold nanodisk array to enable
multiple resonance. The dynamic functionality arises from the photosensitivity of PNLC
routed from the azo-dye dopants with a photo changeable refractive index. Accordingly,
they showed that up to 25 mm resonance tuning can be achieved with this geometry due
to the refractive index adjustability of the PNLC [69]. Similar to that, Padilla and co-
workers 70| used a liquid crystal (LC) to enable dynamic response of PMA. To do so, they
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incorporated LC into the spacer layer of conventional PMA in which the top layer is an
electric ring resonator (ERR). They showed that the absorption can be modified by 30% at
2.62 THz, and the resonant absorption can be tuned over 4% in bandwidth, by applying
a bias voltage [70]. Despite of growing demand and interest in switchable metamaterial
absorbers, the field is still immature and extensive theoretical and experimental studies are
needed to realize a robust smart MPA.

2.4 Antireflective coating (ARC)

Reflection of light (light bending power) from interface of two medium is a property which can
be appreciable in the case of mirrors however in some optoelectronic devices it is considered
as loss. Hence, the later motivated scientists to develop a methodology in order to reduce
the reflection loss at the interface. Classically proposed by Rayleigh back to 1879, he showed
that the reflectivity at any surface can be reduced provided that the transition of refractive
index between the two medium is small [71]. But according to Raut et al. [72|, a real anti-
reflective coating was produced in 1817 by Fraunhofer who observed the reflection reduction
after surface etching (texturing). A decade after Rayleigh’s work, H. Dennis Taylor a famous
English lens designer in 1892 observed that the camera lenses which had become tarnished
permitted taking of photographs with a less exposure [73]. In fact, he discovered a decrease
in reflection associated with the tarnish on a glass surface [74]. Some years later, F. E.
Wright who was working on intentional tarnishing of glass surfaces by chemistry suggested
an explanation. He attributed the low reflection of the tarnished glass to creation of a gradual
transition of the refractive index from glass to air upon tarnishing [74] which was indeed the
Rayleigh proposal and calculation. Generally, the reflection of p- and s-polarized light at
the planar interface between two semi-infinite, homogeneous, isotropic media is governed by
the well-known Fresnel coefficients [75,[76]. Indeed, physical explanation of majority of the
ARCs is similar, nevertheless glare reduction is basically realized either by texturing surfaces
or by providing a gradient refractive index layer atop of the substrate.

2.4.1 Structured surface as ARC

In the earlier method, the surface texturing (structuring) with a cross sectional dimension
less than that of the incoming light, acts as a medium with spatially varying refractive
index [77]. On the other hand, a structure with spatial dimensions comparable or bigger
than the impinging electromagnetic wave mainly scatters the light but it does not necessarily
enhance the transmission. As it is mentioned above, Fraunhofer seems to be the first user
of this concept to realize an ARC. A century later than that work, a biomimetic approach
which provides an anti-glare surface is introduced which is known as the "moth’s eyes"
structures |78]. This idea was initiated upon electron microscope investigation of the corneal
lenses of moths. It was observed that the outer surface is covered in a regular array of
conical protuberances, typically of about 200 nm height and spacing [79]. However, one of
the mostly studied and used methodologies is the pyramidal texturing of silicon for solar
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cells. By using the anisotropic etches of the surface, square based pyramids are formed on
the surface defined by intersecting (111) crystallographic planes [80]. Although this method
has been widely used in solar industry, its large thickness excludes applying it for the state
of the art thin film solar panels.

The advances in nanofabrication facilitate the development of new designs of the struc-
turing based ARCs. One of the most efficient ARCs ever realized is reported by Huang et
al. |81] where they demonstrated that randomly etched nanotips atop of silicon wafer could
provide the condition of a super broadband ARC (2200 nm bandwidth). The low reflection
is attributed to the changes in the refractive index caused by variations in the height of the
silicon nanotips (fine refractive index gradient) [81]. Chhajed et al. [82] realized a graded-
index antireflection coating using nanostructured low-refractive-index silica deposited by
oblique-angle deposition. By this approach, the refractive index of silica (SiO3) film re-
duced from 1.47 to around 1.07. By applying such a low index material as the top layer of
traditionally known two layers ARC, they could vanish the reflectivity considerably due to
the establishment of refractive index gradient [82].

Besides all the mentioned surface structuring methods to enable reflection reduction,
plasmonics and metamaterials also contributed to the field of ARCs. In this new approach,
metallic particles or structures are placed atop of the reflecting substrate (e.g. silicon wafer).
Due to a preferential forward scattering by the plasmonic structures [83-88| or electromag-
netic confinement around the top particles [89-92], the reflectivity is strongly reduced, hence
allowing nearly perfect impedance matching of light into the substrate [93]. Nevertheless,
the light is partially absorbed by the plasmonic structures which makes it different to that
of the conventional ARCs. For instance, Polman and co-workers [93] demonstrated that the
silicon reflectivity can be considerably reduced by deposition of silver nanostructures atop of
Si3N, layers because of the combination effect of plasmon scattering toward the substrate
as well as interference through the dielectric film (Figure [93]. These types of ARCs are
not only limited to metals but also non-metallic scatterers can provide the similar achieve-
ment. Spinelli et al. [94] demonstrated experimentally that an array of low aspect-ratio Si
nanocylinders etched into a Si wafer exhibits an average reflectivity as low as 1.3% in the
450-900 nm spectral range. The resonant Mie modes of the nanostructures strongly interact
with the incident light. Their coupling to the substrate results in a strong preferential for-
ward scattering due to the high-mode density in the high-index substrate, thereby vanishing
the reflection [94]. Although these novel metamaterials/plasmonic methods are still being
studied in research labs, their miniaturized structure and low materials cost associated with
their low thickness make them an outstanding candidate for future industrial use.

2.4.2 Gradient film (structure) as ARC

A substitutive choice of vanishing reflectance is to gradually reduce the refractive index of
the film from the refractive index of the substrate to the refractive index of the surrounding
(mainly air) [72]. This approach has been widely implemented and studied within the
last century. Fabrication of the gradient index layers is performed by different techniques.
Making the top layer of the substrate porous intentionally by chemical etching, is one of
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Figure 2.7: (a) Schematic of the studied configuration by Polman and co-workers @/ (b)
Measured total reflection spectrum from a 300pum crystalline St cell coated with 67 nm Siz N,
(red) and the same sample with an optimized Ag particle array on top (blue). The particles
reduce the reflection for wavelengths above 800 nm, improving the incoupling of light into
the Si substrate. The dashed lines are extrapolated data representing the reflection from a

semi-infinite substrate. The calculated reflectance of a semi-infinite St substrate is shown for
reference (dashed black line). (Figure adapted with permission. Copyright 2011, ACS [93)].)

the easiest and least expensive methods which has drawn the attention of ARC researchers
considerably.

An etchant material removes/dissolves certain leachable components at the surface
and leaves or re-deposits other components so as to form a skeletonized, porous surface
which possesses a lower refractive index than that of the substrate . These methods
were extensively studied in the middle of the 20" century . Instead of using glass,
creation of porous polymer is an other alternative to realize a gradient index ARC .
For instance, Li et al. implemented a similar idea by spin-coating of the solution of
a polystyrene (PS)-block-poly(methyl methacrylate) (PS-b-PMMA)/PMMA blend onto an
octadecyltrichlorosilane (OTS)-modified glass substrate. Thus, a gradient distribution of
PMMA domains in the vertical direction of the entire microphase-separated film is obtained.
By following the processes, the PMMA domains are removed leaving a PS porous structure
with a gradient refractive index in vertical direction (normal to the surface). Therefore, they
could achieve high transparency in visible and infrared due to the strong ARC performance
of the porous film . This process later was systematically investigated and improved
by Li et al. [100]. For more detailed information on polymer based ARCs, the readers are
referred to the review by Li et al. and the references therein.

Besides the porosity based approach mentioned above, using a double-layers ARC
wherein the refractive index gradually descends towards the substrate is an other alternative
which is even in use nowadays. One of the prime advantages of the double-layers ARC to
that of porous layer, is mechanical robustness. Nevertheless, the limited number of available
dielectric materials with low refractive index, restricts the applicability of the double-layer
method. Note that the multi-layers ARCs are other alternatives, but because of their large
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thickness and materials cost, they are not competitive with the state of the art design of
ARC and we do not review them here.

For double-layer ARCs, the top layer facing air normally has the lowest refractive index
and the other layer(s) is (are) arranged consecutively according to ascending order of their
refractive indices. The other requisite condition of this class of ARC, is the thickness of
film which should satisfy the interference condition. In other words, the thickness of each
individual layer is generally quarter or half of the incident wavelength. For the case of the
double-layer ARC, once the optical thickness is equal, i.e.:

TL1><d1 - n2><d2 (21)

the necessary and sufficient index condition for a double-layer coating to give a zero
reflectance is [72]:

Ny XNy = NgXNy (2.2)

where ng,ni, ne and n, are the refractive indices of the air, top layer, second layer
and subtrate, respectively. d; and dy represnet the thickness of top and second layers,
correspondingly. Because of the high refractive index of silicon, two layers of SiOs/TiO5 [102]
or SiN/SiOq [103], M gFy/ZnS [104] would suffice the above condition and are being used
for the silicon based opto-electronic devices. In the last few years, by some innovative designs,
new ARCs are fabricated which consolidate both the porous and double layer approaches in
order to increase the efficiency of the ARCs. For instance, Xi et al. [105] try to combine the
both porous and multilayer base ARCs to enable very broad reflection vanishing. To do so,
they obliquely deposited SiO; to create a film with low density (and low refractive index)
atop of a 1710, film. By proper control of deposition, they were able to realize a smooth
gradient film possessing a refractive index gradient starting from 1.05 up to 2 in very small
step. Since the substrate was AIN with a 2.05 index, the performance of their developed
gradient-ARC was near to ideal [105]. In analogy to this work, Chhajed et al. [106] used a
two layers ARC where the first layer possessing a lower density compared with the second
layer while the both were Si05. For the same reasoning explained above, a braod band ARC
is realized [106]. Very recently, Ha et al. [107] developed a new design in which the substrate
surface is initially textured and then covered with a polymer film. Therefore, they could
realize a virtual two layers ARC where the top layer is a low index polymer and the second
layer is a polymer-silicon rods composite (Figure 2.8)). In such a gradient layer, a broadband
ARC is demonstrated. In other words, they have made use of gradient, structuring and
quasi-double-layer approach in order to reduce the reflectivity significantly. Nevertheless,
the reflection reduction that they achieved was less than previous reports |107].
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Figure 2.8: Structure and effective refractive index profiles of various Si models. (a)
Pristine Si. (b) Si nanostructure. (c) Si nanostructure deposited via poly(dimethylsilozane).
(Figure adapted with permission. Copyright 2014, Springer l@/)
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2.5 Introduction of thesis

In the present work, a plasmonic metamaterial is designed and fabricated in the frame of
nanocomposite consisting of metallic particles embedded into an insulating matrix in order
to realize a perfect absorber and a novel antireflective coating. Although the basic geometry
of the designed stacks for both the applications (MPA and ARC) are rather similar, there
are some dissimilarities which differentiate the highly absorbing system from that of low
reflecting structures. For a MPA system, a three layers metamaterial composed of (from
base to top) an optically thick metallic film (mirror), a thin dielectric as spacer layer and
ultrathin metal-dielectric nanocomposite was designed and fabricated. We found out that for
any reflective substrate (R >30%), irrespective of the type and the nature of the spacer layer,
the current approach could diminish the reflection thoroughly provided that proper selection
of variables is made. Accordingly, we present here that various type of composites (Ag—SiOs,
Au — SiOy, Au — PTFE, Au — TiOy and Cu — PTFE) on different types of substrates
(Au, Ag, Cu, Al) could realize a broadband absorber in visible, though the bandwidth and
shape are different. The physical origin of the huge absorption in all combinations of layers
is attributed to three main reasons: (i) high absorption of the near percolating spherical
particles which is further intensified by creation of hot spot in the small free gap between
them, (ii) multiple reflection of light from the base mirror which increases the chance of
light trapping among the excited particles, and (iii) destructive interference of the incident
light and the reflected one at the interface due to the impedance matching of the system to
that of air. Although the mentioned physical phenomena are the major contributors to light
absorption in our ultrathin MPA, we do not exclude the possible scattering of the impinging
light through agglomerated bigger particles which would considerably reduce the reflectivity.

As mentioned above, all combinations of metals and dielectrics enable us to realize a
broadband MPA. However, the intrinsic absorption frequency of the metals utilized in the
nanocomposite determines the absorption band maximum and intensity. Considering the
bandwidth of different MPAs, the gold based composite outperforms the other alternative
composites because of two main reasons. Firstly the plasmonic absorption band as well as its
transition band frequency are located in visible, thereby providing the higher absorption in
this regime. Secondly, the stability of gold against oxidation, irrespective of the surrounding
matrix, is an other unprecedented advantage. Note that the copper based MPA showed
a very broad and intense absorption in analogy to gold, but its durability is much less
than that of gold. In short, the current approach is enjoying ease of fabrication, has low
production cost and possesses high efficiency in the sense of absorption intensity, band-width
and angular sensitivity while being ultrathin (20 nm).

For antireflection metamaterials, a silver-silicon dioxide composite is selected as the
top layer due to the low absorption loss of silver in visible. In other words, low value of
imaginary part of refractive index is one of the prime advantages of silver to other plas-
mon sustaining metals which turns the attention of researchers to silver for solar absorbers.
Herein, we showed that an ultrathin silver-silicon dioxide composite atop of a silicon oxide
coated silicon wafer vanishes the reflection in a wide range of frequency enabling realization
of a metamaterial based antireflective coating. To reduce the possible loss due to the absorp-
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tion of silver, a low filling factor was chosen. Numerical analysis showed that the composite
as an effective medium provides a dispersive material where its refractive index is greater
(smaller) than that of the spacer layer below (above) the resonance frequency. Below the
plasmon resonance wavelength the layer acts as a traditional graded-index coating while it
performs as a Fabry-Perot interferometer at longer wavelengths. Therefore, our plasmonic
metamaterial based ARC enables us having two different geometries in one design, due to
its strong dispersive nature, hence we name it hybrid ARC. Indeed, one could vanish the re-
flectivity of silicon with other metal based composites, but the extensive loss of other metals
excludes them as potential alternatives. The designed ultrathin hybrid antireflector enables
us to demonstrate different interference colors by changing the filling factor. On the other
hand, we could show that such a plasmonic metamaterial provides a new degree of freedom
for creation of interference colors on the metal surface where changing the filling factor of
composite (i.e. alteration of refractive index) determines the color while the film thickness
of the coating is kept constant. With that potential of our metamaterials, we demonstrated
a plasmonic rainbow where the different colors of light are realized in a 45 nm stack of gold
composite with a silicon dioxide spacer atop of a gold mirror.

Within the frame of current PhD work, we realized a new optically driven active
(dynamic) metamaterial in which the absorption band and intensity can be tuned in real-
time via ultraviolet and white light illumination. In order to control the optical response of
the absorber, photoswitchable molecules were incorporated to a polymer matrix to design
and fabricate a smart perfect absorber. Spirophenanthrooxazine molecules are mixed with
a Polystyrene solution and the mixture was spin-coated on an optically thick metallic film.
It is found that such a stack has a unique optical property in a sense that its absorption
band can be tuned upon ultraviolet (UV) radiation. In other words, the high absorption
(almost unity) of such a hybrid system can be dynamically broadened by UV irradiation
giving rise to the realization of a photoswitchable perfect absorber. In order to show the
potential of this active metamaterial as plasmonic modulator, we integrated the polymer-
dye composite as the spacer layer of the perfect absorber stack. Accordingly, by placing of
composite within the cavity of a plasmonic perfect absorber, we demonstrate a tunable weak
to strong coupling with a 780 meV (270 nm) energy difference between the two peaks after
UV illumination. The presented experimental data could open a new pathway for utilization
of perfect absorbers as a remote optical sensor or plasmonic switch or modulator.

The current dissertation is based on 6 articles in which the author of the current
dissertation was the first author and the main contributor. After the current introduction
(overview), experimental procedure of the whole dissertation is presented in details as chapter
Then, a review on plasmonic nanocomposites (chapter [4)) is shown wherein we focused on
our achievements in the field and the future of metamaterial absorbers is discussed. In chap-
ter [5| our paper on perfect absorbers based on gold and silicon dioxide is presented in which
the potential of such a metamaterial as a coating for flexible substrates is demonstrated.
The next chapter (chapter @ consists of experimental study of the optical properties of a
copper-polymer (PTF E) nanocomposite and copper film as a perfect absorber. It follows by
a silver-silicon dioxide perfect absorber (Chapter (7)) designed for UV-A regime. Accordingly,
the absorption is compared with traditional UV protective films and the advantage of our
metamaterial to a conventional dye absorber is demonstrated. In chapter [§ the concept of
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our novel anti-reflective coating is introduced and experimental verification of the concept
(hybrid concept) is shown. Moreover, the potential of tunable plasmonic metamaterials for
creation of color in thin film (Rainbow) is discussed and shown. The chapter [J]is experimen-
tal demonstration of an active metamaterial in which the absorption band and intensity can
be tuned externally. Moreover, the possibility of transition between the weak to strong cou-
pling in the metamaterial is shown. The last chapter (chapter consists of the summary
of the dissertation and an outlook.



Chapter 3

Materials and Methods

Within the course of the present PhD work, various instruments and materials were used. In
the current chapter, specifications of the materials and instruments as well as conditions of
the experiments are briefly presented. General principles of the instruments and the relevant
theoretical background are not discussed here and can be found in the cited references.

3.1 Materials

1,3—Dihydro—1, 3, 3—trimethylspiro[2H —indole—2, 3—[3H |phenanthr[9, 10—b](1, 4)oxazine]
powder which will be named as SPO in the rest of this dissertation was obtained from Sigma
Aldrich. This molecule is the element that was used as a photochromic dye [108] for pro-
duction of a photoswitchable film and composite. Polystyrene (PS) powder was purchased
from Sigma Aldrich and dissolved in toluene to be used as the matrix of composite.

3.1.1 Targets

A gold target with 99.99% purity was made by robeco (Germany) while its diameter and
thickness were 51 mm and 2 mm, respectively. A SiO; round target with 99.99% purity
was provided by Wiliams ADVANCED MATERIALS with diameter and thickness of 50 mm
and 2.5 mm, respectively. The silicon dioxide target was bonded to a WAM supplied C'u
backing plate with the following dimensions: 50 mm Diameter and 3 mm Thickness. A silver
target was provided by Goodfellow GmbH with 99.99% purity and 50 mm diameter and 6
mm thickness. PTFE targets were cut (from the commercial PTFE sheets) in a round
shape in order to be fitted into the head of magnetron. Since the PTFE was mainly used
for co-sputtering with some metallic targets, it was contaminated with the trace of second
metal. Therefore, the target was replaced with a new one very often in order to avoid the
side-effects of trace materials.

23
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3.1.2 Substrates

A glass substrate was provided by EYDAM (Thermo SCIENTIFIC (MENZEL-GLASER))
with the following dimension: 76 x 26 x 1 mm. 4" Silicon wafers were mainly used as
the silicon substrate. They were doped by phosphor (n-doped) and had the resistivity of
around 10 ohm.cm. The thickness of the wafers were 525 um and were polished from one
side. Because of the size limitation of the analytical tools and also to make sure about the
uniformity of the films and composite, the glass and silicon substrates were cut into the size
of around 25 x 25 mm?. All the samples were cleaned by an isopropanol solution and dried
by cleanroom’s wipes (dastex). For attaching the samples to the substrate a black tape was
used. To clean the remnant of the tape from the sample’s back-side, cleaning by Isopropanol
and wiping by cleanroom’s wipe after detaching were performed.

3.2 Metal and nanocomposite film preparation

3.2.1 Cleanroom specifications

Majority of the sputtering deposition of the samples presented in the current dissertation
was performed in the cleanroom of Faculty of Engineering, University of Kiel. The white
area of the cleanroom was classified as 100 (ISO 5) while the gray area was 1000 (ISO 6). It
means that the number of permitted particles of size 5 um or bigger per cubic meter is 29.
The temperature of the environment was controlled continuously and kept at 22°C+2 and
the humidity was controlled in the range of 45% =+ 10.

3.2.2 DMagnetron sputtering chamber specifications

Magnetron sputtering [109] was used for deposition of the films and composites of various
types and compositions. The chamber which was used in all experiments (i.e. composite
and films) was specially designed and developed in chair for multicomponent materials (Prof.
Franz Faupel “s group) [110] for fabrication of the nanocomposite. The machine was a cylin-
drical custom-build stainless steel vacuum chamber (MDC VACUUM PRODUCTS CORPO-
RATIONS (QD-1200-CH)) located in the cleanroom of Faculty of Engineering (Nanolabor).
All the parts of the chamber were located in the gray area while its main door was in the
white area to ensure the minimum dust contamination of the substrates and samples after
deposition. A rotary pump (VARIAN (8H-110)) was used to pre-evacuate the chamber while
a turbo molecular pump (PFEIFFER-VACUUM (TC 100)) was coupled to that to reach the
desire minimum pressure (vacuum). Argon was utilized as inert gas for sputtering. It was
fed into the chamber through a controller (PFEIFFER- VACUUM (RVC300)). The rotation
speed of the pump was reduced to 660 Hz during the sputtering while the evacuation speed
was 1000 Hz. During all the deposition processes, the samples were rotating with a con-
stant speed by means of a speed controller motor (ORIENTAL MOTOR CO. LTD. (USM
206-402W)) in order to assure uniformity of the deposited film. After each experiment and
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before releasing of the vacuum, the rotation speed of the pump increased to 1000 Hz so as to
evacuate the chamber from any particle for two reasons. Firstly to avoid any probable health
problem threatening the user. Secondly to minimize the number of probable tiny particles
which might enter from the system to the cleanroom. To release the vacuum, nitrogen gas
was fed to the chamber to make a flow of gas from the inner chamber to the environment
and it helps to keep the system clean. Right after opening the chamber door, a suction
tunnel was placed in front of the out-door of the chamber to further minimize the escape of
the particles to the environment.

Figure 3.1: Schematic view of the inner cylinder of the sputtering chamber where two
targets are running simultaneously (co-sputtering) while the substrate is rotating.

3.2.3 Metallic film deposition

For metallic film preparation (gold, silver and copper), a DC magnetron was used where
the distance between the center of the sample holder and the head of the magnetron was 14
ecm. During the process, the power of the system was adjusted by a controller (ADVANCED
ENERGY (MDX 500)). The initial base pressure of the chamber and the sputtering pressure
were 10~%mbar and 2 — 5 x 10~3mbar, respectively. The magnetron was switched on prior to
film deposition to sputter-clean the target while the samples were shadowed by a shutter. The
pre-sputtering time was around 30 s to ensure the deposited film is free of any contamination
left from the former experiments.
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3.2.4 Dielectric film deposition

For sputtering of the insulating materials (7O, SiOy and PTFFE) RF sputtering was
applied to neutralize the charge accumulation at the surface of the substrate during the
deposition [111]. The RF generator used in this work was provided by (ADVANCED EN-
ERGY (CESAR®(RF Power Generator)). Igniting (initialization) of the plasma at the
low pressure of 10~3mbar was difficult, therefore at the start, the gas flow was intentionally
increased for a second to facilitate the start of plasma by RF-source. It is known that the
target temperature increases during RF-sputtering [112], accordingly it is more likely that
the rate of sputtering varies by time. Therefore, by selecting a right generator power, it was
tried to keep the deposition time as short as possible to minimize the effect of rate instability
during deposition.

3.2.5 Nanocomposite deposition

The DC and RF sources were used for deposition of conducting and insulating materials,
respectively. They were installed opposite to each other [110] except for the case of co-
sputtering of Copper and PTFFE where the targets were not opposing. For achieving a
reasonable uniformity, the sample holder was rotating continuously during deposition. For
preparation of nanocomposites with different filling factors, the deposition rate of each ma-
terial (metal and dielectric) were determined separately at the same pressure and gas flow
rate used for co-deposition. The filling factor was estimated by considering the equivalent
film thickness of each component within the time scale of deposition. Then, the ratio of
metallic film to overall thickness was considered as the filling factor of the nanocomposite.
To confirm the mentioned estimation, EDX analysis (for more details see of the typical
composite with different filling factors was performed which agrees quite well with the value
determined by thickness consideration.

3.2.6 Rate determination

In order to tabulate the deposition rate, for metallic and not-metallic films, post measure-
ments were carried out. The films with different powers of generator were deposited and
their thicknesses were measured by a profilometer (Dektak 8000). By doing so, one could
find the relationship between the power of generator and the deposition rate of the desired
materials provided that the other parameters (e.g. gas flow, base pressure etc) were kept
constant. However, for the dielectric film, it was intended to use a constant power value,
because the rate of deposition did not vary linearly with power. In other words, the rate
for each power of generator (RF-source) was measured while for metal deposition, linear
interpolation of the tabulated data for rate determination was used.
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3.2.7 Spin-coating

For spin coating, Spincoater® (P6700 Series) was used. A typical schematic of the spin-
coater and the pipette are shown in Figure As the solution, the polystyrene (PS)
powder purchased from Sigma Aldrich (specification can be found in was dissolved in
toluene. The solution was subsequently used as the matrix of the composites. SPO molecules
were dissolved in acetone and later on mixed with the PS solution. For drop injection, one
channel pipette (Eppendorf Research@® Variable) was applied. The substrate was held in
the vacuum chuck of the spin coater and 70 ul of the desired solution was injected on its
surface. The spinning speed of 2000 rpm was used for the samples to yield a uniform thin
film.

Figure 3.2: Schematic view of a spin-coater which shows that the drop of solution is dis-
peresed on the spinning substrate and forms a film.

3.3 Characterizations

3.3.1 Profilometer

For mechanical thickness measurements, the metallic films was deposited on glass. Since the
adhesion of metals such as gold is very poor on a bare glass slide, mechanical scratching of
the surface (by a tweezers) to wipe off the film from the substrate was gently done without
scratching of the glass. In that way, the scracth depth was measured by Dectak 8000 and
considered as the film thickness. To assure the accuracy of the measured value, the optical
(transmission) spectra of the film were collected by UV-VIS spectrometer and compared
with the data of known samples. This confirmaing measurement showed a good agreement
between the mechanical estimation and optical one. For measuring the thickness of dielectrics
such as Si0s, the scratching method was not applicable because of great adhesion of the
film and substrate. Therefore, the glass or silicon substrate was wrapped with a very thin
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band of aluminum foil. In that way, the shadowed area was left uncoated after removal of
the aluminum foil and the depth was measured. This method was also applied for thickness
evaluation of metallic film and it confirmed the thicknesses values measured by scratching.
Since a spectroscopic ellipsometry instrument was purchased by the institute at the last
year of the current PhD work, thickness measurements of the dielectric was partly done
with Ellipsometer in parallel to the other methods mentioned above (For more details see
3.3.3)).

3.3.2 Ultraviolet-visible spectroscopy

All the transmission and reflection spectra measurements of the samples were done by a
UV /Vis/NIR spectrometer (Lambda 900, PERKIN ELMER). In addition, angular reflec-
tion measurement of the samples with un-polarized light was also performed with the same
instrument. The apparatus was connected to a PC and a company made software (UV
WinLab) was used for monitoring the instrument. For transmission measurements, the base
line was collected by measuring the empty compartment (i.e. air considered as the refer-
ence) while for reflection measurements, the mirror provided by the company was used. To
extract the absolute value of reflection, the measured reflection spectra of the samples were
normalized to the tabulated data of the mirror provided by the manufacturing company. In
all types of measurement, the scan step was fixed to 4 nm and the base line was collected
twice by full sweep of the desire wavelengths range while the integration and acquisition
times were kept constant.

3.3.3 Spectroscopic Ellipsometry

Variable angle spectroscopic Ellipsometry reflection measurements of the films were carried
out with J.A. Woollam Co., Inc. M2000 UI (spectroscopic ellipsometer) with a dual lamp
system with Deuterium and Quartz Tungsten Halogen (QTH) lamps as the light sources.
The instrument photograph is presented in Figure The angle sweep step was selected
to be 5° or 10° and the angle variation from 45° to 85° was performed. In order to have
a comparable study and achieve the best signal-to-noise, 5 seconds acquisition time was
applied for all the experiments. Accordingly, the measurement did not take more than
few seconds. For analyzing the data, CompleteEASE®) software package provided by the
company was used. All aforementioned specifications are taken from brochure of LOT-
Oriel Group Europe [113|. Note that only a set of experiments for angular polarization
measurements of gold-Silicon dioxide were done in the cleanroom of Mads Clausen Institute
(University of Southern Denmark) and used in Chapter [

3.3.4 Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTEM) images of the nanocomposite
samples were taken by Tecnai F30G2 (Philips). The electron micrsocopy analysis was done
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Figure 3.3: Photograph of the Woolam spectroscopic Ellipsometry which was used within
the course of the current work for polarization measurements.

partly by Dr. Venkata Sai Kiran Chakravadhanula, Dr. Ulrich Schiirmann and Dr. Viktor
Hrkac from the chair of Synthesis and Real Structure. For geometry analysis, nanocomposites
with the similar condition as explained above (section were deposited on commercial
Cu lacey carbon TEM grids. Since for high resolution TEM imaging very thin films are
preferable; the thickest composite analyzed was only 20 nm thick. However, for imaging
the layers, a cross-sectioned samples out of the stacks (overall thickness of the films was 70
nm deposited on silicon) were prepared through Focused Ion Beam (FIB) technique by Ms.
Christin Szillus and analyzed by Dr. Schiirmann.

3.3.5 Energy Dispersive X-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) mounted in a scanning electron microscope
(SEM) (Philips X L30) was used to determine the metal amount and distribution in the
composite films. To do so, the samples with different filling factors of metal were loaded
into the SEM chamber. It was tried to have a pure metal film (as the reference sample)
with a thickness similar to the equivalent thickness of the metal in the composite. Firstly,
the metal intensity signal on the metallic film was collected and at the same condition (by
keeping all the parameters same as those for the reference sample) the signal of the metal
incorporated into the dielectric (nanocomposite) was recorded. According to the recorded
data, the equivalent thickness of the metal in the composite was calculated and the resulting
value was divided to the total thickness of the nanocomposite. The achieved number was
considered as the filling factor of the metal in the composite.
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Review of plasmonic nanocomposite
metamaterial absorber

M. K. Hedayati, F. Faupel, M. Elbahri, Review of plasmonic nanocomposite
metamaterial absorber, Materials 2014, 7, 1221-1248.

4.1 Abstract

Plasmonic metamaterials are artificial materials typically composed of noble metals in which
the features of photonics and electronics are linked by coupling photons to conduction elec-
trons of metal (known as surface plasmon). These rationally designed structures have spurred
interest noticeably since they demonstrate some fascinating properties which are unattain-
able with naturally occurring materials. Complete absorption of light is one of the recent
exotic properties of plasmonic metamaterials which has broadened its application area con-
siderably. This is realized by designing a medium whose impedance matches that of free
space while being opaque. If such a medium is filled with some lossy medium, the resulting
structure can absorb light totally in a sharp or broad frequency range. Although several
types of metamaterials perfect absorber have been demonstrated so far, in the current pa-
per we overview (and focus on) perfect absorbers based on nanocomposites where the total
thickness is a few tens of nanometer and the absorption band is broad, tunable and insensi-
tive to the angle of incidence. The nanocomposites consist of metal nanoparticles embedded
in a dielectric matrix with a high filling factor close to the percolation threshold. The filling
factor can be tailored by the vapor phase co-deposition of the metallic and dielectric com-
ponents. In addition, novel wet chemical approaches are discussed which are bio-inspired
or involve synthesis within levitating Leidenfrost drops, for instance. Moreover, theoreti-
cal considerations, optical properties, and potential application of perfect absorbers will be
presented.
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4.2 Introduction

The present reviews start with a short introduction to the plasmonic absorption while span-
ning the development of perfect absorbing structures. The general theoretical consideration
for metamaterials absorber will be presented in section 2. Section 3 focuses on the design,
fabrication and characterization of plasmonic nanocomposite and its implementation as a
building block for the design of perfect black absorber (base on gold, copper and silver).
Moreover, the similarity and performance of the different metamaterial absorber also will
be presented in section 3. Discussion of selective innovative approaches for highly absorber
devices is the focus of section 4. The last section (5) presents the prospects and future
potential of metamaterial absorbers.

4.2.1 Plasmons and plasmonics

One of the prime applications of nanostructures dates back to more than three millenniums
ago [114], when the ancients used metallic particles in ceramic matrix (most probably not
aware of the dimension of particles) for decoration purposes. The trace of this old-fashioned
nanotechnology nowadays can be seen in many museums and historical sites worldwide in
the form of colorful tiles [115], lusters [14], glasses [116] etc. The real origin of the coloration
was unknown up to the early 20'" century, when theoretical studies shed light into this
uncovered optical phenomena [18] which is known today as plasmonics [117] (photonelectron
coupling). Surface plasmons are waves that spread over the surface of a conductor. Hence,
changing the surface structure alters the light-plasmon interaction, the phenomenon which
provides the potential for emerging new photonic devices [7]. In general, materials with a
negative real and small positive imaginary dielectric constant are capable of sustaining a
surface plasmon resonance (SPR). For materials whose dimensions are far below the sub-
wavelength, in particular nanoparticles, plasmon oscillates locally around the particle and
hence it is called localized surface plasmon resonance [118]8. In other words, the conduction
electrons in the NPs move all in phase upon excitation with incidence light and polarize
the particle surface [119]. Since the electrons are displaced from their equilibrium state,
the redistribution tendency of surface charge applies a restoring force on the disordered
electrons and results in oscillation with a certain frequency, known as plasmon resonance
frequency [6]. Therefore, a field builds up inside the particle while establishing a dipolar
field on the outer surface of particle. This strongly enhanced near field around the NPs
which considerably increase their absorption and scattering cross section, is the primary
reason immense attention to plasmonic nanoparticles [119]. In fact, the optics has been
revolutionized within the last few decades owning to the plasmonic nanostructures and
consequently, design of sub-diffraction opto-electronic devices is nowadays possible.

4.2.2 Energy and metals

The oil crisis in the late 70s [120] redrew attention toward plasmonic materials, although not
for luxury purposes but rather as a new alternative absorber for solar collectors where light
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trapping is highly desired [121]. As discussed in the last section, the near field enhancement
of plasmonics could be also applicable in solar cells to reduce the thickness (accordingly the
material cost) of photovoltaic devices significantly [89]. Ceramic-metals alloy (also known
as cermet [121]) were in use since then as a method of choice for solar thermal collector.
These categories of composites withstand the harsh environment and do not degrade at high
temperature. To enhance their absorption, graded coating (out of composite) on a metallic
substrate is applied where the refractive index decreases monotonically in passing from the
substrate to the surface [121,[122]. Tn other words, traditional Rayleigh configuration for low
reflection has been used in order to achieve low reflection loss and high absorption, simulta-
neously. Even thought cermet coating works well for realization of high absorption in visible
range, the film is bulky and thick and hence does not match with the miniscule modern de-
vices. However, fast growth of nanotechnology in the last two decades and the development
of metamaterial in the beginning of the 21°" century [27] unlocked a new door to design of
miniaturized and efficient absorber. In analogy with cermet coating, nanofabricated struc-
tures replaced the traditional top composite layer (in a triple layer absorber) in order to
achieve a similar goal but on a smaller scale. In this novel approach, the performance was
similar in the sense of absorption intensity but the band-width was narrow [31,36,37]. This
originated from the fact that the new developed coating material (conventional metamate-
rial) was designed for a single frequency, and to reach multiple wavelengths, multiple types
of structures in a single system are required. The latter is rather costly, time consuming and
relatively hard, especially when it is intended to absorb short wavelength light (visible or
UV). Hence, development of alternatives or redesign of traditional cermet seems necessary
as a way to maintain high while down-scaling the size to few 10ths of nanometers.

4.2.3 Highly absorber structures: metal nanostructure and films

Beside the variety of applications routed from individual nanoparticles (NPs) [123],124],
interacting NPs provide greater localization of the electromagnetic field [125,126] which
broaden the usefulness of nanoscale metallic particles. Due to the localization of surface
plasmon, the ensemble of NPs, which are no more distant from each other than the diameter
of each individual particle, could strongly trap the incident light in a subwavelength scale
(gap between the NPs) which could create huge localized field. The spectrum of such groups
of NPs is determined by the interaction between the individual LSP resonances. The mag-
nitude of the confined field and its frequency depend significantly on the shape, size and the
space between N Ps [127]|. Similar to particles’ ensemble, but in a simpler situation, strong
interaction of electric field can happen when a metallic particle (or collection of particles)
is situated atop of a metal surface. This system can be named as coupling of localized and
delocalized plasmon resonance [128]. In other words, when a dipole is located in proximity
of a conducting layer (mirror), in addition to the dipole-dipole interaction [129-132], dipole
interaction with the induced image in the mirror influences the resonance [132-134](optical
response). Study of the dipole-conductive film dated back to late 80s when Holland and
Hall [135] analyzed the interaction of silver or gold particles (dipoles) and silver film (con-
ducting surface) which were separated by LiF layer (Figure [f.1h). They considered the
observation of frequency shift as a universal feature of the dipole-surface interaction caused
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Figure 4.1: (a) Cross section of the three-layer sample geometry used in [135]. (b) Measured
specular reflectance of silver-island samples R2 (normalized by Ag-LiF reflectance R1) as a
function of wavelength for three different values of spacer-layer thickness d. The minima
near 400 nm correspond to absorption by the silver islands. Curve a, d=8 nm; curve b,
d=27 nm; curve ¢, d= 36 nm. (Figure adapted with permission. Copyright 1982, American
Physical Society.)

by the coupling between the dipole and its own image in the metal surface as it is shown in
Figure [135]. Following this work, Borensztein et al. improved the calculation method
of earlier work by taking into account the interactions of a silver sphere with both its own
image field reflected from the conducting surface and with the image field of all the other
spheres [136]. Cesario et al. [137] studied a very similar system except that the top layer was
lithographically fabricated gold particles and the spacer was a 10 nm ITO layer. They ob-
served appearance of two separate peaks. They attributed one of the peaks to the localized
surface plasmon of the nanostructures and their own interaction. While the second peak re-
ferred to the surface plasmon polariton trapped at the goldglass interface which was excited
by the energy transfer of LSP of the structure to the SPP of the film (grating coupling) [137].
There have been so many similar works in the mentioned combination where the frequency
shift and coupling of plasmon resonance were studied [133}/133,/138-140]. However, one of
the first reports of highly absorbing film-particle absorber was theoretically shown by Pa-
panikolaou in which silver spheres (90 nm in diameter) are sited on top of silver film (40
nm thick) [141]. Although the aim of the work was not realization of a highly absorbing
system, but rather to study the effect of particle arrangement on optical properties, the
author achieved this outcome.

Although the currently recognized field of metamaterials absorber looks novel, it has
basically the old geometry of metallic particle-film (dipole-conductive metal) which has been
extensively studied in the last few decades. In other words, patterned micro (nano-) struc-
tures replace the older particles and molecules due to the advances in nanofabrication tech-
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niques. Nevertheless, considering the high absorption in metamaterials as a new objective
(despite early consideration of absorption as a limiting factor), broadened the application
of this field. The work of Padilla and colleagues is the start of metamaterials perfect ab-
sorber [31] or more precisely, renaissance of electric dipole (resonator)-film interacting struc-
tures. In that early work, the authors showed that metamaterials consisting of two standard
split ring resonators connected by an inductive ring parallel to the split-wire, placed in a
distance from a cut-wire, could absorb light completely in certain wavelength ranges. The
geometry of their designed metamaterial absorber is illustrated in Figure [31].

This work inspired the researchers working with metamaterials to reexamine the optical
structures that had been developed up until that time. Accordingly, a tremendous number of
perfect absorber structures were designed and developed (theoretically and experimentally)
which realize almost unity absorption at different frequencies. However, the principle behind
all the methods was the same and the structures were mainly composed of three layers;
top metallic structure and substrate with a dielectric interlayer. Moreover, fabrication of
the top structured layers was carried out mainly by lithography. The latter fact makes
large area coverage difficult and limits the down-scaling (of nanostructure) below 50 nm
because lithographically production of smaller features is rather complicated (For details of
the development of metamaterials electromagnetic absorber, see the recent review by Padilla
and coworkers [32]).
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Figure 4.2: Electric resonator (a) and cut wire (b). Dimension notations are listed in (a)

and (b). The unit cell is shown in (c) with azes indicating the propagation direction [31].
(Figure adapted with permission. Copyright 2008, American Physical Society.)
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4.2.4 Theoretical consideration

The theory of the metamaterial absorber is presented thoroughly in the progress report by
Padilla and co-workers [32| and herein we briefly summarize the general theoretical back-
ground in this section. Based on Fresnel equation, the reflectivity at the air interface of a
medium with refractive index n ((n = \/p-€) [142]) for transverse electric (TE) and transverse
magnetic (TM) polarized waves are as follow [32]:
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in which 6 is the angle of incidence, n is the refractive index, ¢ and p are permittivity
and permeability of the of the medium (Metamaterial), respectively. In case of normal
incidence angle (6 = 0), the above equation reduces to [32]:
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If it is intended to have no reflectivity for both polarisations, both of the above terms should
equal to zero which is equivalent to p, —¢,. This means impedance of the metamaterial
should match that of air in order to reduce the reflection loss down to zero. According to
Kirchhoffs rule, the sum of the transmittance T, reflectance R, and absorbance A should be
equal to 1 in the absence of scattering and diffraction [50]. Taking both mentioned facts into
consideration, it can be concluded that if the impedance of a metamaterial matches to that of
the free space and the medium is opaque (zero light transmission) the light can be absorbed
totally [48]. Note that if the medium is not sufficiently thick and not enough lossy, the wave
which is bounced back off the base mirror can reflect back into free space [32]. Although
the satisfaction of the impedance matching is rather hard, by using an optically thick metal
plate, the zero transmission condition can be provided. Therefore, the challenge is to design
and manufacture a structure with impedance matching the free space for a single or wide
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range of frequency. Usually, in multi-layer structures, impedance matching is accomplished
either by using anti-reflection coating or by a dielectric film (certain thickness) flanked by
partially reflecting mirrors (i.e. Fabry-Perot interferometer) [143]. In both mentioned cases,
an additional lossy medium is required in order to absorb the light and dissipate the incidence
energy.

It is known that metals are lossier in high frequency, in particular at optical realm,
due to electron transitions from the filled d bands into the sp conduction bands (absorp-
tion) [144]. However, at lower frequency (longer wavelengths), one can assume that most
metals act as a perfect conductor with small loss, since the corresponding ohmic loss fraction
(the ratio of the skin depth over wavelength) is only 0.1% or less [143]. This means that for
the metamaterials designed for IR, the source of the main loss is the dielectric. This is the
main reason why lossy dielectric is incorporated in metamaterial design. In other words, low-
ering the reflectivity by impedance matching is not sufficient and presence of lossy materials
is obligatory for realization of high absorptivity. In contrast to low frequency, contribution
of metallic absorption (e.g. ohmic loss and surface plasmon decay) is more than dielectric
when the operating frequency is NIR or visible. Therefore, absorption within the metallic
part in metamaterials absorber for visible reduces the role of dielectric absorption, and hence
relatively thinner dielectric is sufficient for high frequency purposes. By taking into consid-
eration all the mentioned facts, recently a new perfect absorber was designed and fabricated
which is orders of magnitude thinner than conventional cermet while its absorption, band-
width and intensity is surpassing that of conventional metamaterial absorber and traditional
cermet. Here, the top layer is replaced by ultra thin (~ 20nm) plasmonic nanocomposite
made of metal nanoparticles dispersed randomly in polymeric (or generally dielectric) ma-
trix. In spite of the early consideration of graded refractive index layers as beneficial method
for higher absorption, it is shown that thin film of a highly dispersive material (plasmonic
nanocomposite) [145] with a high refractive index contrast to the second layer (interlayer)
could give rise to perfect absorption of light in a broad range of frequency from deep UV |146]|
up to visible and NIR [147,]148|. The key feature of this metamaterial absorber is reversing
the traditional arrangement of layers where the refractive indices ascend in consecutive lay-
ers. Impedance matching of the medium to free space, multi-reflection of light between the
layers and light trapping and absorption by the tiny metallic particles enable realization of
almost unity absorption of light in wide range of spectrum from UV to NIR.

4.3 Metal-dielectric nanocomposites with tailored plas-
monic response

Many approaches have been reported to prepare metal-dielectric nanocomposites containing
metallic nanoparticles embedded in a dielectric organic or ceramic matrix due to their unique
functional properties with hosts of applications (for recent reviews see [149,/150]). For the
present application of metaldielectric composites in plasmonic metamaterial absorbers, two
revere restrictions apply. First, a high filling factor of the metallic nanoparticles close to the
percolation threshold is required to take advantage of the interaction of plasmon resonances
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localized at individual nanoparticles. Second, large area coverage is indispensable in most
applications which rules out electron beam lithography and rather calls for self-organized
formation of the nanostructures. This is why vapor phase deposition techniques are partic-
ularly attractive for tailoring the nanostructure and the resulting properties [149]. Vapor
phase deposition, inter alia, allows excellent control of the metallic filling factor and its depth
profile as well as the incorporation of alloy nanoparticles with well-defined composition [151].
The metallic nanoparticles typically form via a self-organization during co-deposition of the
metallic and matrix components due to the high cohesive energy of the metals and the low
metal-matrix interaction energy [149,/152|. Various methods such as sputtering [110,|153],
evaporation [154], and plasma polymerization [155] have been applied for the deposition of
the matrix component, while the metallic component has mostly been sputter-deposited or
evaporated. Moreover, gas aggregation cluster sources were utilized to obtain independent
control of filling factor and size of the embedded nanoparticles [156]. Examples of plasmonic
metal-dielectric composites are given in [134}146/148,151,[155.|157].

4.3.1 Fabrication procedure

For all types of nanocomposites discussed in this review, the same fabrication procedure was
used [147] which is summarized as follows. Magnetron sputtering was carried out for depo-
sition of all the films and composite of various types and compositions. The machine was a
cylindrical custom-build stainless steel vacuum chamber located in a cleanroom. Argon was
used as inert gas for sputtering. During the deposition process, samples were rotating with
a constant speed by means of a speed controlled motor in order to assure the uniformity of
the deposited film. For metallic film preparation (e.g. gold or silver), a DC magnetron was
used where the distance between the center of sample holder and head of the magnetron was
14 cm. The initial base pressure of the chamber and sputtering pressure were 10~ %mbar and
2.5 x 10 3mbar, respectively. For sputtering of the insulating materials (PTFE, TiOy and
Si03), RF sputtering was applied to neutralize the charge accumulation at the surface of
the substrate during the deposition59. For nanocomposite deposition, co-sputtering method
was applied. Both targets (DC and RF sources) were installed opposite of each other except
for the case of co-sputtering of copper and PTF'E where the targets were not opposing. For
preparation of nanocomposite with different filling factor, the rate of each of the materials
(metal and dielectric) were determined separately at the same pressure and gas flow rate
which was used for co-deposition. The filling factor was estimated by considering the equiv-
alent film thickness of each component within the time scale of deposition. Then, the ratio
of metallic film to overall thickness was considered as the filling factor of the nanocomposite.
To confirm the mentioned estimation, EDX analysis of the typical composite with different
filling factor was performed which agrees quite well with the value determined by thickness
consideration.
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4.3.2 Results and Discussion

Since the type of metallic constituent in the nanocomposite is the most influential parameter
on the optical properties of the system, in the following, three different nanocomposite perfect
absorbers based on gold, copper and silver will be presented.

4.3.3 Gold nanocomposite

Though gold is one of the known primeval noble metals and has been the subject of investi-
gation in science for ages [158], the current state-of-the-art nanofabrication methods reorient
the studies of this metal for a host of new application in electronics and optics. Au NPs are
among the most stable metal nanoparticles with some unique features and properties such
as size-related electronic, optical and magnetic properties as well as application in catalysis
and biologic systems [158]. In the field of plasmonic materials, the gold (in particular in
nanoparticles form) is also the leading building block not only because of its stability but
also due to its plasmon resonance and unique optical properties in visible. Forasmuch as the
mean free path in gold and silver is 50 nm, particles smaller than this size do not experi-
ence any bulk scattering and surface effect is dominating. Therefore, the light in resonance
with the surface plasmon oscillation causes the free-electrons in the metal (d electrons in
silver and gold) to oscillate. Since the resonance occurs at the surface, it is called surface
plasmon resonance (SPR). Consequently, any effect which changes the surface geometry of
the particle (e.g. size or shape) causing a shift in the electric field density on the surface
which results in the alteration of oscillation frequency of the electrons (i.e. SPR shift) [159].
Changing the surrounding environment of the NPs could also affect the resonance frequency
which is the basic principles of plasmonic sensor (for details see the review by Stewart et
al. [160] and the references therein).

It is well known that the interacting metallic particles and film could considerably
absorb light. Inspired with earlier works on metal-polymer nanocomposite [157,/161| and re-
cent developments in the field of metamaterials, the authors of the present article found that
ultra-thin nanocomposite as a top of dielectric coated metal film could result in complete
absorption of light in broad spectrum. Similar to the older works, a three-layered struc-
ture was developed. However, the main difference was the use of ultrathin metal-dielectric
nanocomposite (highly dispersive material [145]) as top roof film (Figure [£.3h). Gold was
selected as a prime metallic constituent of the proposed structure due to its great stabil-
ity and unique optical properties. Experimental data verified that 20 nm nanocomposite
(Au-SiOq) deposited on 25 nm SiO, coated gold film (100 nm) is the optimum condition
for realization of broad-band perfect absorber in visible frequency. It was found that the
volume fraction (filling factor) of the gold in composite significantly alters the optical re-
sponse of the designed metamaterials. By optimization, it was found that 40% filling factor
is the optimum value for high absorption in a wide range of wavelengths making the sur-
face appearance black (Figure —c). The authors postulated that the huge absorption
originated from several factors as follows. Impedance matching in these metamaterials as
well as dipoleimage (polarized particle and its image in the base mirror) interaction which
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causes an electromagnetic confinement in the spacer layer, alleviates reflection . The
broad resonance of the absorber stem, due to the fact that the broad Mie resonance of the
nanoparticles ensembles (which originates from the large size distribution of the particles
with random shapes), and the plasmon polariton of the base metal film overlap. A study of
the optical data measured at a higher angle of incidence confirmed the mentioned reasoning
in which the broad plasmonic resonance peak splits into two peaks along with a slight drop
in absorption in grazing incidence [147]. Changing the thickness of the spacer layer (inter-
layer) revealed that the dipole-image interaction is one of the reasons for light trapping in
the nanocomposite perfect absorber. For instance, thickening the interlayer results in a drop
of the absorption intensity, which can be interpreted as weaker dipole-image interactions due

to weaker coupling [147].

(a)

Figure 4.3: ((a) Schematic of the perfect absorber structure fabricated by sputtering. The
thickness of the layers from top to down are (i.e. nanocomposites, SiOy spacer, and the gold
mirror) 20, 25, and 100 nm, respectively. Perfect absorber (blackbody) coated via a mask on
(b) flexible polymer foil and (c¢) glass. This example shows the potential of the coating for
application on different substrates. (Figure b adapted with permission. Copyright 2011,
WILEY-VCH Verlag GmbH Co. KGaA, Weinheim [147].)

Tuning the optical response of any metamaterials is desired. It was shown that alter-
ation of the filling factor could provide the possibility of adjusting the resonance position.
As it is shown in Figure [4.4h, the absorption peak either shifts towards the NIR when
increasing or towards the blue when decreasing the filling factor . Since the resonance
of the plasmonic structure is strongly influenced by any changes in the surrounding envi-
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ronment, the peak position of absorption in the plasmonic nanocomposite perfect absorber
is also altered by changing the matrix. Figure depicts the absorption of the absorber
with three different matrices of the composite (PTFE, TiOs, and SiO3). In the case of the
matrix with lower refractive index (PTFE) compared to the SiO,, the resonance blue shift,
while having a higher refractive index material (790,), shifts the peak to a longer wave-
length. It seems that the retardation effect of the higher refractiveindex matrix (7'09) on
the resonance of the metallic particles is shifting the absorption band to a longer wavelength
while the polymer matrix with less dielectric constant (than that of silicon dioxide matrix)
provides the condition for higher resonance frequency.
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Figure 4.4: (a) Absorption spectra of a 20 nm Au-SiOs nanocomposite with different
filling factor sputter-deposited on a 100 nm gold film which has been coated with a 25 nm
Si0s spacer layer. The absorption calculated by measuring the reflection (at a 6° angle of
incidence) using A% = 100 - R% while assuming the scattering is negligible. (b) Absorption
spectra of a 20 nm Au-SiOy (circles), 20 nm Au-TiOy (triangles) and 20 nm Au-PTFE
(squares) nanocomposite on a 100 nm gold film with a 25 nm SiO4 at a 6° angle of incidence
(Figure b adapted with permission. Copyright 2011, WILEY-VCH Verlag GmbH Co.
KGaA, Weinheim [147].)

4.3.4 Copper nanocomposite

Copper has been in use by humans from early civilization since people could simply cold-
hammer native copper for building tools [162]. Similar to gold, copper soon found its way
toward decorative applications (beside its extensive types of mechanical usefulness). The
ruby color of some glasses nowadays is attributed to the existence of nanoparticles of cop-
per immersed in a silica matrix [163,/164]. In the field of metamaterials, and in particular
perfect absorbers, copper is a promising candidate due to its significant loss in visible range,
though it has been implemented and used for realization of high absorber devices in other
frequencies, too.
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One of the first copper metamaterial perfect absorbers was demonstrated by Soukoulis
and coworkers [165] in both numerical simulations and experimental measurements for GHz
in the form of chiral metamaterial. A material is considered to be chiral if it lacks any planes
of mirror symmetry. They were inspired by early works on chiral metamaterials [166] where
significant loss is originated from dielectric loss in the FR-4 board at microwave [165|. Hence,
they selected lossy elements (copper) in their design to achieve higher absorption. After
Soukoulis’s work, numerous perfect absorbers which have copper as their constituent were
presented for GHz. The majority of the works were based on the three-layer absorber where
a dielectric is sandwiched between two metallic structures and /or films. In the majority of
the available literatures, FR4 (lossy dielectric) film were used for copper absorber [167H174].
Indeed, the role of dielectric seems to be more significant than the metal itself. Based
on the two studies in which the dielectric contribution to the absorption is analyzed, the
role of dielectric loss in absorption is considerably larger than that of the ohmic losses
in metal [174,/175]. Although the majority of the works were limited to the three layer
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Figure 4.5: ((a) Absorption spectra of 20 nm Cu-PTFE composite (black) with a sput-
tering ratio of 2.0 on 20 nm PTFE on glass in comparison of 100 nm copper film (red).
(adapted with permission. Copyright 2011, Springer Science and Business Media [148].)(D)
Absorption spectra of a 20 nm Cu-PTFE nanocomposite sputter-deposited on a 100 nm
copper film which has been coated with different thickness of spacer layer. The absorption
calculated by measuring the reflection (at a 6° angle of incidence) using A% = 100 - R%
while it assumes that scattering 1s negligible.

system with lossy dielectric, there have been some more innovative designs and proposed
structures in which other possible influential parameters are changed in order to improve
the absorption efficiency in terms of band-width and tunability. One of the unique works
in the field of copper base metamaterial absorber is the work by Sun et al. [176] which
showed that by means of destructive interference, broadband absorption of light can be
realized. They showed that the choice of proper refractive index dispersion enables the
designer to produce a consecutive anti-reflection which may widen the bandwidth of the
absorber significantly. To achieve such a goal, multilayer of SRRs with different dimension
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stacked over each other to provide a dispersive refractive index required for anti-reflection
(high absorption). In other words, their proposed structure shows high absorption not
because of resonant loss of SRRs but rather due to the antireflectivity of the dispersive
coating [176|. Integrating resistors into resonators while maintaining an impedance-matched
material at normal incidence was another innovative method used by Gu et al. [177] in
order to have a broader absorption band. With that strategy, they could realize an absorber
with a peak absorption of 99.9% at 2.4 GHz, and a full width at half maximum (FWHM)
of 700 MHz. Similarly, to broaden the bandwidth of the metamaterial absorber, Cheng
et al. [178] incorporated lumped elements (resistance and capacitance) into a typical three
layer structure (dielectric substrate sandwiched with metal split-coin resonators (SCR)) by
welding. In such a system, which is in analogy with an RLCA4 circuit, the incidental EM
energy can be converted into electric energy in the circuit, and then electric energy can be
subsequently consumed by lumped resistances [178§].

The trends to turn metamaterial devices from passive performers to active (tunable)
ones increased considerably. Accordingly, the same interest holds for absorbers based on
copper elements. Wen et al. [179] incorporated VO to the traditional multilayer absorber
to enable the resonance tunability by temperature variation. Since the vanadium dioxide
phase transition between from metallic to insulating occurs around 330 K, its refractive in-
dex changes correspondingly. Therefore, the resonance condition inside the structure would
change by heating or cooling the sample at this temperature range, giving rise to the real-
ization of a tunable perfect absorber [179].

In spite of all the reported highly absorbent metamaterials in which the top layers are
patterned metallic structures, Shu et al. [49] recently showed numerically that the triple ab-
sorber consisted of metallic film (nonstructured) as the top and bottom layers surrounding a
dielectric film, which could act as the perfect absorber for visible and IR frequency. However,
their design is based on Fabry-Perot interferometer principles and therefore the thickness
of the interlayer and its refractive index is relatively high. The ease of fabrication of such
a class of absorber is beneficial, but its narrow bandwidth and its rather bulky thickness
would be its limiting factors for application in nano-optics.

Generally, the metamaterial absorbers made of copper suffer from one or some of the
following limitations; fabrication complexity, cost of production, narrow band of resonance
and angular /polarization sensitivity. In our recent work, we tried to fabricate an ultra thin
triple-layer perfect absorber with copper as its metallic constituents in which a straight-
forward fabrication process is used and a wide absorption band with marginal sensitivity
to the angle of incidence demonstrated for visible and NIR [148]. As discussed earlier,
metal-dielectric nanocomposite in a stack with metallic and dielectric film could confine the
light and results in broad-band perfect absorber. Analogous to gold nanocomposite, copper
nanocomposite were fabricated but by using an organic matrix. In the copperbased absorber,
the bandwidth is broader and given that the copper is cheaper than gold, the new devel-
oped absorber could be more cost effective for practical application. The average absorption
intensity of copper absorber in visible frequency is above 97%, which makes it, to the best
of our knowledge, the most intense reported broadband plasmonic perfect absorber so far.
Note that the absorption of bare copper film or single layer C'u-PT FE nanocomposite are
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rather poor and their average intensity in visible is below 30% [148] as shown in Figure [{.5h.

As dielectric, PT'F'E was used which has a low refractive index ( 1.3) to assess the role
of dielectric type on the optical properties of absorber. In spite of Au-SiO5 absorber where
25 nm S10y interlayer showed the best performance, 20 nm spacer layer of PT FE resulted
into the maximum absorption in copper system . Thickening the spacer layer to 50
nm whilst the other parameters kept the same, the absorption intensity drops considerably
(Figure [1.5pb). Additionally, in spite of gold absorber which was shown in the previous
section, deposition of nanocomposite on bare copper (with no spacer layer) could lead also
to very high absorption intensity (Figure [4.5b). These evidences prove that both coupling
and interference contribute to the high absorption of such a structure. However, it seems
that copper particles act as stronger light absorber than gold which can be the cause of the
high absorption of structure even without any spacer film.

The absorption intensity and broadness of copper perfect absorber is greater than that
of its gold counterpart. The TEM image of typical Cu-PTFE composite used in [148] is
shown in Figure [.6h. The electron diffraction pattern (Figure [£.6b) shows that Cu similar
to Au is formed as nanocrystallites in the matrix, as confirmed by the rings with diffuse
intensity representing the various Miller planes . It seems that the differences in the
absorption properties of copper and gold base absorber is routed mainly from the fact that
copper is more lossy in visible frequency than gold. Nevertheless, the overall behavior of
the two mentioned systems shows some similar tendencies where the absorption intensity in
entire visible spectrum is high.

Figure 4.6: (a) Top-view TEM image of the near percolated copper-PTFE nanocomposite.
(b) The selected area diffraction pattern of the structure shown in (a).

In addition to the dipole-image interaction and light trapping between the particles gap,
one can explain macroscopically the optical behavior of such metamaterials by interference
theory [181]. In other words, not only plasmon coupling but rather interference and multi-
excitation of resonance because of the mirror nature of the base layer contribute to the
high absorption (low reflection) of the multi-stacks. By changing the thickness of the spacer
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layer, the resonance frequency and intensity of the peak vary which shows that not only
the plasmon absorption of the particles but also the interaction of the particles and the film
contribute to the absorption of the current metamaterial.

Even though huge absorption was realized in copper based metamaterials’ absorber,
the structure and optical properties vary by time mainly due to the probable oxidation of
particles via interpenetration of oxygen to the particles surface. Generally, the main difficulty
in utilizing copper nanoparticles is their inherent tendency to oxidize in ambient conditions.
Applying different barrier layer is known as the major solution to that issue [182]. However,
the polymeric (PTFE) matrix which was used as the dielectric could not provide the efficient
protective layer and avoid copper NPs oxidation. Further works are needed to encapsulate
copper nanoparticles in an oxygen impenetrable matrix to guarantee the long term stability
of the final device.

4.3.5 Silver nanocomposite

Silver in different forms being used for curing of burns, wounds and several bacterial in-
fections for thousands of the years. In the current century and thanks to the advances in
nanofabrication techniques, the range of silver applications has broadened, especially silver
NPs which are now known as a potential antimicrobial agent [183]. In spite of extensive
work on silver nanostructure as the main metallic constituents of metamaterials [184-190),
metamaterial perfect absorbers are mainly composed of gold. It seems that gold have been
in use in the mentioned field because of ease of fabrication, stability and high absorption in
the middle of visible spectrum. In spite of high damping losses of gold and copper, silver is
known as the lowest damping metal in the visible frequency [191] and hence consideration of
silver as the constituent of perfect absorber sounds unreasonable. In other words, silver has
been implemented in metamaterials for high frequency because of its low loss [192H196]. It
is known that the interband transition from occupied d states to unoccupied p and s states
above Fermi level appear at 310 nm and 350 nm in bulk silver, respectively. However, for
silver nanostructures such electron transitions could occur above 350 nm wavelengths and
depend on nanostructure geometry [55]. Therefore, high optical absorption in silver particles
is likely to occur at 350 nm wavelengths and above. On the other hand, silver’s reflection is
close to unity over the whole visible region and hence the absorption of optically thick Ag
film is usually below 5% in that region.

In comparison with bare silver film, nanocomposite shows higher absorption and its
intensity is around 30% in the visible frequency. In spite of the expected low absorption
of silver in visible frequency, our experimental data demonstrated that the high absorption
span for the UV up until the green part of spectrum can be realized by silver base plasmonic
metamaterial absorber [146]|. This is coming from the fact that the resonance of plasmonic
materials moves to longer wavelengths when the dielectric constant of the adjacent environ-
ment enlarges. This is more prominent if the particle is in proximity to a metallic substrate.
Particularly, as a dielectric encloses the metallic nanoparticle, the induced screening charges
on the metaldielectric boundary reduce the plasmon excitation energy resulting in a red-
shifting of the resonance. Likewise, for nanoparticles ensembles, the dielectric materials
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Figure 4.7: (a) Absorption spectra of silver-SiOs nanocomposite with 15 nm (black curve),
20 nm (red curve), 25 nm (blue curve), and 30 nm (green curve) thickness deposited on
15 nm SiOs coated silver mirror. (b) Absorption spectra 200 nm silver film coated with 40
nm polystyrene-SPO composite (red curve) and 20 nm silver-SiOs nanocomposite with 42%
filling factor deposited on 10 nm (blue curve) and 15 nm (black curve) SiOs film. The organic
film is UV illuminated prior to measurement. (Figure adapted with permission. Copyright
2014, AIP [1]6].)

screen and weaken the interaction between the NPs and lessen the shift of the coupled plas-
mon [197]. Accordingly, the absorption band of the silver absorber moves to the visible range
due to the interaction of the composite and the base silver mirror. It is worth mentioning
that part of the red-shift originated from the particle dipole which is anti-symmetrically
coupled to its image inside the silver mirror (substrate) [128].

In analogy with copper perfect absorber system, low reflectivity of the silver absorber
is partially routed from the interference [198|. In such layered stacks, the Fabry-Perot
cavity is built-up between the top composite and the bottom mirror, and results in a strong
interference of the incident and the reflected wave. Specifically, the bounced-back rays from
the mirror destructively interfere with the direct reflection from the top (air-composite)
interface. If the thickness of the spacer layer is properly selected, the reflected waves cancel
each other out which results in negligible reflection. Given that the base silver film is thicker
than the skin depth, no light transmits through the layers and thus perfect absorption is
achieved |146].

One of the major differences of the silver absorber and the two other types of absorbers
(gold and copper based absorbers) which were discussed above is the appearance of an
absorption dip at higher frequency (around 325 nm). This dip cannot simply stem from
transmission of silver film at 320 nm (5% transmission) because the intensity drops around
30% which is much more than the probable absorption loss due to transmission. The dip is
routed from overlapping of two other resonances. One is the surface plasmon resonance of
silver film excited either by diffraction via particles or from the roughness of the film itself.
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The other is, the plasma frequency of silver which appears at 320 nm. In other words, at
high frequency two mentioned absorption peaks appear while their center resonance is apart.
Therefore, the gap between the two peaks appears as a dip of absorption [146].

The effect of filling factor and thickness of the film or composite on the optical prop-
erties of silver perfect absorber was in accordance with the copper or gold system. The only
difference came from the initial peak position which was discussed above. For instance, by
increasing the thickness of the composite (while keeping the other parameters constant), the
absorption band can be widened extensively. Indeed, metamaterial silver absorber which

spans the whole visible frequency can be made by increasing the thickness of nanocomposite
with 46% filling factor to 30 nm (Figure [1.7h).

The interestingly high absorption of the silver system in deep UV range shows its
potential as UV protection film. Comparative study of the absorption performance of silver
nanocomposite absorber with typical UV absorber (Spirooxazine molecules) showed that the
absorption intensity of the presented metamaterials is higher than the inorganic absorber
(Figure ) Hence, one can see the potential application of perfect absorber as a highly
efficient UV protective layer [146].

In short, nanocomposite perfect absorber (i.e. nanocomposite-dielectric-metal film
stack) shows almost unity absorption in a broad range of frequencies with marginal angular
dependency. The absorption peak position and intensity can be tuned by changing the type
of nanocomposite, filling factor, and the host matrix, and the thickness of the layers which
demonstrate the flexibility of the proposed method from both a fabrication and application
point of view. The implementation of perfect absorbing structures on a variety of substrate
is a new idea which could be implemented into the new generation of thin film solar cells
for clothing (textile industry) [199]. Accordingly, we showed that nanocomposite with high
filling factor can be deposited even on aluminum kitchen foil, turning it into a black absorber
or any other color (Figure . This idea can push the field of metamaterials absorber one
step forward for novel energy applications.

Figure 4.8: True photograph of 50 nm gold nanocomposite with (18%), (20%) and (30%)
filling factor on aluminum foil resulting in different color. The white are (top left) is the
bare aluminum foil.
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4.4 Innovative design of light weight broadband nanocom-
posite perfect absorbers

As discussed above, majority of metamaterials absorbers (narrow or broadband) consist
of three or multiple layers out of metals and dielectric assembled in a way to provide light
confinement either by electric/magnetic resonance or via interference and localization. More-
over, physical vapor deposition (PVD) is the prime technique for production of metamateri-
als absorber for high frequency. Nonetheless, innovative design for realization of broadband
perfect absorber have been developed while it is not made through PVD nor designed by
triple layers. It is known that ensemble of nanoparticles can strongly confine the light. This
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Figure 4.9: (a) A flexible polymeric substrate coated with the black spongy gold. (b) Reflec-
tion and absorption spectra of black spongy gold in the visible and near-infrared frequency.
(¢) Heating stages of coated (black) and neat foam (white) on a hot plate after (bottom-
left)1 s, (bottom-middle) 1 min and (botoom-right) 30 min at 150 °C. (Figure adapted with
permission. Copyright 2013, Nature Publishing Group )

trapping is more intensified when the particles’ inner-distance shrinks down to the diameter
of the particles. Porous metals are among those structures which provide the small inter
particles distance and enable localization of electromagnetic field (via localized surface plas-
mon resonance). Hence, the tuning of the resonance is directly correlated with the size at
dimension of the porosity and the structure itself . This fact was the base of the new
design of perfect absorber which has been recently developed by Elbahri and co-workers .
They use the Leidenfrost drop to create a nanoporous gold hybrid structure as well as black
plasmonic foam, which absorb the whole visible and NIR electromagnetic waves resulting in
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a very broadband, perfect plasmonic absorber (Figure [4.9).

When a water drop touches a plate which is hotter than the boiling point of the
drop, the part in contact with the substrate vaporizes and the drop levitates on its own
vapor. Interestingly, remnant solid is left on the surface over which the drop has levitated.
Based on Elbahri’s group finding, overheating, thermal gradients and charge separation are
fundamental to Leidenfrost condition. In addition to the great possibility of nanofabrica-
tion under Leidenfrost condition such as nanoparticles formation, coating etc., the authors
demonstrated that such an approach can be used for fabrication of 3D metamaterial broad-
band absorber (400-2500 nm) in a very simple, cost effective and an environmentally friendly
manner (Figure [4.9p-b). In this approach, a drop of (1 ml HAuC4, 20 mM + 700 ml Sod.
citrate 1% + 150 ml NaOH 0.5 M, pH 8.5) was placed on a preheated hot plate (with a
constant temperature of 270°C) which provide a suspension of the desire black porous struc-
ture in less than a minute. The black suspension can turn a flexible polymeric substrate to
a super absorber by a simple casting method (Figure ) To realize a macro-scale three
dimensional porous metamaterial, a commercial packaging polymer foam is introduced in a
levitated black pool out of the porous gold. Thanks to the dynamic covering potential of
Leidenfrost drop, the foam was coated with the metallic spongy structures and a millimeter
size black 3D metamaterials is realized (Figure ). In such a complex polymer-metal
structure, the suppression of light reflection is attributed to consolidation of light scattering
by the sample roughness, localized and de-localized excitation of plasmons within and on
the surface of pores [201], as well as light trapping inside the gaps. Although broadband
absorbers are critical in energy harvesting applications, for more effective use of solar energy
it is desirable to develop cost-effective, durable and lightweight systems [202] with improved
ability to absorb solar radiation energy particularly at wavelengths below 3 pum (c.f. Figure
[4.9p) [203]. This chemically developed metamaterial absorber can withstand high temper-
atures, which demonstrates its potential application in energy collecting purposes. Figure
[M.9c shows the black coated foam on a hot plate in comparison to uncoated foam. It can be
clearly seen that the black metamaterial could stand high temperatures in which the neat
foam melts. The bioinspired fabrication approach is another novel and cost effective method

Figure 4.10: Formation bionanohid structure throuh adsorption of Au nanoparti-
cles onto the BSA/PANGMA nanofibers. (Figure adapted with permission. Copyright 2012,
WILEY-VCH Verlag GmbH Co. KGaA, Weinheim |65].)
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for development of 3D metamaterials perfect absorber. Biological materials are inherently
and naturally multifunctional and even smart. For instance, chameleons are well-known for
their ability to change color. This stems from the fact that chromatophores (organocell)
could either spread the pigment particles all over the cell or concentrate them into a small
lump [204].A quite similar concept is applied for humidity based color change (light blue
to black) in Cryptoglossa verrucosa. The color phases are formed by "waxfilaments" that
spread from the tips of miniature tubercles that cover the cuticle surface [205]. Elbahri
and co-workers [65] mimicked the beetles to achieve a broadband and lightweight perfect
absorber using nanocomposites as a standalone matrix. Recently, they have shown a macro-
porous membrane consisting of polymeric nanofibers and proteins able to filter out tiny
nano-scaled particles present in aqueous solutions. A nanofluid (i.e. a colloidal suspension
of metal nanoparticles in water) can pass through a macro-porous nano-fibrous membrane
unless the membranes nanofibers are biofunctionalized by a globular protein. It was found
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Figure 4.11: (a) Tunable coloration of the surface of the membrane at dry (red) and wet
(black) states. (b) The reflection spectra of the nanocomposite in dry and wet (completely
water soaked) states. (Figure adapted with permission. Copyright 2012, WILEY-VCH Verlag
GmbH Co. KGaA, Weinheim [65].)

out that the biofunctional agent (bovine serum albumin) could undergo a conformational
change thereby capturing all the metal nanoparticles during the filtration process. Accord-
ingly, a novel method for bio-nanocomposite fabrication has been introduced (Figure
wherein the surface color changes (Figure [4.11]) from red to black upon wetting thereby
enabling realization of an omni-directional wideband perfect absorber [65]. In dry state, the
sample looks red while the average reflection of the sample is about 35%. On the other hand,
by wetting the sample, it turns black while showing low reflectivity (Figure [{.11p) and it
acts as a swollen, open, porous nanostructure foam. The resulting porous structure give
rise to the localization of the incident electromagnetic field (in analogy to the nanoporous
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structures). Therefore, the sample turns black and absorbs the visible energy [65]. Never-
theless, this bio-nanocomposite structure is in its infancy and further studies are required
to explore the mechanism behind the high absorption. These mentioned examples shows
that chemically routed fabrication methods could also provide the possibility for design and
fabrication of new metamaterial absorber. However, wet chemical fabrication techniques are
less considered and their pros and cons need to be explored.

4.5 Prospects and Future

The field of metamaterial perfect absorbers is still immature. Much more effort must be made
to bridge the gap between the lab-scale fabrication and industrial application. Nevertheless,
current achievements both in theory and experiments showed the immense potential of this
new type of metamaterials for a variety of applications.

As the prime utility of highly absorptive structures, photovoltaic and solar cells are
the fields of interest. Very recently, the effect of typical, perfect absorbing structures (i.e.
metallic nanostructure and film separated by a dielectric) on the absorbing efficiency of or-
ganic photovoltaic materials was investigated. The authors demonstrated numerically that
absorption augmentation up to 2.88 can be achieved in a 40 nm thick P3HT : PC60BM film
sandwich by Aluminum nanostructure and film due to critical coupling into the magnetic
resonant mode [206,207|. Other uses of metamaterial perfect absorbers are in the fields where
huge light confinement is desired. Li et al. [208] making use of such potential of plasmonic
absorber, demonstrate its applicability in surface enhanced molecular spectroscopy (SEMS).
Due to the localized field within the nanostructure and its tunability, the resonance could
match the molecular vibrational modes of interest in the analyte which provides the possi-
bility to identify chemical stretches. They showed that by using a cross-shaped nanoscale
structure separated from a gold film by alumina, Parylene C' molecular vibrational stretches
in very thin film can be revealed [208]. Microbolometer thermal sensors is another general
application of metamaterial absorbers [209]. Aluminum nano-pattern and aluminum plate
with SiO, spacer layer was the design demonstrated by Kearney et al. [209).

Gigantic field enhancement achieved by perfect absorber can be applied for Raman
spectroscopy of single molecules, too. Wang et al. [210| showed this in a structure composed
of silver particles (average radius size of around 20 nm) dispersed on a surface of SiO,
coated silver mirror. In such a structure , in which they called "metasurface", surface-
enhanced Raman scattering (SERS) enhancement factors which is one order of magnitude
higher than those of silver nanoparticle islands on glass can be achieved. They attributed
this enhancement to the improvement in the coupling between the incident light and plasmon
resonance of the developed metasurface [210).

Cloaking an object by perfect absorber (in reflection mode) is another potential appli-
cation of this class of material. Alaee et al. [211] numerically showed that any object which
can be wrapped by a perfect absorber would be cloaked and turn invisible in reflection due to
the suppression of back-scattered light from the wrapped object. Their proposed structure
is also composed of metallic pattern and film but on a curved surface. Perfect absorbers
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designed for low frequency have been shown to be acoustic metamaterials which absorb the
airborne sound in the frequency range of 100-1000 Hz. The designed and fabricated structure
comprises an elastic membrane decorated with asymmetric rigid platelets. This intelligently
designed metamaterial can have a broad range of applications such as reducing the cabin
noise in airliners and ships, regulating the acoustic quality of music halls, and environmental
noise abatement along highways and railways, amongst others [212].

Similar to other plasmonic structures, application of metamaterial perfect absorbers
as a sensor [213] is also promising, in particular when the absorber is narrowband. In all
reported works, tri-layer absorber is designed and it is shown that the resonance band of such
structures can be tuned upon exposure to different liquids [43,[214] or vapor [215] because
of the refractive index change of the surrounding environment.

Taking into consideration all the illustrated applicability of metamaterial perfect ab-
sorbers, one could see the progress in this new and fast growing field. However, none of the
proposed structures have been used in the currently industrialized solar cells or collectors
and therefore their long term performance and stability needs to be examined. Moreover,
up-scaling of the nano-lithographically fabricated system (which is the major fabrication
method in meatamaterial) in a cost-effective and reproducible way is also in doubt and
requires the invention and development of some new robust and cheaper alternatives. Nev-
ertheless, the future of this field is very bright and mass production and implementation of
metamaterial perfect absorbers for everyday life is not out of reach in the current decade.
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Chapter 5

Design of a perfect black absorber at
visible frequencies using plasmonic
metamaterials

M. K. Hedayati, M. Javaherirahim, B. Mozooni, R. Abdelaziz, A. Tavassolizadeh,
V. S. K. Chakravadhanula, V. Zaporojtchenko, T. Strunkus, F. Faupel, M. El-
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metamaterials, Advanced Materials 2011, 23, 5410-5414.

5.1 Main text

During the course of the last decade, trends to achieve perfect absorbers increased tremen-
dously due to the huge interest in development of the materials for harvesting solar energy.
However up to date all of the applied methods (perforated metallic films [44,45/51], grating
structured systems [41,42,50,1216], and metamaterials [31,136-38,40/174},217] are costly and
suffer from a lack of flexibility. Furthermore their absorbance is limited to a narrow spectral
range which makes their application for a broad range of frequencies impossible.

Here we demonstrate design, fabrication and characterization of a perfect plasmonic
absorber in a stack of metal and nanocomposite showing almost 100% absorbance spanning a
broad range of frequencies from ultraviolet to the near infrared. The fabrication technique of
our metamaterial is cost effective and compatible with current industrial methods of MEMS
which make our proposed system an outstanding candidate for high efficiency absorber
materials.

Thick metallic film are known as an excellent mirror but when they are structured, the
reflectance fades away because the light gets absorbed by the excitation of the conduction
electrons by electromagnetic waves which is generally known as plasmon resonance [44]. This
concept has been used in the last few decades to realize highly absorbing systems in diverse
areas of the electromagnetic spectrum but these works were either successful only for a very

22



Chapter 5. Design of a perfect black absorber at visible frequencies using plasmonic
metamaterials 53

narrow range of frequencies [50], [37,[43,218] or the absorbance was distant from that of
blackbody materials [38].

Not only the metallic film supports plasmon resonances but also the metallic nanopar-
ticles show high absorption due to its localized particle plasmon resonance (Mie resonance)
|]§|,. Indeed, the resonance of these particles embedded in different matrices has been ex-
tensively studied within the last decade and it is well known that the resonance band-width
depends on the size, shape, density and distribution of the nanoparticles |]§|, Indeed, a
highly dense nanocomposite gives rise to a very broad-band absorption due to the excitation
of the localized plasmon resonance of the nanoparticles by visible light. In contrast to the
expectation for the absorption behavior of a metal/polymer nanocomposite, we have recently
shown that nanocomposites with low filling factor in a proximity to a thin metallic film can
even enhance the optical transmission of the system due to the plasmonic coupling of the
film and the nanoparticles which mainly result in a reflection/scattering reduction of the
system by dipole/image interaction . However, rising the distance between the metallic
film and the nanoparticles by adding a spacer layer confines and traps the electromagnetic
field in the small gap and consequently intensify the absorption. For this arrangement the
absorption value typically does not exceed 60% and the absorption band is limited to a
narrow frequency range.

Here we modified the concept by the use of a nearly percolated nanocomposite (pos-
sessing both localized and delocalized plasmon modes) as top layer and an optically thick
metallic film as the base mirror separated from each other by a spacer layer where the light is
trapped. Figure [5.1/shows the schematic geometry of the black absorber realized in this work
(left) along with HRTEM image of the nanocomposite with 40% filling factor (right). The

Nanocomposite --»
Si0, T -

Figure 5.1: Schematic of the perfect absorber structure manufactured by sputtering. The
thickness of the nanocomposites, SiQOs spacer and the gold murror are 20, 25 and 100 nm
respectively. The whole structure resides on a glass substrate (left) and the top view TEM
image of the nanocomposite film (right).

structure is composed of (from bottom to the top) a glass substrate coated with an optically
thick metallic film (Au) followed by a thin dielectric layer (Si0,) acting as a spacer layer
and at the very top, a thin (20 nm) nearly percolated film of nanocomposite (Au/SiOs).
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Indeed, this coating can be applied onto any kind of substrate even on flexible ones. Fig-
ure illustrates visually a blackbody made of gold showing the logo of our group either
on a gold film (as background) (left) or directly on a flexible polymer (Figure [5.2right))
demonstrating the versatility and applicability of this system on any kind of substrates.

CHEM

.

Figure 5.2: Perfect absorber (blackbody) coated via a mask on a gold coated glass (left) and
on a flexible polymer foil (right). It shows the potential of the coating for application onto a
flexible substrate.

Figure shows the absorption and reflection spectra of our plasmonic metama-
terial. One can see that the absorption of the system is almost 100% in most part of the
visible. Indeed, corresponding reflectivity of the structure is negligible (almost zero) which is
attributed to impedance matching of the device to the vacuum [43]|. Impedance calculations
were done to evaluate the matching behavior of the films. These data (inset in Figure [5.3h)
were calculated from reflection measurements and showed that the impedance of our plas-
monic metamaterials in most part of the visible spectrum is unity which is corresponding to
the spectral region of minimum reflection.

Impedance matching of plasmonic metamaterials is owing to the magnetic optical res-
onance, which is induced by dipole-image interaction and causing an electromagnetic con-
finement in the spacer layer and thereby alleviate the reflection [31,37,43|. It is known that
anti-parallel currents will be excited in the nanoparticles (embedded within the nanocom-
posite) and the bottom layer [43], [134,220]. Essentially, this is called a magnetic resonance
for the reason that the circulating currents result in a magnetic moment which can robustly
interact with the magnetic field of the incident light. Therefore, a strong enhancement of the
localized electromagnetic field is established in the spacer layer and consequently no light is
reflected back [43]. Having used a base layer with sufficiently large thickness to block the
light from passing through along with the trapping of the light and suppressing reflection,
the incident light will be obstructed completely and this makes the system a perfect absorber
(Figure [5.3p). The role of magnetic resonance in the high absorption of the structure is
further proved by measuring the optical spectra with polarized light. Figure [5.3b shows
TE polarized absorption spectra of the device in the angles ranging from 15 to 60 degrees.
Although the reflectance for TE polarization is larger than for TM polarization at higher
incidence angle 43|, (as expected, owing to the weak induction of the circulating current
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Figure 5.3: (a)Absorption (black) and reflection (red) spectra of 20 nm Au/SiOy nanocom-
posite deposited on a 100 nm Au film with 25 nm SiOy spacer layer (black curves) measured
at 6 degree angle of incidence. The inset shows the impedance data of 20 nm Au/SiOs
nanocomposite deposited on a 100 nm Au film with 25 nm SiOy spacer layer. (b) Ab-
sorption spectra of gold based perfect absorber composed of 20 nm Au/SiOs nanocomposite
deposited on a 100 nm Au film with a 25 nm SiOy spacer layer with TE polarization at 15
(black) 30 (red) 45 (blue) 60 (olive) degree of incidence, respectively.
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Figure 5.4: (a) Absorption spectra of gold based perfect absorber composed of 20 nm
Au/Si0y nanocomposite deposited on a 100 nm Au film with a 25 nm SiOs spacer layer
with TM polarization at 15 (black) 30 (red) 45 (blue) 60 (Magenta) degree of incidence,
respectively. (b) The typical size distribution of the nanoparticles of the nanocomposite used
as the top layer.
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between the top nanoparticles (dipoles) and the bottom metallic film (mirror)), in the TM
mode (Figure [5.4h), the magnitude of resonance peak does not change so much with an-
gle [37]. In fact, we attribute the broad resonance of our structure to two effects. The first is
the hybrid plasmonic coupling between the broad Mie resonance of the nanoparticles (which
is originated from the large size distribution of the particles (Figure [5.4b) with random
shapes [221]) and the plasmon polariton of the metal film whereas the induced plasmonic
magnetic resonance within the spacer layer (owing to the interaction within nanoparticle
plasmon resonances in the composite and their dipole images on the gold mirror) is another
reason which gives rise to a very broad resonance of the system. These facts can be better
understood when the sample is illuminated at higher incidence angle ((Figure Fig-
ure ) In that case the broad plasmonic resonance peak splits into two peaks along
with a drop in absorption (especially in TE polarization). In other words, the broadness
of the absorption peak originates from the overlap of two resonances inside our plasmonic
metamaterials [222].

Even thought there is a drop in absorption up to 60 degree angle, the drop is not so
large and the overall absorption still remains around 90% in a broad range of the spectrum
which shows the potential of using this system as a solar absorber [223]. Indeed the angular
dependence reflectance for both polarizations show a negligible change which indicates that
our plasmonic metamaterials are effective for both light propagating directions, in contrast to
known split-ring resonators (SRR) which are highly angle-dependent [37]. To further prove
the role of dipole-image interaction, the thickness of the spacer layer changed while keeping
the other parameter constant (Figure ) Changing the thickness of the spacer layer
influences the interference of the plasmon waves and results in a change of the resonances.
Indeed, raising the distance between the metal film and the nanocomposite by adding a
thick interlayer, disturbs the resonant condition and results in a weaker coupling. (Figure
5.5R). Our results gave critical spacer layer of 25 nm where the absorption width and
intensity is maximized and slight changes in the mentioned spacer thickness values lead to
an absorption reduction due to the lack of efficient dipole-dipole interaction [224] and shows
that the absorption of the device is not based on Fabry-Perot resonance [225]. Besides the
high absorption of this structure, its band-width can be tuned by adjusting the filling factor of
the nanocomposite. To study the effect of the filling factor on the optical properties of our
absorber, gold based absorbers with different filling factors were prepared and examined.
It was observed that changing the filling factor of the nanocomposite from its optimum
value (40%) shifts the resonance peak either towards the NIR upon raising or blue shift
the resonance upon decreasing the filling factor (Figure [5.5b). This is indeed attributed
to the mismatching of the SPPs resonances [226]. However, the structure with very high
filling factors (i.e. already percolated nanocomposites) result in intensive reflectivity which
is accompanied by a drop of the absorption. Figure shows the spectrum of a fully
percolated composite deposited on a spacer coated gold film. As mentioned above, the
reflectivity of the system is enhanced dramatically compared to the near percolated one
which leads to the drastic reduction of the absorption. Not only the filling factor of the
composite changes the absorption of the structure but the type of the dielectric matrix
will also affect the overall absorption of the system. Figure [5.6b shows the absorption
of the absorber with three different matrices of the composite (Ti0y, SiOy and PTFE).
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Figure 5.5: (a) Absorption spectra of Au based perfect absorber composed of 20 nm
Au/Si0y nanocomposite deposited on a 100 nm Aw film with different thickness of inter-
layer. (b) Absorption spectra of 20 nm Au/SiOs nanocomposite with different filling factor
sputtered on a 100 nm Au film with a 25 nm SiOy spacer layer at 6 degree angle of incidence.

One can clearly see that using TiO, (refractive index = 2.5) instead of SiO, (refractive
index = 1.5), the absorption shifts to the lower frequency and its intensity drops. This
can be attributed to the retardation effect of the higher refractive index matrix on the
resonance of the metallic particles. In addition, the high value of the dielectric constant
of the corresponding nanocomposite, disturbs the condition of impedance matching to the
vacuum and thus the absorption (reflection) of the system drops (goes up). On the other
hand, when a composite composed of gold and a low dielectric constant matrix (PTFFE
with refractive index of 1.35) is used, the resonance of the system is significantly blue shifted
which we attribute to the higher resonance frequency of the metallic particles in low dielectric
constant environment [218|. This is indeed another sign of the plasmonic origin of our device
which changes its resonance upon changing the dielectric constant of the environment |[6].

Indeed study of the both filling factor as well as the spacer layer along with the an-
gular dependence measurements showed that the 100% absorption could only be realized
under certain condition while slightly changes in the optimum condition causing a drop in
the absorption intensity. However better understanding of this fact needs in depth inves-
tigation which is far above the scope of this work. Our concept is simple, cost effective,
straightforward and applicable to all plasmonic materials. To prove the concept, we have
also designed and fabricated a copper based perfect absorber which also exhibits a broad
absorption resonance in the visible (not shown here).

5.2 Summary

In summary, we have developed a new plasmonic metamaterial with almost perfect absorp-
tion of light within the whole visible spectrum. Its fabrication technique is cost effective



58 5.3. Experimental

(a) 100 (b) 100 —
90 90.] /
X ]
c 80- 80~
L2 ]
S 704 70+
§ . = 60
= 50- §_ 50 -
=
S 407 S 404
-~ 1 o]
g. 30- < 304
2 204 20 4 — TiO,
< 10 10]| — sio,
1 1 PTFE
0 T T T T T T T T T T T T T 0 v T v T v T T T v T
400 450 500 550 600 650 700 750 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Figure 5.6: (a) Absorption/Reflection spectra of 20 nm of a fully percolated composite
on a 100 nm Au film with a 25 nm SiOy spacer layer at 6 degree angle of incidence. (b)
Absorption spectra of a 20 nm Au/SiOq (circles), 20 nm Au/TiOs (traingles) and 20 nm
Au/PTFFE (squares) nanocomposite on a 100 nm Au film with a 25 nm SiOs at a 6° angle
of incidence.

and compatible with current MEMS industry. In addition the small thickness of the whole
film and its potential to be deposited onto flexible substrates makes it an excellent candi-
date for absorber and/or anti-reflector coatings. We have shown that this method can be
used for different noble metals and the high absorption achieved is slightly sensitive to the
polarization and does not change significantly with the angle of incidence.

5.3 Experimental

All experiments were carried out in a home made metal vacuum chamber, which was ini-
tially evacuated to below 10~ %mbar. Two magnetron sources was installed inside the chamber
which allows synthesis of nanocomposite films as well as multilayer systems with different
metal filling factors. We used an RF magnetron system for sputtering of SiO, and a DC
magnetron sputter source for gold. The magnetrons were arranged in opposite directions
relative to the sample holder both with an angle of 50° to the substrate plane. A rotatable
sample holder was used to obtain films with a uniform thickness and metal distribution. The
thickness of the films was measured with a profilometer (Dektak 8000 surface profile measur-
ing system). Energy dispersive x-ray spectroscopy (EDX) mounted in a scanning electron
microscope (SEM) (Philips X L30) was used to determine the metal amount and distribution
in the composite films. Details of the EDX measurement for filling factor calculation can
be found in ref. [218]|. For UV-vis measurements the layers were deposited onto glass slides.
The optical properties were studied using a UV /Vis/NIR spectrometer (Lambda900, Perkin
Elmer) and for the angular dependent measurements an Ellipsometer was used Polarization
dependent measurements were also done in Mads Clausen Institute (University of Southern
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Denmark) with an adjustable polarizer supplied with the Ellipsometer.
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Chapter 6

Tunable broadband plasmonic perfect
absorber at visible frequency

M. K. Hedayati, F. Faupel, M. Elbahri, Tunable broadband plasmonic perfect
absorber at visible frequency, Applied Physics A 2012, 109, 769-773.

6.1 Abstract

Metamaterials and plasmonics as a new pioneering field in photonics joins the features of
photonics and electronics by coupling photons to conduction electrons of a metal as surface
plasmons (SP). This concept has been implemented for a variety of applications including
negative index of refraction, magnetism at visible frequency, cloaking devices amongst others.
In the present work, we used plasmonic hybrid material in order to design and fabricate a
broad-band perfect plasmonic metamaterial absorber in a stack of metal and Copper-PTFFE
(Polytetrafluoroethylene) nanocomposite showing an average absorbance of 97.5% in the
whole visible spectrum. Our experimental results showed that the absorption peak of the
stacks can be tuned upon varying the thickness and type of the spacer layer due to the
sensitivity of plasmon resonance to its environment. To the best of our knowledge, this
is the first report of a plasmonic metamaterial absorber based on copper with absorption
around 100% in the entire visible and near-Infrared (NIR).

6.2 Introduction

The general interest in solar use was raised fast in the mid-70° due to the renewed interest
in substitute energy resources, which resulted from the "oil crisis" [120]. Graded structure
made of a metal-dielectric composite along with anti-reflectors were one of the basics of the
developed structure for solar absorption, which were fabricated by the electroplating or vac-
uum deposition methods (details can be found in [120]). Nowadays, due to the fast growing
field of nanotechnology and the great demand for a nanoscale system, the trends to realize
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a system showing black absorption for solar and sensoric purposes with sub-wavelength di-
mension increased. However, so far most of the applied techniques (e.g., perforated metallic
films [44], grating structured systems [42] and metamaterials [31,36}|43] are either costly
or has low fabrication tolerance and their absorption resonance is a narrow-band, which
limits their utility for energy harvesting. Recently, we showed experimentally for the first
time fabrication of a broadband perfect plasmonic absorber in a stack of gold and Au-Si0,
nanocomposite showing nearly 100 % absorbance at the visible spectrum [147,[227]. In this
report, we implemented the same idea but in a polymeric nanocomposite and replaced gold
with a copper to significantly reduce the material cost. In the copper-based absorber, the
bandwidth is broader and since the copper is cheaper than gold, the new developed absorber
is more cost effective for practical application. In addition, the average value of absorption
in visible is above 97 %, which is the best reported broadband plasmonic perfect absorber
so far.

6.3 Experimental procedure

A cylindrical vacuum chamber was used for sputtering of the metal and polymeric film. By
installing two magnetrons with an angle of 50°, co-sputtering was done in order to make a
nanocomposite out of a copper and PTFFE targets. Simultaneous sputtering from different
sources allows deposition of nanocomposites with different filling factors (ff) and thick-
nesses. For acquiring a uniform thickness for the film and homogeneous metal distribution
for the composite, all depositions were done on the samples attaching to a rotatable sample
holder. For dielectric deposition (PT F'FE in this case), a RF power and for conductive targets
(Copper) a DC power supply were used. The details of co-sputtering methods can be found
in our former reports [228|. Thickness measurements were performed using the Dectak 8000
profilometer. Optical analysis carried out by a UV-Vis-NIR spectrometer (Lambda 900,
Perkin Elmer). Although aluminum was used as a mirror for reflection measurement, the
data was normalized to a perfect reflector in order to achieve absolute value of reflection.
Since all the base film thickness was 100 nm, which is far greater than the skin depth of
copper, it was assumed that the transmission is zero. Therefore, all calculation of absorbance
is based on: A+R — 100 %, where A stands for absorption and R is reflection.

6.4 Results and discussion

A schematic of the structure, which was used in this work is shown in Figure [6.1p. It is
composed of an optically thick copper film as base layer (100 nm) and a nearly percolated
Copper-PT F E nanocomposite as a top layer, which are separated by a dielectric interlayer
(PTFE). Transmission Electron Microscopy (TEM) of the nanocomposite used in this work
presented in Figure [6.Ib. One can see that the distance between the particles is very small
and the composite is near-percolation. Figure shows the photograph of the optimized
sample compared to the bare copper film where one can see the black appearance of the
highly absorber system compared to the shiny surface of metallic film. Optical measurements



62 6.4. Results and discussion

showed that a 20 nm spacer layer of PT'F'E gives the best performance of the device and
thickening or thinning the thickness of interlayer reduced (increases) the absorption (the
reflection) of the system. Figure shows the absorption spectra of 20 nm Cu-PTFFE

(a)

Figure 6.1: (a) Schematic drawing of the perfect absorber structure, which is composed of
the Cu-PTFE nanocomposite deposited on the PTFE coated copper film. (b) Top-view TEM
image of the near percolated Copper-PTFE nanocomposite.

composite on 100 nm copper-base layer separated with different thickness of interlayer.
It is obvious that changing the spacer layer thickness from the optimum value of 20 nm
will alter the efficiency of the device and the absorption drop. We attributed the drop
to the lack of coupling of the top nanoparticles and the base layer. Indeed, in such a
system, excitation of anti-parallel currents between nanoparticles (embedded within the
nanocomposite) and base layer (known as magnetic resonance) induced by dipole-image
interaction will trap the light within the interlayer. However, it seems that upon increment or
decrease of spacer-layer thickness, dipole-image interaction becomes less efficient and results
in a drop in absorption ,. Deposition of the composite on a bare base layer further
supports the mentioned idea in a sense that when there is no distance between the film and
nanoparticles, no light can be confined and, therefore, the reflection enhances (Figure
(green curve)). The optical response of such a stack is not only dependent on the spacer
layer thickness rather than the filling factor of the composite plays a crucial role in the
efficiency of film. UV-vis measurement of the samples prepared with different filling factor
showed that the best performance achieved when the ratio of the sputtering rate of copper
to PTFE is 2.33. On the other hand, changing the sputtering ratio to 2.0 or 2.66 reduces
the overall absorption of the device. Figure shows the absorption spectra of the stacks
with a different sputtering ratio of copper and PTFE. Tt is obvious the highest absorption
occurs when the ratio is 2.33. When the ff rises far above the percolation threshold, the
reflectivity of the upper layer goes up, and consequently the optical response of the stacks
becomes similar to thick copper film. In other words, as soon as the composite starts turning
to a continuous metal film, the light cannot pass through the top layer anymore and it acts as
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Figure 6.2: (a) Photo of the perfect black absorber (left) in comparison with bare copper
film (right). (b) Absorption spectra of 20 nm Cu— PTFE composite on PT'FE spacer layer
with different thicknesses on a 100 nm Cu. The green curve shows the composite on a base
layer without any inter-layer for comparison.

a metal reflector. Therefore, the absorption of the structure dramatically drops. Comparing
the current results with our previous report on the gold base perfect absorber [147], one can
see that the broadness of the peak in the copper-base perfect absorber is more than the gold
base one. In other words, the average value of absorption in the visible range (400 - 750 nm)
is around 97%, which shows the higher efficiency of the copper-absorber compared to its
gold counterpart. In fact, the filling factor of the optimized condition in the copper system
(70%) is far above that of gold (40%) and, therefore, it is expected to be highly reflective.
However, a broader resonance and perfect absorption was observed, which we attributed to
the plasmonic damping of copper, which occurs due to interband processes via the electron
photon as well as electron-electron scattering [229]. The role of magnetic resonance in the
high absorption of the structure was shown in our last work [147], however, one cannot roll
out the significance of interference in the low reflectivity of such a structure. The influence
of interference in a perfect absorber has been recently proposed by Chen [181]. He showed
in a typical metamaterial absorber there is minor near-field interaction or magnetic response
among the neighboring metal structures. In addition, the surface currents with anti-parallel
directions originated from the interference and superposition, rather than excited by the
magnetic component of the incident electromagnetic fields [181]. It seems that interference
can also play a role as a contributor to the observed low reflection of our system besides other
mentioned phenomena. In other words, not only plasmon coupling rather than interference
and multi-excitation of resonance because of the mirror nature of the base layer contribute
to the high absorption (low reflection) of the multi-stacks. However, further theoretical
works are required to explore the real mechanism of the high absorption in our multi-stack
structure.

Measuring the optical response of the metal alone as well as the composite film with
the same condition deposited on glass substrate showed that the high absorption of the
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system is originated neither from the composite alone nor from the metal. Figure [6.3p
shows the absorption spectra of the composite and bare copper film on glass. It is clear
that the average absorption value in both cases is less than 30%, which is far below the 97%
of the copper-perfect absorber. These results further support the idea of plasmon coupling
in the highly absorber structures and show that the Ohmic losses of the device within the
metallic particles due to the localized particles plasmon resonance of copper nanoparticles
is not the dominating process of the overall absorption. In addition, the optical study of the
system with a different spacer layer thickness further supports the significant role of dipole-
image interaction in perfect absorption of our developed system (Figure [6.2b). As it was
mentioned above, increasing the distance between the metal film and the nanocomposite by
adding a thick spacer layer, disturbs the resonant condition and results in a weaker coupling.
Different to our previous report [147], a critical spacer layer of 20 nm was observed where
the absorption width and intensity is maximized. The significant drop in the absorption
observed when the thickness of the spacer layer exceeds 50 nm, which we attributed to
the lack of efficient dipole-dipole interaction. Indeed, the difference of the spacer layer in
the gold and copper system can be attributed to two effects. First, the refractive index
of PTFFE is less than that of S1O;. Secondly, the plasmon resonance of gold and copper
respond differently to the certain dielectric [6]. Besides the two mentioned parameters, the
ratio of gold to Si0; matrix in the gold-perfect absorber was less than the ratio of copper
in PTFFE in copper-one. Indeed, all of the difference originated from the different plasmon
resonance of gold and copper.
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Figure 6.3: (a) Absorption (solid lines) and reflection (dot lines) spectra of the near per-
colation nanocomposite with three different sputtering ratios of polymer and metal on a 100
nm Au film coated with 20 nm PTFE layer as a spacer. (b) Absorption spectra of 20 nm
Cu-PTFE composite (black) with a sputtering ratio of 2.0 on 20 nm PTFE on glass in
comparison of 100 nm copper film (red).
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6.5 Conclusions

In summary, we have developed and studied a new plasmonic metamaterial with almost per-
fect absorption of light in visible frequency. Structure out of the polymer matrix of composite
and spacer layer and copper as a metallic component showed that the perfect absorption can
be achieved with another system rather than gold. However, the thickness of the interlayer
and the filling fraction of metal should be varied and depends on its dielectric function. We
concluded that the only interference theory cannot explain the broadband perfect absorption
of our developed system and in parallel plasmonic coupling and multi-excitation of plasmon
resonance of particles due to the reflective nature of copper base film, which also contribute
to the high absorption of the structure. Due to the simple fabrication technique that we em-
ployed, the production cost is very low compared to the competitive methods such as e-beam
lithography. In addition, the higher fabrication tolerance of our highly absorber structure
makes it an outstanding candidate for future application in photovoltaic and sensors.
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Chapter 7

Plasmonic tunable metamaterial
absorber as ultraviolet protection film

M. K. Hedayati, A. U. Zillohu, T. Strunskus, F. Faupel, M. Elbahri, Plasmonic
tunable metamaterial absorber as ultraviolet protection film, Applied Physics
Letters 2014, 104, 041103, doi: 10.1063/1.4863202.

7.1 Abstract

Plasmonic metamaterials designed for optical frequency have to be shrunk down to few 10
of nanometer which turns their manufacturing cumbersome. Here, we shift the performance
of metamaterial down to ultraviolet (UV) by using ultrathin nanocomposite as a tunable
plasmonic metamaterial fabricated with tandem co-deposition. It provides the possibility to
realize a plasmonic metamaterial absorber for UV frequency with marginal angle sensitivity.
Its resonance frequency and intensity can be adjusted by changing thickness and filling
factor of the composite. Presented approach for tunable metamaterials for high frequency
could pave the way for their application for thermo-photovoltaic, stealth technology, and
UV-protective coating.

7.2 Introduction

Plasmonic Metamaterials (PM) as a class of materials with some exotic properties drawn
the attention considerably in the last decade due to non-limited potential for vast number
of applications such as negative refractive index [230|, nano-laser [231] and photovoltaics [5]
amongst others. Metals, as a core of majority of PM suffer from losses especially when
it is supposed to be contrived for ultraviolet (UV)-visible frequencies [232]. For a metal
surrounded by an ideal dielectric, loss is originated by free-electron scattering in the metal
and, at high frequencies, through absorption via inter-band transitions [233]. In spite of
early consideration of loss as a foremost drawback of PM, the absorptivity is started to be
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considered as one of the new potential application of PM following the first experimental
demonstration of PM perfect absorber (MPA) [31] (For detail see the review by Padilla
and co-workers [32]). Thick film of metal-dielectric [234-236] or semiconductor-dielectric
237] composite have been used as spectrally selective absorber since late 70th for solar
thermal absorber whereas the high absorption in metallic composite was attributed to the
interband transition of metal and small particle resonance [234-236]. Because of the large
thickness of these films, their application in miniaturized device of 21st century is limited.
Replacing small inclusion of nanocomposite with lithographically fabricated nanostructure
have been the main trend in development of recent MPA. This approach could realize perfect
absorber but due to the narrow band-width, sensitivity to the angle of incidence and low
production tolerance of this complicated structure, their performance could not exceed that
of old hybrid films. We have shown recently that instead of using very thick composite,
ultra thin film deposited on highly reflecting mirror where the two layers separated with
a dielectric layer could act as a perfect absorber for different frequency [147,[148]. This
approach is enjoying ease of fabrication, low production cost and possessing high efficiency
in the sense of absorption intensity, band-width and angular sensitivity while being ultrathin
(20 nm). In such a plasmonic metamaterial super absorber (PMSA), the absorption is routed
from several sources: multi-reflection of light from the base mirror which results in multi-
excitation of plasmon resonance in particles, destructive interference between the thin layer
which (increases) reduces the reflectivity (absorption) [198] and strong light confinement
(creation of hot spot) between the small gaps of particles [147]. . In general, excluding

(b)

Figure 7.1: (a) Schematic of the geometry of the metamaterials where the base layer is a
optically thick silver covered with 15nm SiOs film. Atop, 15nm Ag-SiOs composite with near
percolation filling factor is deposited. (b) TEM elemental map of the optimized silver-SiOs
nanocomposite for perfect absorption.
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few exceptions, gold is the leading metallic components of metamaterials in general and
metamaterial absorber, in particular, because of its large (plasmonic) absorption in green
part of visible [45,[511604|147,238,239]. However, the perfect absorption frequency is mainly
limited to visible/near infrared [63| and shifting the resonance to shorter wavelength (e.g.
UV) remains as a challenge. Because of interband transitions frequency of silver (in UV
region) and its short-wavelength plasmon resonance, silver based perfect absorber can be a
promising candidate for high efficient inorganic UV protection layer. In fact, any surface
plasmon wave (SPW) propagating along the surface of gold is more attenuated and exhibits
higher localization of electromagnetic field in the dielectric than an SPW supported by
silver [19]. Therefore, the silver base PM can not only be more practical for energy absorption
but also the light can propagate in metal/dielectric interface for larger distance than that of
gold [240|. UV radiation is typically categorized into 3 bands in sequence of rising energy:
UV-A (320-400 nm), UV-B (280-320 nm) and UV-C (100-280 nm). This division was put
forward by the Commission Interntionale de I’'Eclairage (CIE), and corresponds broadly to
the effects of UV radiation on biological tissue. Indeed, approximately 5% of the ground-
level solar radiation is ultraviolet radiation, mostly in the UV-A range [241]. Accordingly,
a practical UV coating layer should be more absorbing in UV-A frequencies. Here in this
report, we design and fabricate a tunable silver-Si0O,; nanocomposite following our recent
works [147,[148] on a highly reflecting substrate by tandem co-deposition to realize a PMSA
which operates through the visible up to UV-A frequency. SiO film as a dielectric used to
separate the composite from the base mirror. In this configuration, the huge absorption of
light in a broad range of frequency (in visible and UV) can be achieved which surpassing
the absorption intensity of recently reported silver absorber [55,61,242]. The absorption
of presented PM is almost invariant to the angle of incident and its broadband peak can
be tuned throughout the UV-visible frequencies which shows its great potential in sensing
applications, too [243]. To demonstrate the feasibility of our absorber functioning as a UV
protective layer, we compare the performance of current design with organic counterpart.
For that purpose, a dye-molecule incorporated in polymer matrix film [132] was deposited
on optically thick silver film as UV absorber and the absorption intensity and band-width
of the both film were collated. It turns out that the absorption intensity of PMSA system is
twice of organic one. Not only the absorption intensity of silver base absorber is higher but
also the its bandwidth cover broader range of frequency than the single-band dye absorber
showing its advantage over traditional absorbers [244].

7.3 Experimental Procedure

A cylindrical custom-build vacuum chamber was used for sputtering of the metal and
dielectric. By two magnetrons with an angle of 50°, co-sputtering was done in order
to make a nanocomposite. Simultaneous sputtering from different sources allows depo-
sition of nanocomposites with different filling factors (ff) and thicknesses. For acquir-
ing a homogeneous thickness for the film and uniform dispersion of metals, all depositions
were carried out on the samples attaching to a rotatable holder [134]. Spirophenanthroox-
azine (SPO) molecules (1,3 — Dihydro — 1,3,3 — trimethylspiro[2H — 124indole — 2,30 —
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[3H]phenanthr([9,10—b](1, 4)oxazine]), which was used as a photochromic dye, was obtained
from Sigma Aldrich. For spin coating a thin layer of SPO doped Polystyrene (PS), 1.2 wt%
of solute, consisting of equal amounts of PS and SPO, was dissolved in toluene. Substrate
was hold in vacuum chuck of the spin coater and 70l of the desired solution was injected on
its surface. The spinning speed of 2000 rpm used for samples to yield a uniform thin film.
. Thickness measurements were performed using the Dectak 8000 profilometer and optical
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Figure 7.2: (a) Reflection spectra of 20nm silver-SiOy nanocomposite with 40% filling
factor deposited on glass substrate. (b) Absorption spectra of silver-SiOy nanocomposite
with 15 nm (black curve), 20 nm (red curve), 25 nm (blue curve) and 30 nm (green curve)
thickness deposited on 15 nm SiOy coated silver mirror.

analysis was done by a UV-Vis-NIR, spectrometer (Lambda900, Perkin Elmer). Angular
reflection measurements of the films was carried out with J. Woolam M-2000 (spectroscopic
ellipsometer).

7.4 Results and Discussion

The elemental map of the real sample measured with HRTEM and the schematic geometry
of the designed PMSA are presented in Figure The stack is composed of 4 layers.
From bottom to up, glass, 200 nm silver film, 10-30 nm Si0, and 20 nm Silver-Si0,
composite, respectively. The gap between the nanoparticles (INVPs) is very small because
of high filling factor of particles. Indeed, the inter-particle distance is varying between 2
nm to 5 nm which guarantees the strong confinement of electric field in such a system.
Since the base layer is optically thick (200 nm silver), the transmission is nearly zero and
hence reducing the reflectivity to very negligible amount would provide the condition for
super absorption. It is known that silver’s reflection is close to 100% over the entire visible
region but it reduces to less than 10% in 320 nm due to a surface plasmon resonance [245].
Hence, the absorption of optically thick Ag film is usually below 5% in the visible region [55].
On the other hand, the transparency of silver-SiOy composite with 30-40% filling factor is
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around 44% in visible, but its average reflection is 25%. In Figure [7.2h, transmission and
reflection spectra of the 20 nm silver-SiOy composite with 40% filling fraction of metallic
particles are depicted. The dissimilarity between the transmission and reflection spectra
in Figure could be due to the fact that the transmission spectra which reflect the
morphology of the films throughout their depth are more affected by particle aggregation,
but reflection spectra are more sensitive to surface structures in the film [246]. The drop
in the transmission of composite film stem from the localized particle plasmon resonance
(LPPR) of silver particles which revealed at 450 nm. In spite of known sharp resonance
peak of silver particle, the dip in spectra of nanocomposite is relatively wide which originate
from different shape and size (distribution of particles in sizes) [55] of the particles as well
as dipole-dipole interaction within the matrix [147]. The reflection spectra show a broad
resonance, too. The appearance of a wide reflection peak at the plasmon frequency illustrate
that the composite reflect the light at near resonance wavelength. This can be ascribed to the
semi-metallic structure (surface morphology) of high filling factor composite which reflect the
light through the visible. This intrinsic reflection of composite film provide the condition of
Fabry-Perot cavity formation when they are come to proximity of a reflective mirror (which
is discussed in the following). It is known that metallic particles in air have a different optical
properties than of metal-dielectric nanocomposite. The resonance wavelength of plasmonic
red-shift when the refractive index of the adjacent dielectric increases. This effect is more
pronounced once the particle is come within reach of a metallic substrate [128]. In other
words, when a dielectric envelop the isolated metallic nanoparticle, the induced screening
charges on the metal-dielectric interface lower the plasmon excitation energy ensuing in red-
shifting of the resonance. Similarly, for coupled nanoparticles, the dielectric materials also
screen and weaken the interaction between metal nanoparticles and decrease the shift of
the coupled plasmon [197]. According to the mentioned reason, we are able to shift the
resonance peak of Ag from UV to visible by depositing silver-S:0y nanocomposite atop of a
mirror. Beside the particles coupling inside the composite, the resonance further red-shifts
due to the fact that the particle dipole is anti-symmetrically coupled to its image inside the
silver mirror [128]. In addition to the plasmonic absorption of ensembles of particles (i.e.
nanocomposite), interference also contribute to its low reflectivity [198]. In such a stack
of layers (nanostructure and continuous metallic film), the reflection reduction is achieved
due the impedance matching of the system and air. On other hand, the Fabry-Perot cavity
is created between the top composite and the bottom mirror leading to strong interference
between the incident and the reflected wave. In other words, the superposition of the multiple
reflections from the base layer destructively interferes with the direct reflection from the air-
composite interface. With the optimized interlayer thickness, these two waves counteract
each other ensuing in zero reflection; whereas with other spacer thicknesses (Figure [7.2p)
the amplitude and phase do not or partially match, leading to a less intense absorption peak
and subsequent frequency shift [48]. As mentioned above, in spite of the narrow resonance
band of silver, the composite has a broad resonance width due to the dispersive size of
the particles and particle-particle (dipole-dipole) interaction within the layer. Apart from
these effects, deviation from perfect spherical shape could profoundly influence the large
broadening [247|. Therefore, the cavity resonance is occurred at several wavelength leading
to vanishing of reflection in a broad range of frequency. Since the base layer is optically



Chapter 7. Plasmonic tunable metamaterial absorber as ultraviolet protection film 71

thick, no light transmit through the layers and consequently perfect absorption is achieved.
In contrast to other reported composite-based super absorbers, the presented silver base
PMSA is unique since its absorption intensity reachs 100% in UV (up to green part of
visible) which is the first PMSA reported for such a high frequency (UV-A wavelength).
The film appearance is dark-red demonstrating that this PMSA is highly reflecting at red
part of spectra (Figure ) Macroscopically consideration of the system show that the
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Figure 7.3: (a) True color photograph of the perfect absorber coated on transparent poly-
meric substrate presenting the logo of Technical Faculty (TF) of University of Kiel. (b)
Transmission spectra of typical perfect absorber.

absorption band is split into two separate (broad) peaks similar to the stacks of silver cluster
and mirror [198]. We attribute the resonance at shorter wavelength (around 360 nm) to
the silver interband transition. Indeed, the interband transition from occupied d states to
unoccupied "p” and ”s” states above Fermi level appear at 310 nm and 350 nm in bulk
silver, correspondingly. But, for silver nanostructures such an electron transitions could
occur above 350 nm wavelength and depend on nanostructure geometry [55]. The second
broad peak which appears at longer wavelength might stem from localized surface plasmon
resonance of the silver particles ( 370 nm) and interference (550-600 nm). This becomes
more apparent when the thickness of the composite changes. In Figure [7.2b, the absorption
spectra of silver-Si0, nanocomposite with 15 nm, 20 nm, 25 nm, and 30 nm thickness is
shown. The low frequency peak position red-shift with thickening the film which is a sign
that the peak is interference routed [198]. Moreover, the peak itself split into two parts as
long as the composite thickness raises from 10 to 30 nm. However, further thickening of the
composite results in a drop in the absorption in visible and hence reduce the efficiency of
the system, though it further broaden the spectra. Beside of the two mentioned wide-band
peak, a dip in absorption spectra reveals at very short wavelength (around 325 nm). From
the first glance, it might be concluded that this dip is routed from the small transmission
of silver film at 320 nm (Figure [7.3p). But the drop intensity is around 30% meaning 10
times bigger than the transmission intensity of film.

It is known that surface plasmon resonance can be excited on the silver film at around
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340 nm due the roughness originated from deposition [248,1249]. Therefore, the reflection
spectra of the stacks will show two dips at higher frequency; One at 320 nm associated with
the plasma frequency of silver and the second one at around 340 nm corresponding to the
surface plasmon resonance of the bulk silver. In other words, two reflection dips reveal in the
spectra of silver mirror one at 340 and the other one at 320 nm. Therefore, the mentioned
drop (reflection peak) in the absorption is the boundary of two resonance phenomenon
which occurred in the present multi-stack [220]. Reflection measurement at different angle
of incidence with two different polarization (-s and -p) (Figure showed that the current
PMSA is almost angle and polarization invariant. The reflection intensity stay low for
both polarization even at high incidence angle (60°) demonstrating that the performance
of such a PMSA is not being influenced considerably by angle of incidence. Nevertheless,
there is a slight difference in s- and p-polarization that we attributed to the Brewster angle.
Generally, the s-polarized reflection in a metamaterials can reach to zero at higher angle
of incidence provided that the permeability of the materials is non-unity [250]. Since the
permeability of current metamaterial is not unity in visible regime [147|; therefore, the
reflection is vanishing for s-polarization at certain frequency while p-polarized light slightly
reflect-off the surface. Alteration of filling factor is a other fundamental parameters which
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Figure 7.4: Reflection spectra of 20 nm silver-SiOqy nanocomposite with 30% filling factor
deposited on 20 nm SiOq coated silver film (200 nm thick). (a) -p and (b) -s polarization at
different angle of incidence.

can tune the optical response of this PMSA. Figure [7.5h, shows the absorption spectra
of the silver-Si0Oy nanocomposite with different filling factor while the other parameters
kept constant. As long as the filling factor increases, the spectra red-shift and its band
broadens. However above the certain composition (optimized value), the absorption band
start to shrink again. The above shift could be attributed to the amplified electromagnetic
interaction among the particles in addition to the change in the effective permittivity of
the surrounding medium as predicted by Maxwell-Garnett theory [247|. For our developed
system, it seems that 42% filling factor show the best performance and the width of the
absorption peak (with intensity higher than 95%) becomes 220 nm (Figure [7.5p). In the
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Figure 7.5: (a) Absorption spectra of silver-SiOy nanocomposite with different filling factor.
(b) Absorption band-width with intensity greater than 95% for different PMSA with variety
of filling factor shown in (a).

current PMSA, the sensitivity of the absorption intensity to the filling factor variation is
less than the thickness. We attribute the mentioned difference to the limited range of filling
factor variation. On other hand, the region of near percolation is very restricted and a little
increment of the metal ratio lead to the metallic behavior of composite and therefore the
reflection increment (absorption drop) of the stack [147]. Around the percolation threshold
(around 50%) the peak broadening starts to decrease (Figure (olive curve)) prior
to dropping sharply after percolation. This is owing to the decline in scattering of the
conduction electrons by surfaces and discontinuities [251]. In other words, the high filling
factor only could give rise to high absorption provided that the particles are discontinuous
and do not make any metallic chains in the matrix. In fact, incorporation of solid dielectric
between the particles (for formation of composite) provide the chance to keep them distant
from others and delay the interconnection up to relatively high filling fraction of metals. In
order to prove the better performance of the current PMSA compared to the known dye UV
absorber, Polystyrene film doped with Spirooxazine molecules were spin coated on 200 nm
thick silver film. Based on the optimization experiments, the most intense absorption can
be realized when the thickness of the coating is around 40 nm and its highly concentrated
(~ 50% SPO). The absorption spectra of the silver absorber and UV irradiated organic
coating is depicted in Figure It is clear that the absorption intensity as well as band-
width of silver PMSA is larger than its organic counterpart. Indeed, the average absorption
of the doped polystyrene in the UV-A range is (45%) half of the absorption intensity of the
silver absorber (92%) further showing that the PMSA can be a higher efficiency alternative
for organic UV protection layer. Tt is worth mentioning that the absorption dip in high
frequency (in PMSA) can be reduced by thinning the spacer layer down to 10 nm but in
the expense of overall absorption reduction (in otherwise wavelengths). In other words, one
can compensate the drop and increase the absorption intensity up to 90% at 325 nm by
thinning the spacer layer (Figure [7.6[blue curve)). We believe that the presented perfect
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absorber might pave the way of metamaterials application for Thermo-photovoltaic [252],
stealth technology [253] and UV -protective coating [241]. Note that the long-term stability
of silver is rather poor [19,254]. Indeed, oxygen or water could penetrates even dense silica
matrices on a scale of days, not only through pores but even through the matrix network and
deteriorate its optical properties [255]. Therefore, more efforts and improvements is needed
to upscale the fabrication of the present PMSA for long term performance.
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Figure 7.6: Absorption spectra 200 nm silver film coated with 40 nm polystyrene-S PO com-
posite (red curve) and 20 nm silver-SiOy nanocomposite with 42% filling factor deposited on
10 nm (blue curve) and 15 nm (black curve) SiOs film. The organic film is UV illuminated
prior to measurement.

7.5 Conclusion

In summary, a plasmonic tunable metamaterial absorber is presented for UV part of spec-
trum. The absorption frequency and intensity of the metamaterial is considerably tuned
throughout the UV-visible wavelengths. We achieved this unprecedented level of wavelength
and intensity agility by varying the nanoparticle volume fraction, composite and spacer layer
thickness. It was shown that the absorption of silver PMSA is twice of organic absorber in
UV and visible range. Therefore, this class of metamaterial could be a promising candidate
for highly UV and visible absorbing coatings.
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Chapter 8

The hybrid concept for realization of an
ultra-thin plasmonic metamaterial
antireflection coating and plasmonic
rainbow

M. K. Hedayati, S. Fahr, C. Etrich, F. Faupel, C. Rockstuhl, M. Elbahri, The
hybrid concept for realization of an ultra-thin plasmonic metamaterial antire-
flection coating and plasmonic rainbow Nanoscale 2014, 6, 6037-6045.

8.1 Abstract

We report on the design, the simulation, the fabrication, and the characterization of a
novel two layers antireflective coating (ARC) based on a plasmonic metamaterial and a
dielectric. Promoted by the strong material dispersion of the plasmonic metamaterial, our
novel concept (called hybrid ARC) combines two possible arrangements for layers in an
anti-reflection coating into a single structure; albeit at two different wavelengths. This,
however, causes a broadband reduction of reflection that is less sensitive against oblique
incidence when compared to traditional antireflective coatings. Furthermore, we show that
the current metamaterial on metal reflector can be used for the visualization of different
coloration such as plasmonic rainbow despite its sub-wavelength thickness.

8.2 Introduction

The finite reflectivity from the interface of two disparate media with dispersive material prop-
erties is an obstacle that often denies the design of efficient photonic and opto-electronic de-
vices [256|. Traditionally, the problem can be diminished while incorporating anti-reflection
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coatings (ARCs) [71] that base on graded index layers [105,[257-259], gradient-index coat-
ings |260,1261], or nanostructured textures [79,81]. However, these approaches usually suffer
from one or multiple severe drawbacks such as a narrow spectral domain of operation, sen-
sitivity against oblique incidence, complexity, or a lack of applicability to extremely thin
films. Here, we mitigate these problems by introducing and verifying a new class of ultra
thin two-layer antireflection coating with a metamaterial as a top and a dielectric material
as a second layer; demonstrating therewith an entire novel concept names as "hybrid ARC".
The key feature of this hybrid ARC is using (quasi) two arrangement for the dielectric layers
in one design where the refractive indices ascend or descend in consecutive layers with a
descending order, albeit at a different wavelength. This is only possible by exploiting the
strongly dispersive character of metamaterials. High ARC performance on silicon substrate
is shown to be possible by plasmonic nanocomposites with a strong dispersion in the permit-
tivity around its plasmonic resonance. Below the plasmon resonance wavelength the layer
acts as traditional graded-index coating while it performs as Fabry-Perot interferometer at
longer wavelengths. This provides the opportunity to considerably lower the reflection across
a broad range of wavelengths with only a marginal angular sensitivity. Moreover, the hy-
brid concept can be applied on metals where the tunability of the plasmonic nanocomposite
enable realization of plasmonic rainbow colors by a sub-wavelength coating.

The consideration of anti-reflective coatings (ARCs) as being very important is justified
from their integration in nearly all photonic devices [94,[262-265]. Optical elements where
they find use range from ordinary lenses over any laser system up to advanced photonic de-
vices for disruptive technologies. Traditional ARCs made from an individual non-absorbing
layer can usually be optimized to operate perfectly at an isolated design wavelength. Then,
the refractive index (RI) of the ARC (being directly linked to the square root of the per-
mittivity for non-magnetic, homogenous, isotropic, local materials as considered here) has
to be the geometric mean of the RIs of the materials on both sides of the respective inter-
face from which the spurious reflection is encountered, i.e. herein called a substrate and
the incident medium. By no means of restriction, we consider in the following the RI of
the substrate to be larger than the RI of the incident material (coating). The thickness
of the ARC ought to be a quarter of the desired wavelength. However, and quite detri-
mental, the vanishing reflectivity only occurs at normal incidence and only at the isolated
design wavelength. Nevertheless, wider-band ARCs are possible by relying on innovative
designs [93,266|, plasmonic and metamaterials layers [267,268] or multilayer coatings [269].
For instance, two-layer ARCs [270], i.e. "V" coat, could result in a wide-band ARC by a
proper selection of films. In such a case the RI of the top layer should be smaller than
the second layer and each layer thickness shall equal a quarter of the desired wavelength.
The first suggestion for such a traditional arrangement of the layer materials is linked to
the name of Lord Rayleigh; hence hereafter we call it the Rayleigh configuration. In fact,
the order of ARC film is very crucial in such a technique and once the order of layers is
inversed (i.e. low and high RI placing as spacer and top layer, respectively), the reflection
of the device increases and could even turn the substrate (in certain circumstances) into
a mirror (Bragg-mirror) [271,272]. We wish to call such arrangement in the following the
reverse-Rayleigh configuration. Note that the in the reverse-Rayleigh configuration at least
two reflection dips surround the central reflection peak [273|. Recently, a new class of ARCs



78 8.3. Results and Discussion

has been introduced, specifically for metallic substrates where the coating acts as an ab-
sorbing element to reduce the light reflection. In such a configuration, the reflection drops
not only due to the interference [48] but also by exploiting the absorbing character of the
coating combined with losses in the metallic substrate [36}43}|146-148274-277]. The strong
optical attenuation through the highly absorbing coating or the strong resonant behavior in
layers [275] give rise to low reflection from the metal substrate, although the thickness of
the coating is much less than the wavelength of light. This concept works well on gold films
which could sustain a plasmonic response at certain condition as well as a broad intrinsic
absorption (i.e. minimum reflection) in the visible range because of interband transition.
The question arises whether this concept is equally applicable to semi-conductors as the
substrate material. It is known that semi-conductors like silicon exhibit strongly disper-
sive material properties that complicate the design of efficient ARC. Therefore, it remains a
challenge to perceive an ARC that operates over the entire range of the visible and near-IR
for semi-conductors [278|. Here, we introduce an ultra-thin bi-layer coating as ARC. The
key-feature of our coatings is the use of a material with a high RI for the layer that faces
the incident medium, i.e. the top layer. Moreover, the thicknesses of all involved layers are
considerably thinner than a half or even a quarter of a wavelength. By a systematic analysis
we show that an excellent anti-reflection performance is possible. While demonstrating the
concept in a first stage with a pair of dielectric materials possessing only a weak dispersion,
i.e. TiOs / SiOq, we exploit the strong dispersive nature of metamaterials in a second stage
to demonstrate the hybrid-concept and eventually achieve a broad-band ARC with only a
marginal angular sensitivity.

8.3 Results and Discussion

The metamaterial we will use consists of an ultrathin plasmonic nanocomposite made from
ultra-fine metallic nanoparticles (diameter D < 5 nm). Figure —b, show the cross sec-
tional and top view TEM image of the sample. It is apparent that the particles diameters
are around 5 nanometers and randomly distributed into the matrix. It possesses a disper-
sive permittivity with a Lorentzian profile centered at the particle plasmon resonance. The
homogenous isotropic metamaterial is characterized by a strongly dispersive RI that takes
high values at long wavelengths and small values at short wavelengths, taken with respect to
the particle plasmon resonance. Such material can therefore beneficially be used to perceive
an ARC that combines the reverse-Rayleigh and the Rayleigh ARC in the same structure,
albeit at different wavelengths. Therefore, we call out structure a "Hybrid-Antireflection"
structure. We postulate that the broadband anti-reflection performance of the presented
metamaterial is facilitated by the anomalous material dispersion around the plasmon reso-
nance. The dispersive refractive index of composite varies in a way that at wavelengths longer
than the resonance the coating serves in a reverse-Rayleigh configuration but at smaller
wavelengths the composite’s RI is smaller than the second layer and hence the Rayleigh
condition is satisfied. In other words, by overlapping the reflection dip of traditional ARC
with that of Fabry-Perot interferometer, the corresponding reflection dip of our two layers
coating is very broad despite of its low thickness. This unique dispersive RI of the presented
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(b)

Figure 8.1: (a) Cross sectional of plasmonic nanocomposite in which the arrows indicate
each are of the samples. Light blue, blue, green and red arrows represent the platinum (top
adhesion layer for cutting of the sample), nanocomposite, SiOy layer and silicon wafer,
respectively. (b) Top view TEM image of plasmonic nanocomposite wherein the dark sphere
are the silver particles.

metamaterial leads to the opportunity to observe a hybrid wide-band ARC encompassing
the Rayleigh /reverse-Rayleigh configurations. Full wave electro-magnetic simulations of the
metamaterial verify that it acts as a homogenous medium rather than an ensemble of plas-
monic absorbers. This entails their description in terms of effective material properties
which paves the way to consider such a structure in the design of many high efficient ARC
devices. To start with, we consider a bi-layer ARC where the top layer facing air as the
incident medium is an ultrathin film of a high RI material. With the final device in mind,
the thickness is chosen to be 20 nm. This adheres to the desire to have an ultra-thin and
compact ARC. We leave here the exact value of the RI as a free parameter. The second
layer shall be made from a low RI material. Silicon dioxide is selected as the low RI film
since it is a common material in silicon industry and it can be either deposited or grown
on the silicon substrate with good adhesion. We leave as a degree of freedom the thickness
of this layer. In such a scheme, the substrate, i.e. silicon wafer, has the highest RI in the
stack. To identify on analytical grounds the conditions where the ARC operates optimal, a
thin-film transfer matrix technique is applied to calculate the reflection. Results are shown
in Figure [8.2h. There, the reflectivity at a design wavelength (in this case at 600 nm) is
calculated depending on the RI of the top layer and the thickness of the SiO, layer. It is
apparent that the reflection is suppressed for a rather high value of RI of the ultrathin top
layer and a thin SO, layer. To suppress reflectivity at longer design wavelengths, the RI
should be approximately the same but the thickness of the SiO, layer should be slightly in-
creased. However, it can always be assured that the reflection can be reduced to a negligible
quantity, even though the coating is sub-wavelength in its thickness, i.e. far below the quar-
ter of the design wavelength. According to the calculated reflection contour (Figure ), a
high RI material which suitably matches the required RI is TiO5 (its average RI in visible is
2.4 ) The oxide films were prepared by sputtering of a dielectric target (namely SiOs
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or Ti0O5) and the thicknesses were measured with a profilometer. Based on the simulation,
20 nm T1iOs layer and a 50 nm S0, coated on silicon could realize low reflection at 570 nm.
Indeed, the fabricated stacks with the mentioned geometry and thicknesses provide a broad
reflection reduction with a reflection minimum at 570 nm wavelength for silicon as shown
in Figure which agrees well with simulation. By resorting to a traditional order for the
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Figure 8.2: (a) Reflection of a 20 nm film with varying RI on a SiOs film with varying
thickness on top of a silicon substrate at a wavelength of 600 nm. (b) (black) Reflection
spectrum of a typical reverse-Rayleigh configuration (20 nm TiOy atop of 50 nm SiOq coated
Silicon) in comparison with bare silicon (blue). The inset shows the reflection spectrum of
50 nm SiOy atop of 20 nm TiOy coated Silicon (Rayleigh configuration).

layers, i.e. an ordinary Rayleigh configuration where the materials are arranged in ascending
order of their RI, it was observed that the reflection minimum occurs at 410 nm Figure |8.2p
(inset), in agreement with Rayleigh’s postulation but it does not vanish totally since its
thickness is far below the quarter-wavelength which is required for anti-reflectivity. It can
be seen that the ARC in Rayleigh configuration is spectrally narrower than the reverse-
Rayleigh configuration and its remaining reflection almost doubled. However, since those
results might be affected by experimental uncertainties, we would like to stress the major
advantage of the reverse-Rayleigh concept that can be better appreciated while comparing
the angular dependency of both configurations (i.e. Rayleigh and reverse-Rayleigh). The
average reflection at higher incidence angles for the case of Rayleigh configuration is almost
twice the intensity of similar film but in reverse order (Figure [8.3h). In fact, the reflection
drop considerably red-shifts upon changing the geometry from traditional to the reverse-one
which proves that the performance of ultra-thin reverse-Rayleigh ARC is more promising
for an operation in the visible spectrum. The more pronounced reflection drop and red-shift
of the curve in reverse-Rayleigh compared to Rayleigh configuration can be well explained
by interference [280|. In principle, destructive interference of the direct reflected light and
the light reflected at consecutive interfaces requires a phase accumulation of © by the wave
traversing the layers back and forth. This easily explains the dogma on using quarter wave-
length layers with a small RI as the first (top) layer. However, in the case of a top-film
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with high RI (reverse-Rayleigh), the light which travels through the low RI layer and the
reflected wave have a 7 phase difference [281] which ends up with a destructive interference.
In other words, in the case of a top-film with high RI, 7 phase accumulation comes for free as
the impinging light reflected at the various interfaces experiences 7 -0- m phase shifts. The
phase difference of the incoming and reflected light in the cavity is A(®) = ((27)/A)+7 [282]
where n, d and A are the RI, thickness of the spacer layer and the wavelength of interest, re-
spectively. By inserting the values of thickness and RI of Si0, in the mentioned equation, it
ends up with (37)/2 which provides the condition of destructive interference. Color changes
of the coating by changing the thickness of spacer layer (i.e. SiO; film) from 10 to 50 nm,
further prove interference role in the reverse-Rayleigh coating. Figure [8.3b, shows the true
color photograph of the silicon samples coated with 30 nm 770, film atop of 10, 30 and 50
nm 570 on silicon substrate. Nevertheless, neither ARC based on reverse-Rayleigh concept
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Figure 8.3: (a) Reflection spectra of 20 nm TiOs atop of 50 nm SiOq coated on silicon

(solid line) and 50 nm SiOy on 20 nm TiOq coated on silicon (dashed line) at different angle

of incidence. (b) True photograph of Silicon samples coated with 30 nm TiOy film atop of

(from left to right) 10, 30 and 50 nm SiOy film, respectively.

nor Rayleigh provide the desired properties of a wide-band ARC (i.e. whole solar spectrum
range) owing to high reflection that appears at short and long wavelengths of the visible for
both configurations. Additionally, for shifting the reflection dip to NIR, increasing the layer
thickness and/or using a high RI materials is needed. Note that there are only a limited
number of materials with high refractive index which could fulfill the required RI contrast
for reverse-Rayleigh configuration. In our opinion, and from technological point of view,
the field is revolutionized if a coating is used that would enable both Rayleigh and reverse-
Rayleigh configurations simultaneously, at different wavelengths though. Suppressing the
reflections at multiple wavelengths would automatically enable a broad band ARC based on
ultrathin films. However, this requires the use of strongly dispersive materials in the design
of the ARC. Ideally, the geometrical dispersion that degrades the anti-reflection action be-
yond the target wavelength in an ARC design where non-dispersive materials are used has to
be compensated by a suitable material dispersion. This perfect balancing, however, requires



82 8.3. Results and Discussion

an anomalous dispersion in the material properties which is always accompanied by absorp-
tion. Nonetheless, motivated by the recent work on ARC coatings on metals using weakly
absorbing materials [275], we may conclude that if the ARC coating is sufficiently thin and
contain ultrafine plasmonic nanoparticles (in the range of quantum dots) the absorption
might not be detrimental. To evaluate the potential of this idea, we sought out a way to
design a new concept for a coating that considers artificial materials (metamaterial) in their
design that possesses a strong chromatic anomalous dispersion. Accordingly, we consider
a plasmonic nanocomposite of tiny metallic nanoparticles embedded in a dielectric host as
a metamaterial with the required highly dispersive refractive index. The properties of the
nanocomposite can be tuned by many parameters which constitutes a great degree of free-
dom. They constitute an extraordinary material platform with many intriguing advantages.
The fabrication of these nanocomposites is based on self-assembly processes using sputter
techniques, which is well established [149], and they can be deposited on large surface in
short time and at low costs (for more details see the methods section). This metamate-
rial derives its unique properties from the excitation of localized plasmon polaritons in the
metallic nanoparticles [8]. The nanoparticles are sufficiently small and arranged sufficiently
dense, such that the material can be considered as effectively homogenous and isotropic.
The material is characterized by a Lorentzian resonance in the effective permittivity which
is centered at the plasmon resonance wavelength. Due to the isotropy of the material and the
vanishing of any magnetic response, the permittivity uniquely defines the effective refractive
index. The material can be perceived as a strongly dispersive dielectric with some finite
absorption in resonance.

It is known that, with filling fractions for the metallic nanoparticles between 20% and
40%, the effective properties cannot be derived from canonical effective medium theories
such as Clausius-Mossotti [283]. Instead, we used finite-difference time-domain (FDTD)
simulations of a sufficiently large super-cell and calculated the dispersive complex reflection
and transmission coefficient [284] (c.f. Methods section). From these coefficients effective
properties were retrieved for the composite. These parameters were afterwards fueled into a
thin-film transfer matrix technique to simulate all quantities of interest. Selected configura-
tions were equally simulated by the F'DTD method to cross-check the predictive power of
the effective properties. Identical results were always predicted, justifying the treatment of
the nanocomposite as an effective medium. (For more details see the methods section). The
dispersive RIs of the nanocomposites with different filling factors are shown in Figure 8.4h.
It is apparent from this dispersion graph that at resonance the absorption is maximal and
the real part of the RI undergoes anomalous dispersion. At wavelengths longer than the
resonance wavelength the material is characterized by a large RI (large permittivity) and
hence would be suitable to serve in the reverse-Rayleigh configuration as the top mate-
rial (Niop>Nspacer). In contrast, at wavelengths smaller than the resonance wavelength, the
medium is characterized by a rather small RI (small permittivity) and accordingly would
be appropriate to be used in the Rayleigh configuration as the top material (n4p<7spacer)-
Therefore, plasmonic nanocomposites can be considered as the hybrid ARC that meets the
condition of both Rayleigh and reverse-Rayleigh geometries resulting in a broad-band ARC
coating. We demonstrate the hybrid concept by coating a polished silicon wafer with 20 nm
silver-silicon dioxide nanocomposite separated from the substrate by a thin layer (50 nm) of
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Figure 8.4: (a) Complex refractive index of Ag-SiOy nanocomposite with 15% (black),

20% (red) and 40% (blue) filling factor. Solid and dotted-lines represents the real and imag-

inary part of RI, correspondingly. (b) Geometry of the Anti-Rayleigh hybrid ARC which is

composed of 20nm nanocomposite atop of SiOy coated silicon.

silicon dioxide as shown schematically in Figure [8.4b. Such a stack gives rise to the realiza-
tion of a black silicon with a homogeneous ultrathin layer coating. Figure shows the
reflection spectra of 20% and 30% nanocomposite deposited on 50 nm Si0, coated silicon
and the inset is the true color photograph of the sample with 30% which looks black indeed.
Angular reflectance measurement of the coating with 30% filling factor (Figure ) shows
the marginal angular and polarization dependency of the plasmonic hybrid ARC. More de-
tails on the angular behavior [146], especially for the angular domain that is not shown here,
can be found in the literature [147]. The spectra possess two main dips in the reflection
spectra. The small wavelength dip is attributed to the graded ARC (i.e. in analogue to a
configuration where 50 nm SiO; is deposited atop of 20 nm TiO; (c.f. Figure (inset))
and the second reflection dip originates from the destructive interference of the reflected
field (i.e. in analogy with 740, film atop of SiOs (c.f. Figure [8.2b(black curve)). In spite
of the expected wavelength shifts of the antireflection dips (c.f. Figure (inset)), one
peak at 450 nm (i.e. where the plasmon of the nanocomposite arise) is also revealed that is
invariant against the angle of incidence and hence we attribute it to the plasmon resonance
of the composite. Indeed, the wavelength of the peak remains unchanged by angle variation
which confirms the localized nature of the (particle plasmon) resonance. To demonstrate the
tunability of the hybrid ARC and meanwhile to gain more understanding about the role of
plasmon in the observed phenomena, the effect of the spacer layer on the optical responses
was examined. Keeping the top layer thickness and composition constant while increas-
ing thickness of Si0y from 50 nm to 100 nm, a red-shift of the reverse-Rayleigh as well as
Rayleigh antireflection dips were observed (Figure ) This behavior is in good agreement
with our simulation (Figure [8.6b-¢) which shows that an increasing of the spacer results in
a broad ARC in NIR (800-900 nm) for the case of reverse-Rayleigh configuration. On the
other hand, ARC performance of the graded configuration (small wavelength regime) in the
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Figure 8.5: (a) Reflection spectra of 20nm Ag-SiOy with 20% (red) and 30% (blue) filling
factor deposited atop of 50 nm SOy coated silicon. The inset shows the true color photograph
of the silicon coated with the optimized film which turn its appearance black. (b) Reflection
spectra of film as in (a) measured at different angle of incidence with s- (solid lines) and
p-polarization (dotted lines), respectively. Inset shows the magnified image of s-polarization.

hybrid is deteriorated by thickening the spacer layer. Indeed, the origin of the mentioned
high reflection with thicker inter-layer could be attributed to two phenomena; firstly the con-
structive interference of the incident and the reflected light. Secondly, the spectral overlap
of the plasmonic resonance of nanocomposite and the Rayleigh antireflection dip. Such an
overlap occurred because of the red-shift of the Rayleigh originated dip via thickening of the
spacer layer. Indeed, integrating plasmonic structure as a hybrid ARC coating provides an
additional degree of freedom for tuning the performance of ARCs coating. In other words,
by using hybrid plasmonic ARC, the designer can reach the desired optical properties not
only by alteration of layers thickness but also by adjusting the filling factor (RI) and type
of the metallic constituents of nanocomposite. Generally, the performance of hybrid ARC
depends on the contrast of the RIs between the layers. At the wavelengths where the top
layer showing higher RI, reverse-Rayleigh condition is satisfied but the traditional Rayleigh
would be realized once the top film possesses the lower RI in the stack. The presented plas-
monic anti-reflector shows such low and tunable reflectivity due to the extreme dispersive
RI of metamaterial (cf. Figure [8.4h) which have been shown formerly [285-288]. The RI
of nanocomposite with 40% filling factor changes from 0.9 up to 3.15 from small to long
wavelengths. In other word, the relative RI changes of the host matrix before and after
embedding of the nanoparticles can vary from -30% to +140%. In fact, the tunability of the
plasmon resonance and correspondingly the reflection change [275] by changing the filling
factor of nanocomposite provide the possibility for the coloring of metals using our hybrid
concept. Figure [8.7] shows a true photograph of samples of 25 nm Si0Oy gold film coated
with 20 nm gold-Si0; nanocomposite with variety of filling factor, creating a spectrum of
colors including yellow, orange, blue and green. The colors originated from the different
reflection drop associated with each filling factor demonstrating the potential of hybrid con-
cept for realization of plasmonic rainbow colors [289]. Note that demonstration of various
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color on silicon substrate is not possible under the same conditions (i.e. constant thickness
of layers while varying the filling factor). It seems that, the surface plasmon of the gold
film (which is absent on silicon) in parallel with the hybrid ARC contribute to the rainbow
colors. We believe that the hybrid concept could pave the way for new highly efficient ARC
for a variety of applications ranging from photovoltaics [89] and optics to solar absorber and
stealth technology [252.253| as well as other fields where high reflection is undesired. But for
energy applications, not only the low reflectance rather than high transmission is desired.
Calculation showed that the light transmission into the substrate (silicon) is enhanced by
using the plasmonic coating. Figure shows the light absorbed by silicon (i.e. light trans-
mitted into silicon) by means of current plasmonic coating. The light reaching the substrate
is apparently increased through the coating which shows the potential of such an approach
for energy harvesting purposes. However, the preliminary results on photocurrent measure-
ments of presented coating on p-silicon showed some current loss that we attributed to the
poor interface of the prepared films which acts as the sites for electron-hole recombination.
Nevertheless, a more sophisticated design is required to better explore the role of present
ARC for electron-hole generation which is beyond the scope of this manuscript.

8.4 Conclusion

In summary, we demonstrated a new concept for antireflection coatings and experimen-
tally showed an ultra-thin tunable plasmonic anti-reflector by using a routine technique of
MEMS/NEMS technology. The developed hybrid ARC, which is based on a continuous
plasmonic medium, acts as a consolidation of graded-index and interferometer (reverse-
Rayleigh) providing a wide-band reflection drop throughout the visible spectrum. Due to
the simplicity of our production approach, the concept can be further extended to other
substrates/applications where broadband ultra-thin anti-reflective coatings are required.

8.5 Methods

8.5.1 Fabrication

All depositions were carried out in a cylindrical vacuum chamber, which was primarily evac-
uated to 107%mbar. We used a RF magnetron for sputtering of SiO, and a DC magnetron
sputter source for silver and gold. Both sources were oriented in reverse directions rela-
tive to the sample holder at 50° angle to the substrate plane. All the coating was done
while the rotatable sample holder was spinning in order to end up with a uniform thickness
and composition (details in [221]). In order to keep the filling factor below the percolation
threshold, the deposition rate of the metal was adjusted to be less than that of dielectric
during codeposition. In other words, to avoid the coalesce of nanoparticles in the matrix,
i.e. the formation of fractal aggregates of NPs, the deposition rate of Si0, was set to be 10
nm/s while the rate of silver was adjusted to be around 3 nm/s. However, for the creation
of the plasmonic Rainbow, the mentioned constrain was actually not necessary. Therefore,
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Figure 8.6: (a) Reflection spectra of hybrid ARC with 30% filling fraction of metal in the
top layer deposited on spacer layers with three different thicknesses. The ARC is deposited
again on silicon. Black, red and blue curves showing the spectra of 50, 70 and 100 nm thick

spacer layer,correspondingly. Reflection contour of 20 nm film with various RI on SiOs film
with different thickness at (b) 800 nm and (c¢) 900 nm wavelengths.

Figure 8.7: True photograph of 25 nm SiO2 coated gold film covered by 20 nm Au-SiOs
nanocomposite with different filling factor. From left to right the filling factor of nanocom-
posite increased (13%, 20%, 30%, 40%, 50% and 60%, correspondingly) while the first and
second samples are bare gold and 45 nm SiOy coated gold, respectively.
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the gold deposition rate was varied between 3 to 13 nm/s. This enabled us to fabricate gold
nanocomposite with a wider range of filling factors (below and above percolation threshold).
Nevertheless, we increased the rate of deposited gold only to an extent such that we avoid
the formation of a continuous gold film instead of particles. For the formation of a gold film
no localized plasmon resonance would appear which has to be avoided. From final TEM
investigation data we could eventually observe that the particles do not coalesce and they
are mainly spherical which further simplified the theoretical modeling.

The thickness of the films was measured with a profilometer (Dektak 8000 surface pro-
file measuring system) and the thickness of dielectric was further measured with ellipsometer
(M2000 (J.A. Woollam Co., Inc.)). Optical properties of the samples at normal incidence
were measured with a UV /vis/NIR spectrometer (Lambda900, PerkinElmer). For transmis-
sion measurements, the base line was collected by measuring the empty compartment (i.e.
air considered as the reference) while for reflection measurements, the mirror provided by
the company was used. To extract the absolute value of reflection, the measured reflection
spectra of the samples were normalized to the tabulated data of the mirror provided by the
manufacturing company (PerkinElmer). In all types of measurement, the scan step was fixed
to 4 nm and the base line was collected twice by a full sweep across the spectral domain of in-
terest while the integration and acquisition time were kept constant. Polarization-dependent
and variable angle spectroscopic Ellipsometry reflection measurements of the films was car-
ried out with J.A. Woollam Co., Inc. M2000 UI (spectroscopic ellipsometer) with a dual
lamp system with Deuterium and Quartz Tungsten Halogen (QTH) lamps as light sources
(Data provide by LOT catalogue Europe). Angle sweep step was selected to be 5° or 10° and
the angle variation from 45° to 85° was performed. In order to have a comparable study and
achieving the best signal-to-noise, 5 seconds acquisition time was applied for all experiments.
Accordingly, the measurement did not take more than few seconds. For analyzing the data,
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CompleteEASE®) software package provided by the company was used.

8.5.2 Simulations

FDTD simulations were made with an in-house developed code on a sufficient large clus-
ter [284). The considered structure consists to a nominal implementation of the experimental
geometry. For this purpose a random arrangement of spherical metallic nanoparticles with
a diameter corresponding to the mean diameter as extracted from the TEM samples has
been generated. The filling fraction has been adjusted according to the experimental values
and we only enforced an isolation of all spherical nanoparticles, i.e. their interpenetration
has been excluded. The spatial domain considered in the simulation was 100nm x 100nm in
lateral directions. In these directions periodic boundaries were enforced to eventually mimic
an infinitely extended space. The chosen spatial domain was sufficiently large to exclude
any notable effect from the periodicity. In the propagation direction the sequence of layers
and their respective thicknesses has been considered in full analogy with the experimental
situations. Permittivity of Si0, has been taken as non-dispersive and equal to 2.25. Permit-
tivity of gold was taken as tabulated in the literature [144] but with an additional correction
term to accommodate the finite and small size of the nanoparticles [290]. The intrinsic dis-
persion of the material has been fully taken into account by performing at each wavelength
an individual simulation and adjusting the free parameters in a Drude model to provide a
material with the respective properties at the considered wavelength. Spatial discretization
in the FDTD was 1 nm and perfectly matched layers were used in the propagation direction.
To retrieve the effective properties the complex reflection and transmission coefficients have
been extracted from the FDTD simulations and a parameter retrieval has been applied [291].
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Photo-driven perfect absorber as active
metamaterial with a tunable
molecular-plasmonic coupling
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9.1 Abstract

Active optical materials in which the properties controlled by an external stimulus have found
applications in memories [292-295] opto-electronic devices [296], smart windows [297-299]
drug delivery [300], bio-analytics [301] and surgery [302] amongst others. Beside the tra-
ditionally used transition metal-oxides, semiconductors and smart polymers as switchable
materials [303] molecular switching elements [304] spurred considerable attention, in partic-
ular molecule-plasmon interacting systems [305-308]. In a molecule-plasmon hybrid system,
the plasmon resonance peak can be shifted, split or its intensity can be tuned by changing
by the induced changes in the molecule. Even though this concept has been extensively
studied, the gap between the concept and its applications still exist. Recently, we showed
that consolidation of the absorbing nature of the photoswitchable dye molecules and plasmon
resonance enable realization of new class of optical device, in which the transparency can
be optically adjusted by light [132]. Here, we show that an optically driven super absorbing
system can be realized in a stack composed of a thin polymer-photoswitchable film and a
metal mirror. In such a system, the reflectivity of the metal mirror could be dropped down
to few percent or recovered to more than 95% by UV or visible illumination, respectively.

89
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9.2 Main text

Metamaterials are known as artificial structures, where the desired exotic properties can be
achieved by special structural composition of their building blocks (unit cells) [309]. Per-
fect (super) absorber systems are also among the structure that initially were introduced
through the concept of metamaterials [31]. Even though, various strategies and techniques
have been made in order to have high absorption in a wide range of frequencies from GHz
to UV [32,277], the real-time tunability of the resonance band remains a challenge [310].
Through the concept of metamaterials, there are few reports on an active perfect (super)
absorber, where the resonance band tuned electrically |70,311H313| or by heat induce phase
change [274]. However, the concept of absorption/reflection modulation was introduced ear-
lier than the birth of metamaterial absorbers, when Tennant proposed using of an active
layer (screen) in front of a conducting target [314]. The active surface that he proposed is
a microwave screen that can be switched between totally reflective and totally transparent
states as demonstrated earlier [315,1316]. Although he did not verify his speculation exper-
imentally, his theoretical calculations showed that in a single and in a multilayer screens
narrow and wideband modulations of the reflection/absorption can be realized. This idea
inspired researchers and, indeed, it is the basic idea behind the recently demonstrated electri-
cally tunable metamaterials |70,[311-313| which switch between highly reflecting and highly
absorbing states [68]. Nevertheless, to the best of our knowledge, active metamaterials ab-
sorbers wherein the optical properties are adjusted by light have not been reported so far.

—N
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Figure 9.1: Schematic illustration of photochromism of the SPO molecule used in this work.

In this work, we demonstrate the first optically driven reflector /absorber switching in a
molecular-plasmonic hybrid system which acts as a super absorber. The absorption band of
this structure can be broadened or squeezed by UV or visible illumination, respectively. Our
optically driven system is realized in a stack composed of a thin polymer-photoswitchable film
(composite) and a metal mirror. The stack is fabricated by spin coating a thin layer of 1,3 —
Dihydro—1, 3,3 —trimethylspiro[2H —indole — 2, 3 — [3H]phenanthr[9, 10— b](1, 4)oxazine
(SPO) doped polystyrene (PS) on an optically thick gold film (the substrate of the stacks
is glass). In such a system, the reflectivity of the metal mirror, which is typically very high,
could be remarkably dropped down to few percent only or recovered to more than 95% by
UV or visible illumination, correspondingly. As a specific highlight, we further demonstrate
a new platform for the photoswitchable plasmonic modulator by incorporation the PS-SPO
composite in a cavity inside the plasmonic [146{148277] in which a switching between weak
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and strong plasmon-molecular coupling (hybridization) can be realized by light. The current
approach could find applications in remote sensing and plasmonic switches amongst others.

Photochromic materials in which light-induced rearrangements occur drawn significant
interest because of their practical applications. In this material, reversible transformations
between two states with different absorption spectra happens by electro-magnetic radia-
tion [317]. Spirooxazines belongs to the family of molecules displaying photochromic prop-
erties. Immediately after irradiation, the colorless molecules undergo a heterolytic CMO
ring cleavage, producing colored forms of merocyanines [318]. In other words, the close form
(of f) of the molecule has absorption in the UV region while the open form (on) absorption
is in the visible region. Note that the initial structure can be recovered in this class of
materials by bleaching via visible light illumination or heating [319].

Figure presents a schematic illustration of the molecular structure of SPO, which
is used in this work. In this molecule, the C-O bond in the close form (Figure (left))
breaks upon illumination, and the molecule turns to its planar photomerocyanine (PMC)
state (open form in (Figure (right))). This process is reversible and the initial state
of the molecule can be recovered by white light shining or heating. In fact, PMC absorbs
light with the wavelength around 600 nm. The absorption is originated by the electron
promotion from the bonding level (7) to anti-bonding level (7x). Figure shows the
absorption spectra of a 40 nm film of composite consisted of SPO molecules embedded in
a PS matrix and deposited on a glass substrate. One can clearly see the appearance of a
new resonance peak at around 600 nm upon UV irradiation. Despite of the weak resonance
peak of the composite on the glass substrate, once such composite is deposited on a gold
film (metal), the absorption intensity is considerably enhanced. Figure displays the
absorption spectra of a gold film coated with PS-SPO composite before (solid line) and
after (dashed line) illumination by UV light. The present metamaterial derives its unique
properties from the molecular-plasmonic coupling which can diminish the reflection of the
metal layer [320] down to 2% under UV illumination, and turn surprisingly the gold mirror
into a broadband photo-switchable super absorber. In Figure [0.2f, the photograph of the
composite deposited on a gold film is shown. Tt is apparent that the shiny color of bare
gold (Figure (left)) is dimmed (Figure (right)) upon ultraviolet irradiation. In
this metamaterial absorber, the absorption band can be widened in range by more than 150
nm in visible under UV illumination. Hence, the first demonstration of a photodriven super
absorber wherein the reflectivity can be recovered by white light irradiation is reported. In
spite of slight absorption increment in the case of composite on a glass substrate (around
20%), the enhancement of up to 4 times of initial magnitude (up to 90%) was recorded,
when the hybrid film is deposited on a thick metallic film instead. In fact, the absorption
enhancement is significant mainly at the frequency of molecular absorption (600 nm) and the
change at higher frequencies (wavelength shorter than 500 nm) are still small. As discussed
before, the absorption at higher frequencies (around 400 nm wavelength) is attributed to
the n — m* molecule transition [321] while the considerably intensified absorption maxi-
mum at around 600 nm is originated from the electron promotion from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). However,
the intrinsic absorption of the PS-SPO composite is considerably enhanced upon illumina-
tion. We attributed the enhancement to the presence of the metal mirror in proximity of
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Figure 9.2: Absorption spectra of PS-SPO composite (solid line) as deposited and upon
UV irradiation (dashed line) deposited on (a) glass and (b) 100nm gold, respectively. (c)
Photograph of bare gold film (left) and PS-SPO coated gold film before (middle) and after

(right) UV irradiation.
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Figure 9.3: (a) Absorption difference between the on (dashed line) and of f (solid line)
state of composite on gold film relative to the absorption of bare gold. (b) Reflection spectra
of PS — SPO coated gold film with different thickness as follow: 15 nm (black), 30 nm
(blue), 40 nm (red) and 50 nm (green). Solid lines are the data of as deposited samples
while the dotted-lines represents the illuminated samples.
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the molecules. On the other hand, multiple reflection of incident light from the metal mirror
could potentially multi-excite the molecules and hence enhancing the absorption. Likewise,
plasmonic coupling on the surface of the metal mirror and light interference between the
layer further intensify the absorption as explained latter. Note that, the symmetric molecu-
lar absorption band of the composite deposited on glass (which appeared at 568 nm) shifts
to 584 nm once the molecules get close to the gold film. Apparently, the absorption band
shape becomes asymmetric. These observations can be explained by interaction of polar-
ized molecules (PMC) and electric charges induced in the metallic film thus giving rise to
a weak molecular-plasmon coupling. While a surface plasmon-polariton (SPP) can not be
activated (excited) on a planar metal surface without a coupler, the polarized molecules
could induce charges on the surface [322] and facilitate a dipole induced plasmonic coupling
on the metal surface [132|. Indeed, the SPO not only absorbs but also emits light in the
visible spectrum [321].

When any dipole locates in proximity of a metallic film, a number of energytransport
processes could happen, in particular, when surface plasmon polariton (SPP) quanta for
dipoles overlapping spectrally with SPP electric fields [233]. For instance, the excited dipoles
could create spontaneously electronhole pairs in the metal via dipole dipole coupling (for
molecules in proximity of the metal surface) and emit spontaneously radiative modes [233].
In our previous work, we showed the possibility of using photoswitchable molecules as a
couplers (charge inducers) on a thin metal film [132]. Indeed, the coupling occurred in of f
state where the molecules are supposed to be un-polarized. But it seems that they are
anyway partially polarized due to the local thermal equilibrium with their open form (on
state) and therefore they can perform as charge inducer (coupler) [132]. In the present work,
a similar phenomenon is expected, however, due to the higher reflectivity of the thick gold
film the quantity of the induced charges might be different.

Figure exhibits the absorption variation of a gold film coated with PS-SPO
composite in of f and on states. In Figure [9.3h, the absorption of the bare gold film (the
substrate) is subtracted from the absorption of the PS-SPO coated film on the substrate to
remove absorption caused by the intrinsic properties of the base layer from the absorption
spectra of the stacks. Based on the absorption change calculation, the appearance of the
gold plasmonic resonance peak at 530 nm is obvious (in of f state) which in principle cannot
be realized unless the SPO molecules excite the SPP (c.f. Figure (solid line)). It
seems that upon UV illumination, a weak plasmon-molecular coupling is established and
a broad asymmetric shape resonance appears (c.f. Figure (dashed line)). It should
be noted that the intense absorption band of the illuminated sample originates not only
from the coupling. Also the multiple reflections between the layers and interference [48}323)|
contribute to the reflection drop (absorption growth) in the stack. Thickness variation of the
coating on the same substrate (gold mirror) showed (Figure [9.3p) that the coupling does not
rely on the thickness of the PS-SPO (coupler) layer. The reflection drop irrespective of the
thickness of the coating shows the same trends and the drop appears at the same frequency.
Since the thickness of the coating is sub-wavelength and the considerable reflection drop
happens dynamically (upon illumination), one could consider the current approach as a
novel absorbing anti-reflector [146,[275] wherein no bothering by thickness restrictions of
common antireflective films exist.
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Figure 9.4: Schematic of the geometry used in the metamaterial stack.

Besides the coupling between surface plasmons and dyes molecules discussed above,
the strong coupling of localized plasmons and excited molecules can happen. In the last
case, the coupling strength strongly depends on the spectral overlap of the molecular and
plasmonic resonances [324]. An exciton-plasmon coupling regime has been demonstrated
either in a weak or strong regime [325-327|, whereas in the strong coupling case an exciton-
plasmon (hybridization) coupling leads mainly to splitting of a single band into two or more
bands [325-327]. We introduce a metamaterial, which modulates the molecular-plasmonic
interaction from weak to strong coupling by type of illumination. In that design, the PS-SPO
composite is integrated as a spacer layer in a nanocomposite perfect absorber [146-148/277].
The nanocomposite absorber used for proof-of-principle is composed of gold nanoparticles
and Polytetrafluorethylen (PTFE), which is deposited atop of the PS-SPO coated gold film.
The schematic of the geometry used in this design is depicted in Figure

Figure shows the reflection spectra of a multi-stack made of a 20 nm Au— PTFE
composite (40%) separated from a 100 nm gold film by a 40 nm PS-SPO composite as well as
the same composition but with an un-doped polymer as a reference. It is obvious that the re-
flection drop of the absorber using the un-doped polymer is broadened a bit and significantly
red-shifted by adding of the Spirooxazine molecules in the metamaterial. In other words, the
absorption maximum of the stack when the spacer is un-doped (Figure (black curve))
is at 450 nm but once the spacer is replaced with SPO doped polymer (Figure (blue
solid curve)), the peak shifts to the lager wavelengths (red-shift), which we attribute to the
weak plasmon-molecule coupling. On the other hand, when such a stack is UV irradiated,
the molecular-plasmon interaction turns to the strong coupling regime, and consequently,
the peak splitting occurs revealing two separate peaks. These peaks correspond to two hy-
brid modes, and such splitting with the energy difference between the modes of 780 mel
(wavelength shift of 270 nm) is the indicator of a coherent strong coupling of molecules and
plasmons. Conversely, white light illumination leads to a relatively weak coupling (Figure
9.5b). To the best of our knowledge, this energy value is the highest reported splitting
in plasmon-molecular coupling systems. Although the induced alteration of the refractive
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index of the composite (PS-SPO) upon illumination could be one of the contributor to the
observed switching, we believe that plasmonic coupling plays a more significant role. To
confirm experimentally the plasmon origin of the mentioned shift and coupling, the similar
experiment on a non-plasmon bottom layer was carried out. Deposition of the same stack
on top of a silicon wafer (Figure ) reveals that no splitting occurs, which guides us to
the fact that the presence of an optical cavity together with a surface plasmon resonance
of the metal film is essential for realization of the strong coupling regime. Considering the
metal-dielectric nanocomposite [328] based absorber [147| as a plasmonic cavity alomg the
layers, one could conclude that the PS-SPO composite film in the "on" exhibits a strong
molecular plasmon hybridized behavior that is switched to the weak coupling regime in the
of f state. This is indeed a demonstration of a fast photodriven plasmonic modulator.
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Figure 9.5: (a) Absorption spectra of a multi-stack out of 20 nm Au-PTFE composite(40%)
separated from 100 nm gold film with 40 nm highly concentrated PS-SPO composite deposited
on glass substrate before (solid blue) and after (dashed line blue) UV-illumination, respec-
tiely. Black curve show the same stack but the spacer layer is pure PS film as reference. (b)
Reflection spectra of multi-stack out of 20 nm Au-PTFE composite(40%) separated from
silicon wafer with 40 nm PS-SPO composite with 50% concentration of SPO before (solid)
and after (dashed line) UV illumination, respectively.

9.3 Summary

In short, we have designed, fabricated and characterized a multi-stack system consisting of
a polymer-SPO composite layer either on the top of a thick metallic film or as a spacer
layer between a metal-dielectric nanocomposite and thick metallic film. We observed that
the structure in the former case can function as a photoswitchable super absorber . It is
due to the induction of electric charges on the surface of the mirror followed by facilitated
excitation of the weak molecular-plasmon coupling regime, which results in a significant
reflection reduction and increment upon UV or visible irradiation, respectively. Furthermore,
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by sandwiching the PS-SPO composite between the metal film and polymer highly doped
with gold nanoparticles, we could demonstrate a tunable weak to strong coupling switching
with a pronounced 780 meV energy difference between the two peaks in absorption after UV
illumination. The presented experimental data could pave the way for utilization of perfect
absorbers as remote optical sensors and plasmonic switches as modulators. Nevertheless,
exploring the real mechanism behind the observation needs further theoretical analysis,
which is beyond the scope of this manuscript.
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Chapter 10

Summary and Outlook

Two classes of perfect absorbers namely passive and active metamaterials and a new type
of plasmonic anti-reflective coating are demonstrated. Hence the summary is divided into
three different subchapters to cover each one of the structures individually.

10.1 (Passive) Metamaterials Perfect Absorber

The passive absorber demonstrated in this work consisted of three main layers. The top,
middle and base layer are a metal-dielectric nanocomposite film, a dielectric film and an
optically thick metal film, respectively. The metals used for fabrication and characterization
were gold, silver and copper. Silicon dioxide, titanium dioxide and PTFE were the dielectric
materials implemented for the composite and spacer layers. It is shown that with all possible
combinations of metals and dielectric, complete absorption of light in a range of frequency
can be realized however the filling factor and thickness of the films are not equal in all the
configurations. In order to reduce the number of variable parameters for optimization, a 20
nm thickness was selected for all types of the composites. Therefore, filling factor of the
nanocomposite, thickness of the spacer layer and matrix/spacer materials were the variables
in this study. It turns out that the interband absorption frequency of the metal and its
plasmon resonance enforce position of the absorption maximum. Accordingly, the gold and
copper based nanocomposite give rise to a broad absorption peak with resonance at yellow
part of visible but the silver absorber maximum appears at the blue part of the spectrum.
The optimum filling factor of the composite (irrespective of the type of metal) was the
near percolation value. On the other hand, upon exceeding the percolation threshold, the
composite becomes a semi-continuous film which increases the reflection of the top layer and
results in an absorption drop. Since one of the reasons of high absorption in such a stack is the
plasmon coupling, variation of the the spacer layer thickness alters the absorption intensity
and shape. In other words, there is an optimum thickness of the interlayer which provides the
maximum absorption intensity while the deviation from the optimum value reduces the light
extinction. The matrix of the composite also influences the performance of the metamaterial
absorber due to the plasmonic nature of absorption. So, incorporation of metal particles in
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a dielectric with high or low refractive index shifts the absorption maximum to longer and
shorter wavelengths, respectively. The mentioned shift is not surprising since based on the
Mie theory, there is a linear relationship between the refractive index of the environment and
the plasmon frequency [329]. Changing the thickness of the composite or dielectric layers
shifts the absorption band which is an evidence that interference also contributes to the high
absorption of the present metamaterials. However, we believe that the role of interference is
less than that of plasmon absorption because the latter is signified by the reflecting nature
of the substrate. In other words, the multiple reflection of the transmitted light through
the nanocomposite, could potentially re-excite the localized plasmon of the particles and
further enhance the absorption. Moreover, the small gap between the particles acts as a
hot-spot and considerable confinement of the electromagnetic wave occurs in this small area
(less than 5 nm). In short, the huge absorption of this metamaterial can be attributed to
many phenomena, however it seems that the dominant contributors are localized plasmon
resonance and coupling.

10.2 Photoresponsive (Active) Perfect Absorber

The interaction of molecule-plasmon and its influence on the plasmon resonance peak in dif-
ferent ways such as shifting and splitting are demonstrated. Here, we show that an optically
driven perfect absorbing system (active or smart metamaterials absorber) in which molecule
and plasmon interacts, can be realized. It is composed of a thin polymer-photoswitchable
film (PS-SPO) and a metal mirror. Although the presented data in the frame of this disser-
tation are limited to gold as the base layer, a silver film was also used and analyzed (data
not shown here). A flat gold film absorbs light in visible due to the interband transition and
its intensity can reach up to 60% from the blue to green part of spectrum. By coating the
gold film with a PS-SPO film the absorption increases considerably and reaches to around
90% in the mentioned range of frequency. This happens due to the interaction of partially
polarized molecules and the base mirror. Indeed, fractions of the molecules are in equilib-
rium with their excited states even without activation by UV irradiation. Therefore, these
active molecules raise the absorption of the stack before irradiation. Upon UV illumination,
the absorption band considerably broadens up to 650 nm while its intensity reaches to 98%.
The switching between the two absorption states enables us to show the first optically driven
perfect absorber in visible frequency. It seems that in the present stack, a weak plasmonic-
molecular coupling would set-in upon UV irradiation. In other words, the molecules in open
form induce charges on the surface of the base metals and hence couple the incidence photon
to the surface plasmon. Since the metal film is thicker than the skin depth, the reflection is
considerably high (no transmission). Consequently the reflected wave from the mirror can
enhance the interaction of molecule-metal and results in a higher absorption of the stack.
To further confirm the occurrence of coupling in such a system, the PS-SPO film is incor-
porated to the passive metamaterial absorber as a spacer layer. It is found that presence of
the excited molecules in the interlayer of the metamaterial absorber could provide a strong
plasmon-molecule coupling which splits the absorption band with an energy difference of
more than 700 meV. Note that the strong coupling was only observed in the open state of
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the molecules while the weak coupling happens in the close form (non irradiated). In short,
the hybrid system out of plasmonic materials and photoswitchable molecules enables the
realization of a photodriven perfect absorber. Additionally, the potential of such a system
for switching between the strong and weak coupling is demonstrated when the molecule
containing film is stacked between a metal film and a metal-polymer nanocomposite.

10.3 Plasmonic antireflection coating

A broadband antireflection coating (ARC) based on a metal-dielectric nanocomposite is
presented in which the thickness of the layers is far below the quarter-wavelength which is
generally a required condition for reflection reduction. The ARC demonstrated in this work
was designed for silicon wafer and made of two layers; silver-silicon dioxide nanocomposite
and silicon dioxide film. The key feature of this hybrid ARC is using two quasi arrange-
ments for the dielectric layers in one design where the refractive indices ascend or descend
in consecutive layers with a descending order, albeit at a different wavelength. The high
performance of the coating as a new broadband ARC originates from the strong dispersion
in the permittivity of plasmonic nanocomposites around their resonance. Therefore, by us-
ing a plasmonic nanocomposite as a strongly dispersive material, we could have a system of
layers where both the Rayleigh and reverse-Rayleigh conditions are fulfilled which we named
it "Hybrid". In other words, below the resonance wavelength the composite/dielectric layers
act as a graded-index coating while they perform as a Bragg-mirror at longer wavelengths.
This provides the opportunity to considerably lower the reflection across a broad range of
wavelengths with only a minor angular sensitivity. Moreover, as a proof-of-principle, we
showed that the silicon reflectivity can be reduced upon coating with two dielectric layers of
Ti0y and SiOy where the former is deposited atop of the later (reverse-Rayleigh). However
the reflection drop is rather narrow and practically limited. We further made use of potential
of the nanocomposite as a reflection tuning medium. Accordingly, we coated the composite
with a variety of filling factors on a gold mirror to tune the color of the stack and demon-
strate the creation of different colors by using a very thin film. The colors originated from
different reflection drops associated with each filling factor which show the other potential
of our hybrid concept for realization of plasmonic rainbow colors.

10.4 Outlook

The field of metamaterials perfect absorbers is still immature. Bridging the gap between the
lab-scale fabrication to industrial application still remains a challenge. Nevertheless, current
achievements both in theory and experiment show the immense potential of this new type
of metamaterials for a variety of applications. One of the prime potential applications of
perfect absorbers is solar industry where energy harnessing is desired. For instance, ther-
mophotovoltaic systems might be the host of a plasmonic perfect absorber as their collector,
in which the light is concentrated and absorbed. Another application of metamaterial per-
fect absorbers is in the area of research where the huge light confinement is desired such as
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surface enhanced molecular spectroscopy (SEMS). Indeed, the metamaterials absorber like
other plasmonic materials can be implemented as a sensor where the absorption peak can
be tuned by environmental changes. In particular, the latter application is more relevant
for photoswitchable absorbers where it can potentially be a robust UV sensor. The useful-
ness of the reverse-Rayleigh antireflector is very broad and can be principally applied onto
any reflective substrates. However the application of a hybrid antireflector (nanocomposite
based ARC) for photovoltaics needs special cares. In other words, the substrate surface has
to be passivated properly prior to deposition of the nanocomposite to avoid electron-hole
recombination at the interface.
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