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CHAPTER 1

INTRODUCTION

1.1 Optical absorption

Few fundamental natural phenomena are able to dramatically influence our daily life.
Light is certainly one of the most striking and evident. Our daily life is regulated, by the
alternation of day and night. The vision plays a crucial role in detecting and interpreting
information from visible light to build a representation of the surrounding environment.
When light intensity is sufficiently high our eyes are able to detect it and images of the
outside world are formed on our retina. On the other hand, when light intensity is lower
than the detection threshold of our eye, we perceive the world around us as dark. Our eye
is not only able to measure the intensity of the light; it is also sensitive to its wavelength,
which gives us the experience of the colors. The range of wavelengths which our eye
is sensitive to is called the visible range of the electromagnetic spectrum. An object
is characterized by a certain color because it absorbs all the wavelengths except those
detected by our eye. These particular wavelengths are scattered off the object and they
are absorbed by the photoreceptors in our eye. Therefore, we can state that the ability
of our vision system to detect light relies on the fundamental processes of scattering
and absorption. A classic example is the blue color of the sky, which is caused by the
wavelength dependent scattering of sunlight off the molecules of the atmosphere [1].

When light of a certain wavelength interacts with matter it is scattered: it can be transmit-
ted, reflected and absorbed [2]. Following the description of scattering given by Bohren
and Huffman [2], if a scatterer is illuminated by an electromagnetic wave, its electric
charges are set into oscillation. Accelerated electric charges radiate electromagnetic
energy called the scattered field. The incident energy may be absorbed by the scatterer
and transformed into different forms (e.g. thermal energy). In this case the scattering is
inelastic. Therefore, reradiation and absorption are not independent processes and are
both part of the scattering process. A medium is called transparent if most of the light
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1 Introduction

intensity is transmitted through it and opaque if light is not transmitted. In the latter case,
light can be reflected and absorbed. The propagation of light in the material forming
the object is described by its refractive index, ñ, defined as the ratio of the speed of light
in vacuum and the phase velocity of light in the material. A medium is absorbing if its
refractive index is a complex quantity, i.e. ñ = n + iκ. This can be easily described in the
case in which the light wave propagating in the material along the z-direction can be
approximated by a plane wave. In this scenario, by inserting the complex refractive index
into the expression for the electric field of the plane electromagnetic wave we obtain

E(z, t ) = Re
[

E0e i (k̃z−ωt )
]
= Re

[
E0e

i
(

2π(n+iκ)
λ0

z−ωt
)]

= e
− 2πκ

λ0
z

Re

[
E0e

i
(

2πn
λ0

z−ωt
)]

, (1.1)

where E0 is the amplitude, t is the time,λ0 is the vacuum wavelength, k̃ is the wavenumber
associated to the complex refractive index ñ, k̃ = 2πñ/λ0, and ω is the angular frequency
of the wave. We see that k̃ gives an exponential decay along z, as expected from the
Beer-Lambert law. From Eq. (1.1), we can define the intensity absorption coefficient as
4πκ/λ0. This relation reveal that a material is weakly absorbing in two situations: if κ<< 1
or if it is very thin. The quantity describing the fraction of light absorbed by a medium is
called absorption length and it is defined as the distance after which the intensity of the
light drops to 1/e, i.e., λ0/4πκ.

Absorption comes in different tastes, some are helpful, some represent an impediment.
For example, in the field of nanophotonics, absorption plays a crucial but often undesired
role preventing expected applications because it is typically associated with losses of
energy and reduced efficiency of the devices. However, for solar cells and photodetectors,
optimizing absorption is the design goal, because the optical power needs to be converted
into photocurrent. Another important field of applications in which optical absorption
plays a crucial role is Solid State Lighting (SSL). In a typical SSL device a thick phosphor
layer is pumped by a blue LED. The blue light is partly absorbed and partly transmitted
by the layer. The fraction of the light that is absorbed is efficiently converted into
photoluminescence and radiated out of the device. Finding ways to gain control on
the absorption of the blue light in the phosphor translates into a better control on the
intensity of the photoluminescence. This aspect is extremely relevant in order to gain on
the overall efficiency and performance of the SSL device. Moreover, as Eq.( 1.1) describes,
by enhancing the absorption in the luminescent layer it is possible to reduce its thickness,
which leads to a reduction in the material and eventually in the cost of the device.

This thesis focuses on the interaction of light with weakly absorbing materials. By properly
structuring the illumination pattern and the materials, we will describe and exploit new
ways to considerably enhance light absorption. The materials investigated in this thesis
play a crucial role in lighting applications and photodetection.
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1.2 Phase controlled absorption and scattering

1.2 Phase controlled absorption and scattering

Scattering of electromagnetic waves by any medium is related to the heterogeneity of
that medium. Everything except vacuum is heterogeneous and the fact that a medium
possesses a refractive index is itself the macroscopic manifestation of the presence of
scattering. If a scatterer (e.g. an electron, an atom, a molecule, or a particle) is illuminated
by an electromagnetic wave electric charges are set into oscillatory motion by the electric
field of the incident wave. Accelerated electric charges radiate electromagnetic energy.
This secondary radiation is called the scattered field. Thus, scattering is excitation
followed by reradiation and describes any deviation from free-wave motion. Examples of
scattering processes are: diffuse reflection by rough surfaces, diffraction by slits, gratings
and edges, specular reflection and refraction at optically smooth interfaces, and also
optical absorption. Absorption corresponds to the case in which the reradiated wave and
the incident one are in antiphase and interfere destructively.

Absorption is generally measured indirectly. Indeed, it is usually easier to measure the
fraction of the light transmitted and diffused by an object than to measure the fraction of
the light absorbed. Transmission, reflection and absorption are related with each other
by energy conservation, which gives us a convenient way to calculate absorption as the
amount of energy which is not transmitted nor reflected. This approach, although being
practical, might lead to the misconception of the absorption being a secondary process
dependent on transmission and reflection. On the contrary, absorption can be calculated
independently using Poynting’s theorem,

Q =−∇·S, (1.2)

where Q is the rate of change of the energy per unit volume, i.e. the time-averaged optical
power dissipation density, and S is the Poynting vector representing the energy flux den-
sity, i.e. the rate of energy transfer per unit area. In the case of an electromagnetic field of
single frequency and isotropic, dispersive and non-magnetic materials, Q results in [3, 4]

Q = 1

2
ωε0ε

′′|E|2, (1.3)

where ε′′ = 2nκ is the imaginary component of the permittivity of the material and E is
the total electric field where the overbar indicates the time average over a period. The
total dissipated power is then evaluated by integrating Q over the volume occupied by the
absorbing medium,

A =
∫

V
QdV . (1.4)

In general it is desirable to find ways to control optical properties of systems. This is true
also for the optical absorption. Eqs. (1.3) and (1.4) tells us that the optical absorption at a
frequency ω is determined by two parameters: the optical properties of the material (ε′′)
and the intensity of the electric field.
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1 Introduction

Equation (1.4) does not leave much room for an active control of the absorption: once
we fix the frequency of the incident wave and the material, ε

′′
is fixed. The electric field

appears with a modulus square, which means that the information on the phase of the
wave is lost. Therefore, the only parameter that we could vary is the angle of illumination,
or more precisely the wavevector of the incident light. Asymmetric structures, indeed,
have an angle-dependent optical response function, which leads to an angle-dependent
intensity of the electric field intensity in the object.

Because of these limited options to control absorption, researchers have considered for
long time absorption as a dull process. Only recently the interferometric property of ab-
sorption have been fully uncovered by making use of a proper combination of interference
and dissipation in weakly absorbing materials [5]. Indeed absorption is insensitive to the
phase of the incident wave only when a single wave is shined on an object. If multiple
optical waves are shined on an object it is possible to exploit the phase relation among
them by means of the superposition principle. Explicitly, Eq. (1.3) can be generalized to

Q = 1

2
ωε0ε

′′
∣∣∣∣∣∑

i
Ei

∣∣∣∣∣
2

, (1.5)

in which the modulus square is computed after the coherent sum of the vectors describing
the electric fields of each wave (Ei ) is performed. This approach can be regarded as coher-
ent absorption because it relies on interference between coherent optical fields associated
with distinct incident light beams.

1.3 Coherent absorption in thin layers

Many opto-electronic applications and devices rely on light absorption in thin films.
For instance, an ideal photodetector or photovoltaic cell should absorb all incident
radiation over the range of wavelengths of interest and convert the energy into an
electrical signal. Not only should the material absorb all radiation, it should also be thin
enough to efficiently collect the photogenerated charge carriers. These requirements,
strong absorption and thin materials, seem contradictory. In these cases, the interplay of
dissipation and interference can be used to boost the performance of such devices.

Equation (1.5) tells us that, in presence of a non-zero imaginary component of the
permittivity of a medium, absorption is caused by the interference of waves in the
medium. Due to energy conservation, absorption is maximized when the waves scattered
off the medium interfere destructively in the far field. By properly tuning the structural
parameters and by designing the illumination scheme it is possible to engineer the far
field interference pattern and therefore enhance the absorption. If the interference is
completely destructive, perfect absorption is achieved. In the field of plasmonics the
possibility of achieving perfect absorption has been recognized by Raether who described
the excitation of Surface Plasmon Polaritons (SPPs) at a metal-dielectric interface. He
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analyzed the excitation of SPPs in an Attenuated Total Reflectance (ATR) experiment [6].
ATR is an extended technique used to couple plane waves to evanescent modes. The
system consists of a multilayer structure in which a prism is used to enable this coupling
by providing the required extra momentum to the incident plane wave. The excitation
of SPPs is recognized as a minimum in the reflectance. Raether described this minimum
in terms of destructive interference between the scattered wave (leaky SPPs) reradiated
back into free space radiation and the incoming wave. By tuning the thicknesses of the
layers it is possible to match the amplitudes and the phases of these two waves, thus
achieving zero reflectance and total absorption in the metal. A complementary way to
interpret this total absorption is by considering the losses of the system. Raether identified
two damping mechanisms of the SPPs: the internal damping due to ohmic losses and
the radiative damping by which the SPP is reradiated out. He demonstrated that the
reflectance can be exactly zero when these two damping terms equal each other. Due to
total internal reflection the transmittance vanishes, leading to full absorption of the light
in the metal layer [6].

In a similar ATR configuration Driessen and de Dood have demonstrated that very thin
metal films deposited on a substrate can absorb almost all incident radiation when
illuminated with s-polarized light [7]. In this case, the reflected and the incident wave
are in phase, which creates an antinode in the thin film, a large part of the field is thus
contained in the absorbing film.

Total absorption has been also investigated by Yariv in the framework of perfect energy
transfer between dielectric waveguides and dissipative microresonators, which shows po-
tential application in a variety of tasks relevant to optical fiber communication, e.g. mod-
ulation, switching and dispersion compensation [7–9]. When these two optical elements
are placed in close proximity to each other they couple through the evanescent field of
the light traveling in the waveguide. Yariv showed that by tuning the dissipation in the
ring it is possible to completely transfer the energy from the waveguide to the ring and
thereby achieve full absorption [10, 11]. This condition is known as critical coupling [12,
13] and it is the result of perfect destructive interference in the waveguide between the
light transmitted through it and the light coupled out from the ring to the waveguide. The
required phase-matching is achieved by tuning the length of the ring, while the amplitude-
matching is given by the amount of dissipation in the ring. In close analogy to the ATR
experiment, also the critical coupling theory is formulated in terms of internal and the
out-coupling losses and it is realized when these two loss rates are equal [14].

Very recently a generalization of the concept of critical coupling has been formulated.
This concept, known as Coherent Perfect Absorption (CPA), is also explained in terms of
optimal interplay between interference and dissipation [5, 15]. The CPA gives a strong
theoretical background to the theory of total absorption by drawing the analogy with
the time-reversed counterpart of lasing. One way to understand lasing is by considering
power balance; the power inside the laser cavity increases because of optical gain, but
also decreases as radiation is lost through the cavity boundaries. The condition at which
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1 Introduction

gain compensates exactly the loss is known as the lasing threshold. The CPA is defined
by time-reversing this process: the cavity is now lossy and there is an external supply of
light to the cavity. At the point in which absorption compensates exactly for the radiative
loss all the incident light is absorbed. The experimental demonstration of CPA has been
realized by Wan and coauthors using a double side-polished silicon wafer defining the
cavity and two collinear and counterpropagating incident beams [5]. The wavelength in
their experiment corresponds to a region of the spectrum at which the silicon is weakly
absorbing. Both the incident beams get partially reflected and partially transmitted at
the air-silicon interface, exciting Fabry-Perot resonances in the layer. When the thickness
of the layer and the incident wavelengths are properly tuned, the transmitted fraction
of the first beam interferes destructively with the reflected fraction of the second beam,
and viceversa. Light is therefore confined in the layer, and 100% absorption is achieved.
Fig. 1.1 schematically shows the comparison between the single beam illumination
[Fig. 1.1(a)] and the CPA configuration [Fig. 1.1(b)]. Alternatively, this process can be
explained of as follows: the interference of coherent beams leads to an infinite path length
(or residence time) of the light inside the cavity [15].

Wan and coauthors theoretically demonstrated that an arbitrary object can be made
perfectly absorbing at discrete frequencies if a precise amount of dissipation is added
under specific conditions of coherent monochromatic illumination [5]. It can be

(a) (b)

R

T

R+T

R+T

I

I

I

nn

Figure 1.1: (a) A weakly absorbing slab, described by the complex refractive index ñ, is
illuminated by a single wave (red curve) with intensity I . which is partially reflected and
partially transmitted at the interfaces (blue curves). The intensity of the reflected and
transmitted waves are R and T , respectively. Part of the light is absorbed by the slab. (b)
Coherent Perfect Absorption configuration, in which the absorbing slab is illuminated by
two waves of intensity I (red curves). By properly tuning the thickness and the wavelength
of the slab, the scattered field R +T vanishes and 100% is achieved.
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1.3 Coherent absorption in thin layers

rigorously shown within semiclassical laser theory that the first lasing mode in any
cavity is an eigenvector of the electromagnetic scattering matrix (S matrix) with an
infinite eigenvalue [16]; in analogy to this, the CPA resonances are given by the zero
eigenvalues of the scattering matrix [15] (see Chapter 3). The authors demonstrated CPA
for a simple two-mode cavity, but this phenomenon should also be possible in more
complex systems. One difficulty in attaining perfect absorption in such systems would
be producing the interfering excitation modes required by more complex phase patterns.
Despite this, there are reasons to be optimistic. First, the time-reversed counterpart of
perfect absorption - lasing - has already been achieved in more complex systems [17, 18].
Second, the recent invention of wavefront-shaping provides an unprecedented degree of
freedom to control the absorption in complex media [19–23]. Particularly, manipulation
and precise control of optical fields at the nanoscale is one of the most important and
challenging problems in nanophotonics. Typical experiments are designed to be resonant
at certain wavelengths by nanostructured matter, i.e. by fabricating structures which
have dimensions comparable to the wavelength of the incident light. The structure of the
illumination pattern gives additional degree of freedom in the realization and control of
optical resonances.

By properly configuring multiple coherent lightwaves at the condition of critical
coupling [24] in a multiple-port SPP resonator Yoon and coauthors theoretically showed
that resonant total absorption is obtainable. This investigation has been followed by an
experimental demonstration of the plasmonic analogue of the CPA in metallic grating,
which can absorb multiple coherent light beams coupled to a single surface plasmon
mode. The plasmonic coherent perfect absorption is explained by considering time-
reversal symmetry of Surface Plasmon Amplification by Stimulated Emission of Radiation
(SPASER) [25]. The plasmonic analogue of the CPA has been extended to spherical and
cylindrical geometries by Noh and coauthors [26]. Differently from the previous works,
they exploit localized surface plasmon modes instead of propagating SPP.

Kao and coauthors have shown in Ref. [27] that a desired nanoscale light hot spot in a
planar metamaterial made of plasmonic resonators, can be engineered by adjusting the
far-field spatial profile of the phase of an incoming monochromatic light beam. In this way
they show subwavelength localization and absorption of optical energy. The absorption
in plasmonic metamaterials much thinner than the wavelength can be modulated by
using two collinear and counter-propagating light beams forming a standing wave [28].
The phenomenon relies on the coherent resonant interaction of light beams on the
metamaterial. Due to this interaction they observed regimes of near-total absorption and
near-total suppression of plasmonic losses, meaning that the interference of beams can
eliminate the plasmonic Joule losses of light energy in the metamaterial or, in contrast, can
lead to almost total absorption of light. This concept may serve applications in sensors,
variable attenuators and in the domain of signal processing. Coherent Perfect Absorption
has been also exploited to theoretically demonstrate beam-steering in a free-standing
corrugated metal film [29]. The effect is shown to be phase sensitive, yielding CPA and
superscattering in the same geometry.
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1 Introduction

The fields of applications in which Coherent Perfect Absorption can be applied spread
well over the abovementioned ones. The concept of wavefront shaping and CPA is fully
general and stays valid for all wave phenomena as long as a phase relation between the
beams is defined. Fink and coauthors have realized the time reversal of an acoustic
wave [30, 31]. The equivalent acoustic version of the CPA has been recently proposed in a
similar fashion respect to the original optical experiment [32]. By designing appropriate
acoustic metamaterial structures and by using pressure waves, Wei and coauthors showed
that it is possible to tune the absorption from unity to zero. This effect can be relevant to
attenuate acoustic waves in applications of sound-screening, noise control, and vibration
damping.

1.4 Outline of this Thesis

In this thesis we investigate different ways to enhance light absorption in very thin
layers of weakly absorbing materials, such as light emitting layers and graphene. These
materials play a crucial role in solid state lighting and in novel opto-electronic devices.
The efficiency of such devices is limited by the small fraction of the incident light that
is absorbed. In order to solve this problem, we designed, modeled and realized novel
resonant photonic structures which are able to enhance the interaction of light with the
weakly absorbing material. Along the thesis we use a single and a 2-beams illumination
scheme. In both cases we explain the results in terms of coherent absorption.

The thesis is organized as follows: in chapter 2 we demonstrate a large light absorptance
(80%) in a nanometric layer of quantum dots in rods. This behavior is explained in
terms of the coherent absorption by interference of the light incident at a certain angle
onto the very thin QR layer. We exploit this coherent light absorption to enhance the
photoluminescent emission from the quantum dots in rods reaching up to a seven-fold
enhancement of the photoluminescence. In a similar way we also demonstrate the
enhanced absorption in a thin layer of Ce3+ doped yttrium aluminium garnet, Y3Al5O12

(YAG:Ce). In this case the incident light couples to the fundamental waveguide mode
in the YAG:Ce layer where it is eventually absorbed, resulting in an enhancement of
absorption by a factor of 30. In correspondence, we observe a similar increase in emission
intensity of photoluminescence caused by the enhanced absorption.

So far we have described how it is possible to control the absorption engineering the
interference of scattered waves originating from the interaction of one beam with the
sample. In chapter 3 we propose a multiple beam illumination scheme to experimentally
demonstrate the possibility of external control and modulation of the intensity of the light
emitted by a luminescent layer. The experiment is designed to get as close as possible to
the condition for CPA at a wavelength longer than the wavelength at which the absorption
coefficient of the YAG:Ce is maximum. This will allow for a reduction of 35% of the Stokes’
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1.4 Outline of this Thesis

shift and, therefore, an increase in the efficiency of the system.

In chapter 4 we experimentally demonstrate a broadband enhancement of the light
absorption in graphene over the whole visible spectrum. We reach an enhancement
factor of almost an order of magnitude. This enhanced absorption is obtained in a
multilayer structure by using an Attenuated Total Reflectance (ATR) configuration and it
is explained in terms of coherent absorption arising from interference and dissipation.
The interference mechanism leading to the phenomenon of coherent absorption allows
for its precise control by varying the refractive index and/or thickness of the medium
surrounding the graphene.

Metallic arrays of nanoparticles sustain optical modes which are able to spatially localize
the electric field in certain regions. By combining such arrays with a monolayer of
graphene it is possible to enhance the light-matter interaction in the graphene layer,
thus boosting its absorption. In chapter 5 we design, simulate and optically characterize
a device which should exhibit almost one order of magnitude wavelength-dependent
enhanced absorption. The enhanced absorption should translate into an enhanced
photocurrent. This strategy will allow to overcome some of the main problems of the
applications involving graphene, namely, its low absolute absorption and its spectral
insensitivity.
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CHAPTER 2

COHERENT ABSORPTION IN THIN

LIGHT-EMITTING LAYERS

Light-emitting layers are one of the fundamental building blocks of solid state
lighting devices. They are typically used as light-converting elements because
of their ability to absorb light of a certain wavelength and emit at a longer
wavelength with high quantum efficiency. In order to optimize the efficiency
of these devices, it is desirable to minimize the thickness of the light-emitting
layers, while maintaining high the absorption . In this chapter we present two
experiments in which, by using the same method, we boost the absorptance of a
nanometric layer of quantum dots in rods (QRs) and of a thin layer of Ce3+ doped
yttrium aluminium garnet, Y3Al5O12 (YAG:Ce). These results are explained in
terms of the coherent absorption by interference of the light incident at a certain
angle onto the layers. Because of this effect, the absorption in the QRs and in
the YAG:Ce are enhanced from 10% to 80% and from 1.5% to 44%, respectively.
Consequently, a photoluminescence enhancement factor of 7 and 30 is measured
for the two systems, respectively. A complementary explanation in terms of
coupling of the incident light to guided modes is provided for both experiments.
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2 Coherent absorption in thin light-emitting layers

2.1 Introduction

With the development of nanotechnologies it has become possible to scale down the
dimensions of electro-optical devices. For certain applications, e.g., in solid state lighting,
photovoltaics and photodetection, it is crucial to find new methods to enhance the optical
absorption in very thin layers of different materials [33–35]. Consequently, enhanced
optical absorption by nanostructures and metamaterials has been intensively investigated
in recent years [7–9, 33, 36–38]. One promising possibility relies on engineering the far
field scattering of such structures by tailoring phase and amplitudes of the scattered
waves. By defining a destructive interference pattern in the far field, it is possible to
confine the incident light in the nanostructure, thus enhancing absorption. Following this
reasoning the concept of Coherent Perfect Absorption (CPA) has been recently introduced
and described as the interplay between interference and dissipation [5]. CPA, and more in
general the concept of coherent absorption, fully reveals its potential when multiple light
beams are incident on the structure. However, even in its simplest realization, enhanced
absorption can be achieved with a single incident light beam by properly tuning the
geometrical structural parameters of the sample.

In this chapter we present two experiments in which we demonstrate coherent absorption
in very thin absorbing layers. In the first experiment we choose colloidal quantum dots
in rods (QRs) as the constituent material of a 23 nm-thick layer. Quantum dots are a class
of materials with characteristic optical properties, such as the tunability of their emission
spectrum, and their high quantum efficiency if their surface is passivated [39]. For the
second experiment we choose Ce3+ doped yttrium aluminium garnet, Y3 Al5O12 (YAG:Ce).
YAG:Ce is an important material because of its excellent luminescent properties, chemical
durability, and thermal stability. One main application of this material is in white light
emitting diodes (LEDs): when excited with a blue emitting InGaN LED, the combination of
the yellow emission of YAG:Ce with the non-absorbed blue light generates white light [40].
Among various morphologies, transparent YAG:Ce thin films are of technological interest
for many optical applications because of their superior thermal conductivity, high degree
of uniformity and better adhesion. In particular the transparency of YAG:Ce is crucial
because it is used in PET scanners, high-energy gamma radiation and charged particle
detectors [41, 42]. The absorption length of YAG:Ce with a typical Ce3+ concentration less
than 1 mol% is on the order of 100 µm for light with a wavelength around 450 nm [43, 44].
Increasing the absorption of YAG:Ce reduces the amount of material required for an
efficient light conversion and therefore it would enable the use of thin-films of YAG:Ce for
solid state lighting.

We have designed the sample and the experiment such that an efficient conversion
of incident light into pholuminescence is achieved by means of enhanced absorption.
For the QR layer we demonstrate a significant enhancement of the absorptance of the
incident light at λ=457 nm which reaches 80% for s-polarized light and 70% for p-
polarized light at a certain angle of incidence. These absorptances lead to a seven- and
five-fold enhancement of the QR photoluminescence for p- and s-polarized excitation,
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2.2 Sample description and experimental details

respectively. We also demonstrate an enhanced absorptance up to 44%, corresponding
to a factor of 30, in the YAG:Ce layer, with a concomitant similar enhancement of its
photoluminescence.

In this chapter we make use of the Attenuated Total Reflectance (ATR) technique. Our
structures consist of (very) thin layers of absorbing material. ATR is an extended technique
used to couple plane waves to evanescent modes in which a prism is used to enable this
coupling. A typical ATR measurement is characterized by a minimum in the specular
reflectance at an angle of incidence larger than the critical angle for total internal
reflection at the prism-structure interface. An interpretation for the ATR resonance, based
on quantum interference, has been provided in Refs. [45, 46]: when the momentum-
matching condition between the incident wave and the evanescent mode is realized an
additional photon path, besides the radiative scattering, opens. The relation between
this interpretation and the coherent absorption is provided by the interference nature of
the two phenomena. In the ATR experiment, the interference is due to the superposition
of the probability amplitudes of two events: the photon scattered out because of the
total internal reflection, and the same photon coupled first into an evanescent mode
and coupled out into radiation. In the resonant condition the radiative damping of the
evanescent mode equals the internal damping due to losses in the material, and all the
light is absorbed. The quantum interpretation can be rephrased classically in terms of
interference of electromagnetic waves, in which the first photon path corresponds to
the reflected wave at the prism-structure interface and the second one to the leaky wave
associated with the evanescent mode [6]. This classical interpretation is similar to the
so-called critical coupling by which it is possible to perfectly transfer energy between
two optical media [10, 11]. Similarly to ATR, also in the critical coupling theory, there is a
relation between the internal and the out-coupling losses, namely, when they are equal it
is possible to absorb 100% of the incident light [14].

CPA, ATR and critical coupling are phenomena characterized by a general scheme, i.e., in
all of them optical interference and dissipation lead to an efficient electromagnetic energy
transfer into a structures and an enhanced absorption. In our experiments the structure
we want to transfer the energy to are the QR and YAG:Ce layer.

2.2 Sample description and experimental details

2.2.1 Quantum dots in rods

For the first experiment we use CdSe/CdS quantum dots-in-rods as the constituents of
the nanometric layer. The QRs have been synthesized following the procedure described
in Ref. [47]. They have an average length of 36 nm and an average diameter of 4 nm.
The absorbance and normalized emission spectra of as grown CdSe/CdS nanorods in
suspension in toluene is shown in Fig. 2.1(a). The weak absorption at the emission
wavelengths of the CdSe/CdS QRs limits the self-absorption. The quantum efficiencies
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Figure 2.1: (a) Absorbance (black curve) and normalized emission spectra (gray curve) of
CdSe/CdS quantum dot-in-rods. (b) Schematic representation of the sample, i.e., F2 glass
prism, silica matching layer, QR layer and quartz substrate.

of the QRs suspended in toluene and forming a layer in air have been determined to be
70% and 40%, respectively. The reduction of photoluminescence quantum efficiency of
the rods in the layer is explained by the increased probability for energy transfer between
adjacent rods. In particular, an exciton in a close-packed QR layer has a higher probability
to end up in a non-emitting rod, which leads to a decrease of the quantum efficiency of
the ensemble of nanorods.

Since our goal is to exploit the principle of the coherent absorption in the ATR config-
uration, we have fabricated a sample with the structure schematically represented in
Fig. 2.1(b). A suspension of quantum dots-in-rods in toluene is spin-coated on top of a
silica substrate with a refractive index of 1.45. After baking the sample for 2 minutes at
80◦ C, a high-density layer of QRs with a thickness of 23 nm is formed on the substrate.
Figure 2.2(a) displays a scanning electron microscope (SEM) image of the layer tilted in
order to appreciate its thickness. A silica layer with refractive index 1.46 and a thickness
of 350 nm, indicated as matching layer in Fig. 2.1(b), is evaporated on top of the QR
layer. The thickness and refractive index of this layer are critical to achieve coherent
absorption in the QR layer. The optical constants and the thicknesses of the QR and
matching layers have been determined with spectroscopic ellipsometry. Figure 2.2(b)
displays ellypsometry measurements of the real, n (black curve), and imaginary, κ (gray
curve), components of the refractive index of the QR layer. Two peaks are visible at λ=460
nm and λ=600 nm in the curve of the imaginary component of the refractive index. These
peaks correspond to absorption due to resonant excitation of excitons in CdS and CdSe
respectively.

An F2 Schott optical glass prism, with refractive index 1.62 at λ = 600 nm, on top of the
sample is used in the ATR configuration. In order to obtain a good optical contact between
the prism and the matching layer and to avoid multiple reflections that will destroy the
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Figure 2.2: (a) Tilted scanning electron microscope image of the top surface of the QR
layer spin-coated over a quartz substrate. (b) Real (black curve) and imaginary (gray curve)
components of the refractive index of the QR layer as a function of the wavelength.

interference in the QR layer, we have used a refractive-index-matching liquid with the
same refractive index as F2.

2.2.2 YAG:Ce

YAG-based films can be fabricated through several methods, such as sputtering [48,
49], spray-inductively coupled plasma technique [50], metal organic chemical vapor
deposition (MOCVD) [51], and pulsed laser deposition [52]. Sol-gel approaches have

500 nm

500 nm

200 nm 200 nm

(a)

(c) (d)

(b)

500 nm

500 nm

Figure 2.3: SEM images of the thin films of YAG:Ce prepared on fused silica glass (a) or
sapphire substrates (b-d) heated at different temperatures: (a) 1000◦C; (b) 1200◦C; (c)
1400◦C; (d) 1500◦C. The top right insets in (a) and (b) show cross section images of the
sample, and the bottom left inset in (a) shows an optical photograph of the film on a fused
silica substrate (3 cm x 3 cm) heated at 1000◦C.
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2 Coherent absorption in thin light-emitting layers

also been exploited to produce thin films [52–54]. Although sol-gel approaches do not
require complex equipment as in vapor-phase approaches, making transparent and
uniform films with an optical thickness over 100 nm usually requires repeated deposition
processes [52, 54]. We have developed a method for fabricating thin layers of YAG:Ce based
on a sol-gel approach with propylene oxide as a gelation initiator. A single spin-coating
process followed by a sequence of heat treatments allows the fabrication of polycrystalline
YAG:Ce thin layers with a thickness of 200 nanometers. This epoxide-catalyzed sol-gel
method has been originally reported by Gash et al. in Refs. [55, 56].

Thin transparent YAG:Ce layers are interesting for optical applications. In this paragraph
we present a study of surface morphology, crystallite size, and quantum efficiency (QE)
as a function of heat treatment temperature. Figure 2.3 shows SEM images of the films
prepared using different heat treatment temperatures. The film heat-treated at 1000◦C,
shown in Fig. 2.3(a), is made on fused silica glass, while other films treated at 1200, 1400,
and 1500◦C, respectively, are processed on sapphire substrates. Fused silica cannot be
used above 1100◦C, corresponding to the glass transition temperature above which the

(b)

(a) YAG
Al O2 3X

X

Figure 2.4: (a) X-ray diffraction patterns of the thin YAG:Ce films heated at different
temperatures: 1000, 1200, 1400, and 1500◦C from bottom to top. The measurements
are shifted vertically in steps of 104 cps for the sake of clarity. The peaks observed in
the patterns have been attributed to YAG(indicated by the dots) and Al2O3(indicated by
the cross). (b) Crystallite size (left ordinate, solid squares) derived from Scherrer relation
and photoluminescence quantum efficiency (right, open circles) as a function of heat
treatment temperature.
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Figure 2.5: Absorption spectrum (left ordinate, black-solid curve) and emission spectrum
(right, red-dashed curve) for a 200 nm thick YAG:Ce layer deposited on a SiO2 glass heat-
treated at 1000◦C.

SiO2 reacts with the YAG:Ce layer. SEM images show the porous structure of the YAG:Ce
layer consisting of grains and voids, which become bigger with the increment of the heat
treatment temperature. The bottom left inset of Fig. 2.3(a) shows an optical photograph of
the sample, in which the uniformity and transparency of the layer heated at 1000◦C can be
appreciated. For the films heated at 1000◦C [Fig. 2.3(a)] and 1200◦C [Fig. 2.3(b)] the sizes
of grains and pores are much smaller than that of the optical wavelength, and the films are
transparent and non-scattering in the visible range. The top right insets of Figs. 2.3(a) and
(b) show cross sections of the samples heat-treated at 1000◦C and 1200◦C, respectively.
The thickness of the layers is around 200 nm and is uniform over long distances. As the
heat-treatment temperature is increased up to 1400◦C and higher, the grains and voids
grow making the layer opaque due to light scattering.

Figuere 2.4(a) shows X-ray diffraction patterns for the films heated at different temper-
atures. Thin films heated at 1000◦C and higher temperatures show diffraction lines that
are assigned to the crystalline phase of YAG, meaning that the gel crystallized during
the heat treatment. As the heat-treatment temperature increases, the diffraction peak
intensities rise and the linewidths narrow, indicating the growth of YAG crystallites.
Figure 2.4(b) shows the crystallite sizes estimated from the width of the diffraction line
using the Scherrer relation [24], as a function of heat-treatment temperature. We also
plot the photoluminescence QE in the same figure. With the increased heat-treatment
temperature, both the crystallite size and QE increase. There is a trade-off relation
between a high QE and good optical transparency. The QE gets higher as the heat-
treatment temperature increases, the film becomes translucent due to scattering by the
larger grains and voids in the layer as it can be seen by comparing the SEM images in
Figs. 2.3(a) and (d).

Figure 2.5 shows a typical absorption (black solid curve) and emission (red-dashed curve)
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2 Coherent absorption in thin light-emitting layers

spectrum of the film. The sample layer was prepared on a fused silica glass substrate and
heat-treated at 1000◦C. It shows an absorption band at 460 nm, which is assigned to the
electron transitions from the 4f ground state to the 5d excited states of Ce ions in the YAG
lattice. The absorption coefficient is about 0.1 µm−1 at a wavelength λ of 488 nm, which
corresponds to an absorption length of 10 µm. The absorption length is shorter compared
to the typical reported values of ∼100 µm [43, 44] because of a higher concentration of
Ce3+ (5 mol%) used in our sample. The emission spectrum shown in Fig. 2.5 (red-dashed
curve) was taken by exciting the sample at λ = 488 nm with a continuous wave laser diode.
The thin YAG:Ce layer (200 nm) fabricated on a fused silica substrate was coated by a SiO2

layer (240 nm) deposited by sputtering. The sample was placed in contact with a prism
(N-SF11, refractive index n = 1.79), with the SiO2 thin layer facing to it, using a refractive
index matching oil (n = 1.79) in between.

2.3 Absorption measurements

The ATR measurements were performed as follows: the prism was illuminated with a
collimated s- or p-polarized beam from a halogen lamp and varying the angle of incidence,
θ. The specular reflection was measured in steps of θ = 0.1◦ with a multimode optical fiber
coupled to a spectrometer. The angle of incidence was varied by rotating the sample with
a computer controlled rotational stage. In order to obtain the specular reflectance, R, of
the QR layer, the reflection measurements were normalized by the reflection at an angle
above the critical angle for total internal reflection at the prism-matching layer interface,
i.e., an angle at which the reflectance is 1.

2.3.1 Quantum dots in rods

For angles larger than the critical angle for total internal reflection the transmission
through the sample is negligible, so 1-R gives directly the measurement of the absorptance
in the QRs layer. In Fig. 2.6 we display the measured (a) and the calculated (b) absorptance
(color scale) for s-polarized light as a function of the angle of incidence (θ) and the
wavelength. The calculation is performed using the transfer matrix method for a
multilayer structure [57]. In these calculations we fix the thickness and refractive index of
the QR and matching layer, as obtained from the ellipsometry measurements. Therefore,
we do not use any free parameter to fit the measurements. Figure 2.6(c) displays the
cut of the absorptance measurement (open circles) and calculation (solid curves) at λ =
457 nm. These wavelength correspond to the wavelength used to excite the QRs in the
photoluminescence experiments shown in the next section. The absorptance in Fig. 2.6(a)
is low for angles larger than θ ' 64◦ and for wavelengths larger than 550 nm. This is due to
the total internal reflection at the prism-matching layer interface above the critical angle.
The pronounced peak in absorptance around θ = 65.5◦ and λ = 450 nm is due to the
coherent absorption. The excellent agreement between measurements and calculations
confirms the validity of the transfer matrix method to describe the light scattering in this
multilayer structure. This remarkable result, in view of the inhomogeneities in the QR
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Figure 2.6: (a) Measured and (b) calculated absorptance from the sample represented in
Fig. 2.1(b) of s-polarized light (color scale). The absorptance is displayed as a function
of the wavelength and the angle of incidence. (c) is the experimental (open circles) and
calculated (solid lines) absorptance at λ = 457 nm as a function of the angle of incidence.

layer [see Fig. 2.2(a)], can be explained from the fact that ellipsometry measurements
include the effect of the roughness as an effective property of the layer.

We performed the same kind of measurements also for p-polarized incident light.
Figure 2.7(a) displays with open circles the s- (black circles) and p-polarized (grey circles)
absorptance for θ > θc at λ = 457 nm. The dotted vertical line in this figure indicates
the critical angle for total internal reflection. The maximum in absorptance reaches the
extraordinarily large value of 80% at θ = 65.5◦ and 70% at θ = 64.2◦ for s- and p-polarized
illumination, respectively. This is a remarkable result considering that absorption takes
place only in the 23 nm-thick QR layer. The shift of the maximum in absorptance between
s- and p-polarized light can be explained by the different phase shifts in the reflection
at the interfaces for the two polarizations that modifies the interference condition for
coherent absorption. We note that the absorption length, i.e., the length over which the
intensity decreases by a factor 1/e under plane wave illumination, at λ = 457 nm in a thick
layer of a material with the refractive index of the QR layer is on the order of 350 nm for
both polarizations. Therefore, coherent absorption in the QR layer leads to a reduction of
the absorption length by more than 1 order of magnitude.

In this system coherent absorption is achieved by matching the phases and the amplitudes
of the reflected waves. These quantities depend on the reflection Fresnel coefficients of
the system, which, in turn, depend on the thicknesses and refractive indices of the layers.
Therefore, it is possible to calculate the value of the thickness of the matching layer which
maximizes the absorptance. In Fig. 2.7(b), we plot the calculated absorptance at λ = 457
nm for s-polarization (gray curve) and p-polarization (black curve) using optimized values
for the thicknesses of the matching layer to achieve total absorptance at a certain angle.
This thickness corresponds to 480 nm for p-polarization and 230 nm for s-polarization.
The difference in the two optimum thicknesses is due to the different amplitudes and
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2 Coherent absorption in thin light-emitting layers

θ (deg)

Figure 2.7: (a) Experimental absorptance of p-polarized (open black circles) and s-
polarized (open gray circles) light with λ = 457 nm incident onto the sample schematically
represented in Fig. 2.1(b), as a function of the angle of incidence. (b) Calculated
absorptance for p-polarized (black curve) and s-polarized (gray curve) incident light with
an optimized thickness of the matching layer [see Fig. 2.1(b)] in order to obtain maximum
absorptance. The red dashed line indicates the critical angle for total internal reflection at
the interface between prism and matching layer.

phases of the fields reflected at each interface of the multilayer structure for p- and
s-polarization. This difference makes it impossible to achieve 100% absorption for
unpolarized light in a single sample. Nevertheless, the sample used in our experiments,
with a matching layer of 350 nm, exhibits a significant enhancement of the absorption for
both polarizations.

The interference mechanism leading to the coherent absorption in the QR layer can be
appreciated by calculating the field intensity in the multilayer structure. This calculation
is displayed in Fig. 2.8 for s-polarized incident light with a wavelength of 457 nm at four
different angles, namely, θ = 62◦ (a), 64.2◦ (b), 65.4◦ (c) and 66.5◦ (d). The color scale
in these figures represents the spatial distribution of the field intensity normalized by
the incident intensity. The absorbed electromagnetic power in a medium is given by∫

V
ω
2 ε0ε

′′|E |2dV [3], where ω is the angular frequency of the wave, ε′′ is the imaginary
component of the permittivity of the medium, ε0 is the vacuum permittivity and E is
the total electric field where the overbar indicates the time average over a period. In
our system the only absorbing material with ε′′ 6= 0 is the QR layer and the integral
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Figure 2.8: Calculated spatial distribution of the electric field intensity normalized by
the incident electric field intensity along the cross section of the sample schematically
represented in Fig. 1(b). In this calculation an incident plane wave of λ = 457 nm and
s-polarization impinges at an angle of incidence of (a) θ = 62◦, (b) 64.2◦, (c) 65.4◦ and (d)
66.5◦.

needs to be evaluated in the volume occupied by this layer. At θ = 62◦ [Fig. 2.8(a)] the
field intensity in the QR layer is low. Therefore, for this angle of incidence also the
absorptance in the QR layer is low. At 64.2◦ [Fig. 2.8(b)] the angle of incidence approaches
the angle for coherent absorption. Consequently, the field intensity in the QR layer is
higher. The normalized field intensity is also high at the prism-matching layer interface
due to total internal reflection. This situation changes drastically at 65.4◦ (Fig. 2.8(c)),
where the coherent absorption condition is reached. For this angle of incidence the
fields interfere constructively in the QR layer where the intensity increases. This field
enhancement in the layer leads also to the enhancement of the absorbed power in the
otherwise weakly absorbing QRs. For this angle of incidence, we observe a reduction of
the intensity at all locations other than the QR layer. This reduction is the result of the
concomitant destructive interference required by the conservation of energy. At θ = 66.5◦
the absorptance is low [Fig. 2.8(d)]. For this angle the normalized field intensity in the QR
layer is also low, while at the prism-matching layer interface it is maximum due to total
internal reflection.

As anticipated and explained in the introduction, a description of the mechanism leading
to coherent absorption in our system, considers the coupling of the incident radiation into
the quasi-bounded fundamental mode supported by a lossy waveguide. The waveguide is
defined by the QR layer with an effective index of refraction larger than the surrounding
media and the losses are given by absorption in the layer and through radiation into the
prism. To illustrate this explanation, we have calculated the eigenfrequencies associated
with the fundamental transverse electric field eigenmode (TE0 mode) of a waveguide with
a thickness of 23 nm and a permittivity equal to the effective permittivity of the QR layer
obtained from ellipsometry. The effect of the roughness was taken into account in this
calculation since the imaginary component of the effective refractive index, obtained from
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2 Coherent absorption in thin light-emitting layers

Figure 2.9: Dispersion relation of the TE0 mode in a homogeneous layer with a thickness
of 23 nm and a permittivity given in Fig. 2.2(b) (red line). Open circles are the experimental
data extracted from the measurements of Fig. 2.6(a).

ellipsometry, includes a reduction in the intensity of the specular reflection due to both
absorption and scattering in the QR layer. The waveguide frequencies are represented as a
function of the wavenumber of the mode in the dispersion diagram shown in Fig. 2.9 with
the solid line. In these calculations, we consider the layer embedded in a homogenous
dielectric, i.e., we do not consider the prism. There is a good agreement with the measured
data represented by the open circles in Fig. 2.8, which means that we are experimentally
close to the condition for critical coupling to the TE0 mode and the approximation of
neglecting the prism is therefore valid. These measurements have been obtained from the
attenuated total reflectance data (Fig. 2.6) by determining the wavelengths and angles of
maximum absorptance and representing them as a function of the frequency, ν= c/λ, and
the in-plane wavevector, k∥ = 2π

λ sin(θ). The maxima in the absorptance measurements
of Fig. 2.6(d), corresponding to the minima of the reflectance, can be described as the
result of destructive interference between the leakage radiation of the TE0 mode through
the prism and the specular reflection of the incident beam at the prism-matching layer
interface.

2.3.2 YAG:Ce

The interpretation of the coherent absorption in terms of coupling of light to quasi-
bound modes supported by the absorbing layer can be applied to explain the enhanced
absorption in the YAG:Ce. In general, one way for enhancing the absorption is to increase
the amount of Ce3+ ions in the YAG crystals. However, if the concentration is higher than
a certain value (typically > 5 mol%), the YAG:Ce slab exhibits concentration quenching,
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Figure 2.10: (a) Schematic illustration of the experimental setup used to couple incident
light into the YAG:Ce thin layer. As a sample, we used the YAG:Ce layer (thickness = 200
nm) on the fused silica glass substrate heat treated at 1000◦C with a SiO2 layer (thickness
= 240 nm) sputter-deposited on top. (b) and (c) Experimental and calculated specular
reflectance spectra as a function of incident internal angle for p-polarized light.

resulting in a reduced quantum efficiency (QE) and decreased emission intensity. An
alternative approach to increase the absorption in thin layers of YAG:Ce is to couple the
blue light into waveguide modes that propagate inside the layer. In this case, the YAG:Ce
layer acts as a slab waveguide and increases the effective length over which it interacts
with the light. The coupled light is eventually absorbed as it travels through the layer, and
the absorption is enhanced. Although the coupling of light into waveguide modes is a
well-studied process, it has gained a renewed attention recently as a method to enhance
light harvesting efficiency [58]. The coupling to these modes for certain wavelengths and
angles of incidence, is revealed by a reduction of the specular reflection.

The experimental configuration is schematically shown in Fig. 2.10(a). For the measure-
ment, a SiO2 layer (240 nm) was sputtered on top of the YAG:Ce layer (200 nm) made
on a fused silica substrate heat-treated at 1000◦C. A fused silica substrate was used in
these measurements because of its lower refractive index compared to the YAG:Ce layer,
which has a refractive index of n = 1.70 at λ = 488 nm as extracted from variable angle
spectroscopic ellipsometry. Waveguide modes cannot be supported in a YAG:Ce layer
when it is surrounded by sapphire because of its high refractive index (n = 1.78 at λ =
488 nm). The sample was illuminated with a collimated white light beam through the
prism with an internal angle of incidence θ and the specular reflectance was collected as
a function of θ.

In Fig. 2.10(b), the specular reflectance of p-polarized light is plotted in a color map as
a function of the angle and wavelength of incidence. One can see an abrupt change in
reflection around θ ∼ 55◦, corresponding to the critical angle for total internal reflection.
Above this angle the incident light is totally internal reflected at the interface between
the prism and the SiO2 layer. The critical angle shifts to lower values as the wavelength
decreases due to the frequency dispersion of the prism. At angles above the critical angle,
a sharp dip in reflectance is observed around 60◦. This dip corresponds to the excitation
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2 Coherent absorption in thin light-emitting layers

of the fundamental TM0 guided mode in the YAG:Ce layer, similarly to the TE0 mode
excitation in the QR layer discussed in the previous section. Since the transmittance
through the sample vanishes above the critical angle and the YAG:Ce layer has a weak but
finite absorption in the visible, a dip in reflectance is a result of an increase in absorption.

In Fig. 2.10(c) we show calculations based on the transfer matrix method of the specular
reflectance for p-polarized light. The calculated structure consists of a fused silica sub-
strate (infinitely thick, with a dispersionless refractive index n = 1.46), a YAG:Ce layer (200
nm thick, with a dispersive refractive index extracted from variable angle spectroscopic
ellipsometry), an upper SiO2 layer (240 nm thick and with n = 1.46), and a prism (infinitely
thick and with n = 1.79). A plane wave is incident through the prism with an angle of
incidence θ and the intensity of the reflected light is calculated as a function of θ. The dis-
persion of the experimental dip in reflectance is in good agreement with the calculation.

o

o

o

o

Figure 2.11: Unpolarized photoluminescence spectra measured from the QR layer
schematically represented in the inset. The QRs are excited using s-polarized (black
curves) and p-polarized (gray curves) light of λ= 457 nm (1.6 mW) incident at (a) θ = 62◦,
(b) θ = 64.2◦, (c) θ = 65.4◦ and (d) θ = 66.5◦. The collection angle (a) was fixed to 37◦ in all
the experiments.
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2.4 Photoluminescence

2.4 Photoluminescence

Coherent absorption can be exploited to enhance the photoluminescence from the light
emitting layers. The inset of Fig. 2.11(a) shows a schematic representation of the exper-
imental configuration used in the photoluminescence experiments. The angle of inci-
dence θ is varied in these measurements, while the direction of detection, defined by the
angle α between the normal to the layer and the detector, is kept fixed at 37◦ and 0◦ in
the experiment with the QRs and YAG:Ce, respectively. The QR and the YAG:Ce layers
were excited with a λ = 457 nm and λ = 488 nm laser, using both s- and p-polarizations.
The emission was collected without polarization selection. From the measurements of
Fig. 2.6(a), and fig. 2.10(b) we can conclude that the samples do not exhibit any strong
resonant behavior at the emission wavelengths (both peaked around 600 nm). Therefore,
the photoluminescence at these wavelengths follows a Lambertian curve as a function of
the emission angle.

θ (deg)

θ (deg)

Figure 2.12: Measured photoluminescence intensity (black squares) and calculated
absorptance (gray curves) of the QR layer schematically represented in Fig. 2.1(b), versus
the angle of incidence of an (a) s-polarized and (b) p-polarized beam of λ = 457 nm. The
vertical dashed lines indicate the angle of excitation of the photoluminescence spectra
shown in Fig. 2.11.
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2 Coherent absorption in thin light-emitting layers

2.4.1 Quantum dots in rods

In Fig. 2.11 are shown the spectra taken for different values of the angle of incidence and
polarizations. Black curves correspond to s-polarized incidence and gray curves to p-
polarized incidence. Figs. 2.11(a) shows the photoluminescence intensity for θ = 62◦, i.e.,
for an illumination angle below the critical angle. Figure 2.11(b) and (c) correspond to
the angles of illumination at which maximum absorption at λ=457 nm is achieved in the
QR layer for p- and s-polarization respectively, i.e., θ = 64.2◦ and θ = 65.4◦. An increased
emission is achieved at the angles of incidence at which coherent absorption is observed.
Figure 2.11(d) shows the photoluminescence emission due to evanescent excitation of the
QR layer at θ = 66.5◦.
To directly correlate the absorptance to the photoluminescence enhancement, we have
plotted in Figs. 2.12(a) and (b) the absorptance at λ = 457 nm (solid curves) and the pho-
toluminescence intensity integrated from 550 nm to 670 nm (squares), as a function of the
angle of incidence for s- and p- incident polarization, respectively. The dashed vertical
lines correspond to the angles of Fig. 2.11(a-d). As expected, the enhancement of photo-
luminescence is directly related to the enhancement of the absorption at the excitation
wavelength of the QRs. It is possible to evaluate an enhancement factor of the photo-
luminescence by dividing the value of the integrated intensity at the angle of maximum
emission by the intensity at an angle lower than the angle of total internal reflection.
Enhancement factors of 4.6 and 6.8 at λ = 457 nm are obtained for s- and p- polarization,
respectively.

2.4.2 YAG:Ce

Figure 2.13 displays in a color map the emission spectra of the YAG:Ce layer as a function
of the incident angle of the blue p-polarized laser (λ = 488 nm) through the prism. The
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Figure 2.13: Emission spectra as a function of incident internal angle of the blue p-
polarized laser (λ = 488 nm). The inset shows a sketch of the experimental setup. The
incident angle is varied, while the emission is detected in the direction normal to the
sample surface.
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2.4 Photoluminescence

experimental configuration is illustrated in the inset of Fig. 2.13. A significant increase of
the emission intensity is observed at the angle of incidence corresponding to the angle that
shows a dip in reflectance [see Fig. 2.10]. The relation between reflectance and emission
is further examined in Fig. 2.14. Figure 2.14(a) shows the reflectance as a function of
θ at a wavelength of 488 nm, which corresponds to the wavelength of excitation in the
photoluminescence measurement. With the increase of θ from 52◦, which is below the
critical angle for total internal reflection, the reflectance increases. At 60.3◦ the reflectance
presents a local minimum due to the excitation of the TM0 mode. In Fig. 2.14(b), the emis-
sion intensity, integrated fromλ = 500 to 700 nm, is plotted as a function of θ. The emission
intensity shows a maximum at θ that corresponds to the minimum in reflectance. The
correspondence between the dips in reflectance and the peaks in the integrated emission
intensity demonstrates that the enhanced emission is due to enhanced absorption. The
minimum reflectance is as low as 0.56, meaning that the absorptance is 0.44 (no light is
transmitted through the sample). The absorption length that corresponds to an absorp-
tance of 0.44 at λ = 488 nm is 0.35 µm, as calculated considering the Lambert-Beer law.
This value is far shorter than the value of 10 µm calculated from Fig. 2.5 for YAG:Ce, which
means that by coupling the light into the waveguide modes, the absorption is effectively
increased up to 30 times. We have also estimated the propagation length Lz of the guided
modes along the YAG:Ce layer from the full width at half maximum of the reflection reso-
nances shown in Figs. 2.10(b) [59]. The estimated value of Lz is ∼10 µm at λ = 488 nm,
which means that the coupled light propagates in the YAG:Ce layer over a distance of
10 µm before being absorbed and/or scattered to 1/e of its original intensity. This value
of 10 µm agrees with the absorption length from the absorption spectrum presented in
Fig. 2.5. Compared to the integrated intensity at θ = 53.4◦, which is below the critical angle,
the integrated emission is enhanced by a factor of 30. The magnitude of the emission
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Figure 2.14: (a) Specular reflectance of a 200 nm thick layer of YAG:Ce at a wavelength of
488 nm for p-polarized light. (b) Integrated emission intensity between 500 and 700 nm as
a function of incident angle of the p-polarized blue laser (λ = 488 nm).
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2 Coherent absorption in thin light-emitting layers

intensity enhancement is on the same order of that of the absorption enhancement. These
simple calculations of absorption and propagation lengths are consistent with the idea
presented by Wan and coauthors to qualitatively describe the CPA [5]. Indeed, destructive
interference in the far field confines the pump light in the absorbing layer and, in order to
conserve its parallel momentum, also to propagate along the YAG:Ce layer.
Not only is the excitation blue light strongly influenced by the waveguide, but also the
emission process. Indeed, the excited Ce3+ in the layer can emit either into guided modes
or radiative modes with a branching ratio depending on the relative local density of states
contributions. Using an exact formalism reported by Urbach and Rikken [60], we have cal-
culated the total decay rate enhancement due to the waveguide, and the fraction of emis-
sion that is funneled into the waveguide modes, i.e., TM0 mode, by considering a three-
layer slab system consisting of 200 nm thick of YAG:Ce sandwiched by SiO2 infinite layers.
In Fig.2.15, the fraction of emission into waveguide modes is calculated as a function of
the position of the emitter assuming that the Ce3+ presents an isotropic orientation. The
YAG:Ce layer lies between z = -100 nm to 100 nm (indicated by the dashed lines). Inside the
YAG:Ce layer, the coupling into the waveguide modes reaches a maximum value of 0.55 in
the middle of the layer. This result is rather insensitive to the emission wavelength over the
full range of emission in Fig. 2.13. This calculation indicates that roughly half of the emis-
sion stays inside the waveguide. The significant emission intensity enhancement reported
in Fig. 2.14 can therefore be further enlarged by facilitating outcoupling of luminescence
using a simple patterning of the surface. Since the absorption length of the emitted light
and the excitation light are very different, an accurate design of the scattering strength of
such texture will allow enhancing the outcoupling of the emission while maintaining the
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Figure 2.15: Fraction of the emission (λ = 580 nm) that is funneled into the TM0 waveguide
mode as a function of the position of the emitter, averaged over all orientations of the
emitter. The dashed lines indicate the position of the YAG:Ce layer. The inset shows a
sketch of the three-layer system used in the calculation, which ignores the evanescently
coupled prism but contains all layers of the sample.
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2.5 Conclusions

high absorption of the excitation.

2.5 Conclusions

Enhanced optical absorption in very thin layers is relevant for applications in various fields
such as lighting and sensitive photodetection. We have demonstrated experimentally an
absorptance up to 80% for s-polarized light and 70% for p-polarized light at λ = 457 nm
in a 23 nm-thick layer of quantum dots-in-rods. In a similar way, we have investigated
also the enhanced absorption in a thin layer of YAG:Ce, obtaining an absorptance of 44%
corresponding to an enhancement factor of 30. These extraordinary values are explained
in terms of coherent absorption: the incident light is trapped in the layer due to the con-
structive interference of the fields scattered at different interfaces. The enhanced absorp-
tion is efficiently converted into photoluminescence from the QR and YAG:Ce layers. We
have obtained up to a 7-fold enhancement of the QR emission for p-polarized incident
light and a 30-fold emission enhancement for s-polarized incident light on the YAG:Ce
layer, as a result of the coherent absorption in these layers. These enhancements can be
further increased by optimizing the interference in the multilayer structure. The coherent
absorption is also related to the critical coupling theory, which describes the efficient
energy transfer between different media. The enhanced absorption can be associated
also with the coupling of light into the fundamental guided mode supported by the layers.
This analogy forces us to revisit the concept of "thickness" of the layer in which light is
absorbed. For certain combinations of angles of incidence and wavelengths, the relevant
dimension to understand absorption is not anymore the canonical thickness but it is the
one along the surface of the layer.
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CHAPTER 3

MODULATED LIGHT ABSORPTION

AND EMISSION OF A LUMINESCENT

LAYER BY PHASE-CONTROLLED

MULTIPLE BEAMS

We propose a multiple illumination beam scheme to experimentally demonstrate
the external control of the intensity of the light emitted by a thin layer of phosphor.
This is realized through a tunable optical absorption of the incident light into
the layer at a wavelength longer than the wavelength at which the absorption
coefficient of the phosphor is maximum. The experiment is designed to get as
close as possible to the condition of Coherent Perfect Absorption (CPA), realized
by externally acting on the phase difference between the incident beams. When a
destructive interference pattern is built outside the layer of luminescent material
the incident light is efficiently absorbed.
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3 Modulated light absorption and emission of a luminescent layer by phase-controlled
multiple beams

3.1 Coherent Perfect Absorption (CPA)

The concept of Coherent Perfect Absorption (CPA) has been recently introduced by Chong
and coauthors [5, 15]. CPA has been related to the time reversed process of lasing. In the
lasing process, a cavity with gain produces outgoing optical fields with a definite frequency
and phase relationship, without being illuminated by coherent incoming fields at that
frequency. The laser is coupled to an energy source (the pump) that inverts the electron
population of the gain medium, causing the onset of amplified spontaneous emission at
a threshold value of the pump. Above threshold the laser is a nonlinear optical source,
but at the threshold of the first lasing mode, the laser is described by the linear Maxwell
equations with complex (amplifying) refractive index [61]. Because of the properties of
these equations it follows that the same cavity, with the gain medium replaced by an
equivalent absorbing medium, will perfectly absorb the same frequency of the laser light,
if it is illuminated with incoming waves with the same field pattern of the laser light.
The essence of the work of Chong and coauthors was the demonstration that the way
a medium absorbs depends not only on its optical constants and the frequency of the
incident radiation but also on the detailed spatial distribution of the incident fields. As
a consequence, one can consider tuning the external field to either enhance or suppress
absorption.
To determine the conditions for CPA in a medium of refractive index ñ = n + iκ (κ< 0 for
gain and κ> 0 for absorption) we consider the scalar wave equation

[∇2 + ñ2(r)k2]φ(r) = 0, (3.1)

where k = ω/c, ω is the frequency, c is the speed of light, φ(r) is the electric field, r is the
vector position. Outside the medium the refractive index is assumed to be a real constant,
n0 and the field is a combination of incoming waves ψi n

m and outgoing waves ψout
m

φ(r) =∑
m

[αmψ
i n
m (r)+βmψ

out
m (r)], (3.2)

where αm and βm are the amplitudes of the incoming and outcoming waves, respectively,
and m indicates the mode index. In essence the way to determine the CPA condition is
to derive the relation between the frequency of the incident waves, their phases at the
interface of the material, the refractive index and the relevant geometrical dimension of
the object, such that the scattered field vanishes. The most convenient method to treat this
problem is by introducing the scattering matrix of the system. Its advantage with respect to
the transfer matrix method described in Appendix B, is that it separates the components of
the incoming fields from the components of the outgoing ones, i.e., the scattering matrix,
S, relates the incoming with the outgoing amplitudes∑

m′
Smm′ (k)αm′ =βm . (3.3)

The eigenvectors of the scattering matrix associated with infinite eigenvalues and with real
k, describe the condition for lasing at threshold [16]. These eigenvectors are given by

βm =±∞αm . (3.4)
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3.1 Coherent Perfect Absorption (CPA)

The condition k ∈ R guarantees that the mode is radiative. By time-reversal, if it exists an
eigenmode with k real and 0 eigenvalue, CPA is realized, i.e.

βm = 0αm . (3.5)

The scattering matrix is in general difficult to determine analytically. Nevertheless, there
are certain geometries that because of their simplicity and symmetries allow us to write
explicitly its elements. Let us consider the case of a slab of weakly absorbing material,
described by a complex refractive index ñ, illuminated by two collinear and counterprop-
agating beams impinging at normal incidence and embedded in a uniform environment
described by the refractive index n0. The system is sketched in Fig. 3.1, where blue ar-
rows represent the incident waves and the red arrows represent the scattered ones. The
incoming and outgoing fields are written as

ψi n(t ,r) = α1ψ
i n
1 (t ,r)+α2ψ

i n
2 (t ,r), (3.6)

ψout (t ,r) = β1ψ
out
1 (t ,r)+β2ψ

out
2 (t ,r), (3.7)

where αm and βm are the amplitudes of the propagating modes ψi n/out
m and m = 1,2

represents the mode index. ψi n/out
m can be generally approximated by plane waves. The

scattering matrix of the system, S, relates the amplitudes α1,2 of the incoming field with
the amplitudes β1,2 of the outgoing fields(

β2

β1

)
= S

(
α1

α2

)
=

(
S11 S12

S21 S22

)(
α1

α2

)
.

(3.8)

n0 n0
n

Figure 3.1: Sketch of a slab of weakly absorbing material, described by a complex refractive
index ñ illuminated by two collinear and counterpropagating beams impinging at normal
incidence (blue arrows) and embedded in a uniform environment described by the
refractive index n0. The incident and the scattered waves (red arrows) are described by

ψ
i n,out
1,2 , respectively.
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3 Modulated light absorption and emission of a luminescent layer by phase-controlled
multiple beams

In this case S is a 2x2 matrix because there are two incoming and 2 outgoing beams,
also termed as channels [15]. Since the system is symmetric with respect to the plane
where the slab lyes S12 = S21 and S11 = S22. The elements S12 and S21 are the reflection
coefficients, while S11 and S22 are the transmission coefficients. Since the system consists
of planar and parallel interfaces, these coefficients correspond to the Fresnel reflection
and transmission coefficients, r and t , respectively. CPA is realized when the amplitudes
of the outgoing fields are zero (

0
0

)
= S

(
α1

α2

)
,

(3.9)

i.e.,

S

(
α1

α2

)
= 0

(
α1

α2

)
.

(3.10)

Therefore the incident field has to be an eigenvector of the scattering matrix with eigen-
value 0. For the case of a slab in homogeneous environment the eigenvalues of S are
λ1,2 = S11±S12 = t ±r [57]. If the slab is embedded in air, the CPA condition can be written
as

λ1,2 = t ± r = 0 −→
[

1− ( ñ−1
ñ+1

)2
]

e−i kdñ

1− ( ñ−1
ñ+1

)2
e−2i kdñ

±
( ñ−1

ñ+1

)[
e−2i kdñ −1

]
1− ( ñ−1

ñ+1

)2
e−2i kdñ

= 0. (3.11)

This leads to the equation

e i kdñ =± ñ −1

ñ +1
. (3.12)

The eigenvectors corresponding to these two eigenvalues are (α,±α) where the plus and
the minus sign describe the symmetric and the antisymmetric mode, respectively, and
α = α1 = α2 is a consequence of the mirror symmetry of the system. By substituting
Eq. (3.12) into the definitions of r and t we can evaluate the reflection and the transmission
coefficients when CPA is realized [62], namely,

r =−1

2

ñ2 −1

ñ2 +1
t =±1

2

ñ2 −1

ñ2 +1
, (3.13)

which makes evident that the transmission of one wave cancels out exactly the reflection
of the second wave, resulting in total absorption in the slab.

3.1.1 Example of CPA

If the input channels are eigenvectors of S, the intensity of the field scattered off a slab
is given by the square of the absolute value of the eigenvalue of the scattering matrix,
|λ1,2|2 and it depends on the thickness of the slab, the wavelength of the incident light,
and the refractive index of the slab and of the environment [15]. With the definitions of
the eigenvalues given in Eq. (3.11) we can calculate the intensity of the scattered field as a
function of these quantities for the symmetric and antisymmetric mode. As an example,
we consider a 1µm-thick slab embedded in air and illuminated with a wavelength of 450
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3.1 Coherent Perfect Absorption (CPA)

nm. Figure 3.2 shows in logarithmic scale |λ1,2|2 as a function of the real and imaginary
component of the refractive index of the slab. There are discrete regions in the plot
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Figure 3.2: Logarithm of the normalized intensity of the scattered field for the (a)
antisymmetric and (b) symmetric CPA as a function of the real and imaginary component
of the refractive of a 1µm-thick slab embedded in air and illuminated at normal incidence
by two counter-proapgating beams of wavelength of 450 nm. Symbols correspond to the
approximated solution given by Eq. (3.15)

in which the intensity is dramatically reduced. We can qualitatively understand the
distribution of these regions in the plot by considering that the closer the real part of
the refractive index of the slab is to 1, the lower is the refractive index contrast with the
surrounding (air) and the larger will be the difference between the amplitudes of the
transmitted and reflected partial waves. Therefore, to compensate for this mismatch and
achieve CPA, the imaginary component of the refractive index has to increase. CPA is
realized for the values of ñ at which the intensity of the scattered waves vanishes, thus at
the minima of Fig. 3.2.
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Figure 3.3: Phase in units of π of the scattered field for the (a) antisymmetric and (b)
symmetric CPA as a function of the real and imaginary component of the refractive of
a 1µm-thick slab embedded in air and illuminated at normal incidence by two counter-
proapgating beams of wavelength of 450 nm. Symbols correspond to the approximated
solution of Eq. (3.12)

To verify that for these specific combinations of real and imaginary components of the
refractive index of the slab the intensity of the scattered field is exactly zero, in Fig. 3.3 we
plot the phase of λ1,2. In correspondence with the the locations of the minima of Fig. 3.2,
we find a singularity of the phase, which indicates the complete vanishing of the scattered
fields.
As we see from Eq. (3.12) the CPA condition depends on the ratio between the thickness
of the slab and the wavelength of illumination. Let us consider one of the CPA points of
Fig 3.2(b), for example the one given by ñ=2.25+i0.068. For this point we plot in Fig. 3.4 the
intensity of the scattered field as a function of the thickness of the slab for the wavelength
of illumination of 450 nm. As expected, we find a pronounced dip for the thickness of 1

44



3.1 Coherent Perfect Absorption (CPA)
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Figure 3.4: Logarithm of the normalized intensity of the scattered field as a function of
the thickness of the slab for the refractive index ñ=2.25+i0.068 and for the wavelength of
illumination of 450 nm. The slab is embedded in air and the angle of incidence of the
waves is 0. The green line corresponds to the symmetric modes, the violet line to the
antisymmetric modes.

µm, which corresponds to the CPA condition previously found in Fig. 3.2. We notice that a
difference of only 10 nm in the thickness of the slab, i.e., less than an order of magnitude of
the incident wavelength, gives a difference in the intensity of the scattered field of 4 orders
of magnitudes in CPA condition. This pronounced sharpness of the resonance represents
a major limitation to achieve experimentally CPA and it will be further discussed in the
next sections.
The CPA equations have an approximated solution which is useful in the case of kd >> 1,
i.e., for very thick slabs compared to the incident wavelength and in the case of very weakly
absorbing materials (κ << n). Indeed, if κ << n we can neglect κ in the right term of
Eq. (3.12) obtaining [15] {

e i kdn ≈ e i Zπ, Z ∈Z
e−kdκ ≈ n−1

n+1

(3.14)

which gives {
n ≈ Zπ

kd , Z ∈Z
κ≈ 1

kd ln
[ n+1

n−1

] (3.15)

Odd and even Z correspond to antisymmetric and symmetric CPA points, respectively.
These approximated solution are plotted with open symbols in Figs. 3.2 and 3.3. White
circles correspond to the symmetric mode while blue circles correspond to the antisym-
metric mode. We see that the approximated solution describes well the system only for
κ> 0.1, i.e., n/κ> 20.
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3.1.2 Field distribution in CPA condition

Now that we know the values of complex refractive index of the slab, thickness and wave-
length realizing the conditions for CPA in the 3-layer system, it is possible to calculate the
spatial distribution of the electric field. This calculation is carried out by making use of
the transfer matrix method described in Appendix B for each of the incident waves and
the superposition principle. The electric field associated with the propagation of a single
wave in the x − z plane,is given by

E(x, z, t ) = [
a1e−i kx x +a2e i kx x

]
e−i kz z e−iωt , x ∈ substrate

E(x, z, t ) = [
b1e−i kx x +b2e i kx x

]
e−i kz z e−iωt , x ∈ slab

E(x, z, t ) = c1e−i kx x e−i kz z e−iωt , x ∈ superstrate

(3.16)

where the axis normal to the slab is along z and the amplitudes of the partial fields, a1,2,
b1,2 and c1,2 are calculated with the transfer matrix method (see Appendix B). kx and kz

are the x− and z-component of the wavevector, ω is the angular frequency and t is the
time. The total electric field is obtained by adding the complex values of the electric field
for the two incident waves at each position (x, z) of the structure. Figure 3.5(a) shows in
color scale the spatial distribution of the total electric field for illumination through the
symmetric CPA eigenmode at normal incidence, i.e., kz = 0. The dashed horizontal lines
mark the boundaries of the slab. The field amplitude of this total electric field along the
x-coordinate is shown in Fig. 3.5(b) with a red curve. In the same panel we also show the
amplitude of the incident, reflected, transmitted and scattered field. These fields are all
defined for x < 0 and x > 1 µm. The blue curve represents the incident field. The cyan
curve and the black curve represent the reflected and the transmitted fields, respectively.
The sum of these two fields gives rise to the scattered field. Since we are applying the
superposition principle, all these calculations are phase sensitive. Panel (a) and (b) show
the calculations for the phase ωt = 0, which means that the two waves have the same
phase when impinging on the slab. Panel (c) and (d) show the same calculations but
for ωt = 1.5π. We see that at each phase ωt the total electric field overlaps exactly with
the incident field, meaning that the scattered field is zero and all the energy is absorbed
by the slab. Indeed the co-propagating reflected and transmitted waves have the same
amplitudes and are in antiphase for each ωt .

The simple expression for the CPA equation, Eq. (3.12) and its approximated solution
Eq. (3.15), are valid only in the case of a slab embedded in a symmetric environment and
illuminated at normal incidence. However, since the elements of the scattering matrix of
a generic 3-layer system are known analytically, it is straightforward to calculate the CPA
conditions also in the case that the weakly absorbing material is deposited on a substrate
and illuminated at a certain angle θ1. In Fig. 3.6 we plot in logarithmic scale the absolute
values of the eigenvalues of the scattering matrix, |λ1,2|2, i.e. the intensities of the field
scattered off a slab, as a function of the thickness in the case of a layer with refractive index
ñ=2.25+i0.068, deposited on a substrate with refractive index n0 = 1.4 and illuminated by
two non-collinear s-polarized waves. In Fig. 3.6 we set θ1 = 20◦ for the wave propagating
from the air-side (see inset). The two incident waves has to be non-collinear in order
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3.1 Coherent Perfect Absorption (CPA)

(d)(c)

(a) (b)

Figure 3.5: Spatial distribution of the total electric field and cuts along the x-coordinate
of the total electric field (red line), of the incident field (blue line), of the reflected (cyan
line) and transmitted (black line) fields giving rise to the scattered field (green line).
The structure consists of a slab of refractive index n=2.25+i0.068 embedded in air and
illuminated with the symmetric CPA eigenmode. All these quantities are calculated for
the phase ωt of the two waves at the two interfaces of the slab (marked by dotted lines)
equal to 0 [(a) and (b)] and equal to 1.5π [(c) and (d)]
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for the transmitted and reflected waves to propagate collinearly and cancel out exactly.
The angle of incidence of the wave propagating from the substrate-side (θ2) has to match
the angle of transmission of the first wave, which is given by Snell’s law. As expected, the
general trend of the intensity of the scattered field for the symmetric and antisymmetric
modes as a function of the thickness is similar to the one in Fig. 3.4 but the thickness at
which CPA occurs is different. Indeed, since the mismatch between r and t increases with
the angle of incidence, the optimal thickness that allows the scattered field to vanish has
to change.

In the following sections we investigate the implications that CPA has when applied
to a slab of luminescent material of reference for solid state lighting applications.
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Figure 3.6: Logarithm of the intensity of the scattered field as a function of the thickness
of the slab with refractive index ñ=2.25+i0.068 and for the wavelength of illumination of
450 nm. The slab is deposited on a substrate (n3=1.4) and illuminated at angle θ1=20◦
from a air (n1=1). θ2 is given by Snell’s law. The green line corresponds to the symmetric
modes, the violet line to the antisymmetric modes. Inset: schematic representation of the
system. Incident waves are represetned by blue arrows, reflected waves by dashed light
blue arrows and transmitted waves by red arrows.

3.2 CPA in luminescent materials

Coherent phenomena have been intensively studied in optics with the prospect of
exploiting interference and resonant effects. In particular, the coherent control of light
absorption has recently attracted considerable interest due to the possibility of building
complex interference patters in and outside the structure under investigation, with the
aim of modulating, enhancing or suppressing its optical response [15, 26–28]. Different
methods have been introduced to achieve this, such as wavefront shaping [19–21, 23, 63]
and multiple beam illumination schemes [24, 25, 29]. So far, research has focused only
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3.2 CPA in luminescent materials

on the coherent processes related to the absorption of light, without considering or even
excluding the possibility of using light converting materials [15] and without addressing
any efficiency related problem. Specifically, any down-conversion process is associated
with a loss of energy determined by the characteristic Stokes’ shift of the luminescent
material, which is defined as the difference in energy between the maximum of the
absorption spectrum and the maximum of the emission spectrum. This loss is generally
considered unavoidable in conversion processes. The definition of the Stokes’ shift is
solely related to the material, and does not take into account the role played by the
geometry of the light-converting material and by the illumination conditions. However,
as pointed out in the previous section, the optical absorption depends not only on the
optical constants of the material but also on the spatial distribution of the radiation.
There can be conditions at which a precisely designed illumination of the luminescent
weakly absorbing material gives a very high absorption. The unique set of conditions
at which all the incident light is absorbed is provided by the CPA, which in the case of a
luminescent material corresponds to placing the emitters in a perfect cavity. Exploiting
cavity resonances to enhance the absorptance of emitters is a well-known technique, but
if the cavity and the illumination are not tuned to achieve CPA, it is impossible to achieve
total absorption.

A subtle point increases the interest and novelty of systems tuned to their CPA condition:
Coherent Perfect Absorbers are open systems, i.e., energy can flow efficiently inward and
outward the system. This opposes to a classical cavity experiment, in which, because of
reciprocity, if light is easily coupled into the cavity, it is also easily coupled out, preventing
high absorption. This is typically described by the Q-factor of the cavity: a high Q indicates
a low rate of energy loss (by outcoupling) relative to the energy stored in the resonator.
A high Q-factor cavity is therefore realized by using very good reflecting mirrors, which
again makes it difficult to supply energy from outside into the cavity. On the contrary, a
CPA cavity does not require a high Q-factor because light is trapped by the interference of
the multiple incident beams. If the wavelength at which CPA takes place (λC PA) is longer
than the wavelength at which the absorption coefficient of the material is maximum, the
Stokes’ shift needs to be redefined. In this case the Stokes’ shift is given by the energy
difference between the CPA frequency and the frequency of maximum emission.

In the next sections we theoretically demonstrate CPA as a mean to redefine the Stokes’
shift. (see Fig. 3.1). We experimentally demonstrate that by properly setting the phase
difference between the two beams the incident light is trapped in the luminescent layer,
absorbed and converted into photoluminescence (PL). In this way it is possible to increase
and modulate the emission from the luminescent layer. Since the quantum efficiency of
luminescent materials is typically close to 1, CPA allows, at least in principle, obtaining full
conversion of the pump light while maintaining the thickness of the layer small. However,
this point is subject to experimental limitations and difficulties, which limit the realization
of the CPA experiment with a material of fundamental importance for solid state lighting,
such as YAG:Ce.
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3.3 Sample characterization

In Chapter 2 we have introduced Ce3+ doped yttrium aluminum garnet, Y3 Al5O12

(YAG:Ce) as an important luminescent material for lighting applications because of its
superb luminescent properties, chemical durability, and thermal stability. YAG:Ce has
an absorption peak around 460 nm while its emission spectrum spans the range 500-750
nm (the broadest known emission spectrum). Due to this characteristic spectra, YAG:Ce
is found in applications such as white light emitting diodes (LEDs) [40] and full down-
conversion based devices(high-color-purity light, especially in the so-called "yellow
gap" [64]).
The sample we have investigated is a 100 µm-thick layer of polycrystalline lumiramic
YAG:Ce doped at 3.3% with Ce+ ions and polished via a chemical-mechanical procedure
on both sides. YAG:Ce has been produced following the procedure described in Refs. [65–
67]. In order to reach the CPA conditions we need to fulfil three conditions on the quality
of the layer: 1) the surface of the sample has to be optically flat; 2) the thickness of the
slab has to be uniform over the dimension of the illumination spot; 3) there have to be
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Figure 3.7: (a) 2D AFM scan of the surface of the YAG:Ce slab after polishing. The
colorscale is in units of nanometers. (b) SEM image of the cross section of the YAG:Ce
slab.
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3.3 Sample characterization

no scattering centers for the light throughout the slab. These three conditions ensure
that the phase relation imposed at the interfaces of the slab is maintained throughout
the sample. In Fig. 3.7(a) we show a 2D AFM image of the surface of the slab after the
polishing procedure. The surface roughness is on the order of 10 nm, which makes the
surface optically flat. In the previous sections we have argued that a uniform thickness
of the slab 10 nm off respect to the thickness for CPA, leads to a strong decrease in the
absorption. However, this uniform offset of the thickness should not be confused with a
distribution of thicknesses given by a surface roughness. Indeed, in the case of surface
roughness the value of absorption and its modulation are given by the average over the
distribution of the thicknesses. For a surface roughness of 10 nm, as the one shown in
Fig. 3.7(a), this average results in a very small difference with the CPA case. The regular
geometrical structures visible are the edges of the crystals of the YAG:Ce emerging because
of the slightly different polishing rates along the direction of the crystals. The dimensions
of the crystals are around 5 µm. Figure 3.7(b) shows a SEM image of the cross section of
the sample taken after breaking the sample into two parts. There are no inclusions, holes
or imperfections that can be attributed to the fabrication and no formation of second
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Figure 3.8: Black curves represent the real (a) and the imaginary (b) component of the
refractive index of the YAG:Ce slab as a function of the wavelength. Grey line in (b)
represents the normalized emission spectrum from the YAG:Ce. Crosses: value of the
refractive index of the YAG:Ce at 496 nm. (c) shows the approximated solution of Eq. (3.12)
for an ideal 100µm-thick slab illuminated at the wavelength of 495.9 nm. The inset is a
zoom around the value of the complex refractive index of the YAG:Ce at this wavelength,
which is indicated by the cross.
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phase material, which might have a different refractive index. The only structures present
are again the edges of the crystals. Therefore the refractive index of the material is uniform
along the slab.

To reach the desired thickness and surface quality on both faces of the slab, we first grinded
the row material mechanically with a rotating wheel and then we refined the quality with
the combination of mechanical motion of the wheel and chemical etchers. The plane-
parallelity of the surfaces was controlled by making use of several others samples of the
same material that were polished simultaneously with the final sample and that avoided
the off-axis motion of the polishing wheel. The thickness of the sample has been measured
with a Heidenhain VRZ thickness gauge device. This procedure gave us an accuracy on the
measurement of the uniformity of the thickness of ±200 nm. This uncertainty in thickness
is the main limitation that we have to take into account when interpreting the results.
The complex refractive index of the sample has been measured by ellipsometry. Black
curves in Figs. 3.8(a) and (b) represent its real and imaginary components of the refractive
index as a function of the wavelength, respectively. The maximum of the absorption is
found at λmax = 460 nm. The grey line in panel (b) represents the normalized emission
spectrum from the YAG:Ce layer.

3.4 Redefinition of the Stokes’ shift

As explained in section 3.1, if the complex refractive index and the thickness of the YAG:Ce
slab are known, it is possible to calculate the wavelength at which the CPA condition is
fulfilled. Since the imaginary component of the refractive index of the YAG:Ce is on the
order of 10−3, we can use the approximated solution given by Eq. (3.15). Figure 3.8(c)
shows the result of this calculation when an ideal 100 µm-thick slab is illuminated by the
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Figure 3.9: Absorptance of a 100 µm-thick slab of YAG:Ce illuminated with the
configuration shown in Fig. 3.1 with a wavelength of 495.9 nm, as a function of the phase
difference between the two incident waves.
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3.4 Redefinition of the Stokes’ shift
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Figure 3.10: The black curve represents the maximum absorptance at each wavelength
impinging on a 100 µm-thick slab of YAG:Ce illuminated at normal incidence by two
counterproapgating and collinear beams.

wavelength ofλCPA = 495.9 nm. The inset is a zoom around the value of the complex refrac-
tive index of the YAG:Ce at this wavelength which is indicated by the black cross. We see
that for this combination of parameters perfect absorption is achieved in the configuration
schematically shown in Fig. 3.1. The crosses in panels (a) and (b) mark the value of the
refractive index of the YAG:Ce atλCPA = 495.9 nm. By knowing the complex refractive index
of the slab and assuming a uniform thickness of 100 µm, we can calculate the absorptance
as a function of the phase difference between the two incident waves. The phase is set at
the first interface encountered by each incident wave. This calculation is performed in a
similar way as that used to obtain the total electric field in Fig. 3.5. For each phase and
for each incident wave we make use of the transfer matrix method described in Appendix
B. Then we use the superposition principle to find the value of the total electric field in
the slab. The absorptance is evaluated according to Eq.(1.4) and the result is plotted in
Fig. 3.9, where we see that the absorptance depends on the relative phase between the
two incident waves and it reaches 100% when the two waves are in antiphase, meaning
that this absorption is caused by the antisymmetric CPA solution. Remarkably, we notice
thatλCPA >λmax, i.e., perfect absorption is achieved at a wavelength longer than the wave-
length of maximum absorption given by the optical constants of the material.

To demonstrate a modification of the Stokes’ shift we first repeat the calculation in Fig. 3.9
for a broad range of wavelengths, then for each wavelength we extract the maximum value
of absorptance. The result is shown in Fig. 3.10 with the black curve. We see a very
fast oscillation of the absorptance, which is given by the combination of the two Fabry-
Perot resonances associated with the two beams interfering in the slab. The contrast of
the oscillations is reduced as the wavelength approaches λmax because the transmittance
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Figure 3.11: The red curve is the envelope of the black curve in Fig. 3.10. The blue curve
represents the typical emission spectrum of YAG:Ce.

of the single wave through the slab is almost zero due to the absorption and no effective
interference between the two waves occurs. Therefore the maximum absorption is limited
by the reflectance at the first interface. Instead absorptance equals 1 at λCPA, as expected.
The red curve is the envelope of the black curve. This envelope is plotted on a larger
wavelength range in Fig. 3.11, together with the typical emission spectrum of the YAG:Ce
(blue curve). By comparing the maximum of the envelope with the maximum of the
emission spectrum, we can state that the Stokes’ shift is reduced by 35% as a result of
the CPA.

3.5 Experimental results and analysis

The results shown in Figs. 3.9 and 3.10 are valid only for an ideal slab. The approximated
solutions plotted in Fig. 3.8(c) do not tell anything on the sensitivity of the system to
variations in the parameters of Eq. (3.12). Experimentally, the parameter that could differ
the most over the size of the illumination beam is the thickness of the layer. In Fig. 3.12
we show in logarithmic scale the intensity of the scattered field, evaluated as the square
of the absolute value of the two eigenvalues of the scattering matrix of the system we
are studying. These two eigenvalues correspond to (a) antisymmetric and (b) symmetric
CPA resonances. The calculation is performed as a function of the thickness of the slab
and of the wavelength of illumination. The bands of minimum intensity correspond to
the CPA conditions. These bands are continuous because λ and d appear as a ratio in
the dimensionless parameter kd in the exponent of the CPA equation [Eq. (3.12)]. This
dependence is helpful because it potentially allows to continuously tune one of the two
parameters in order to compensate for a variation of the other. Nevertheless, we also see
that these bands are very narrow both in wavelength and in thickness. The sharpness of
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Figure 3.12: Intensity of the field scattered off a YAG:Ce slab illuminated at normal
incidence by two counter-propagating beams, as a function of the wavelength of
illumination and thickness of the slab. (a) antisymmetric and (b) symmetric CPA
resonance.

the CPA resonance along the wavelength axis can be easily addressed by using as a source
a gas laser which provides emission from an atomic transition and therefore it is much
sharper than the linewidth of the CPA resonance. The system has been designed to show
a CPA resonance at the wavelength of emission of an Ar-Kr laser, namely, λCPA = 495.9 nm.
With regard to the thickness, we have an experimental uncertainty on its value of ± 200
nm. This means that in the experiment the absorptance averages over the different values
assumed by the thickness, which leads to a non-zero scattered field and a non-perfect
absorption.
Figure 3.13 displays the set-up that we have used to demonstrate the coherent control
on the intensity of the emitted light. A beam splitter divides the laser beam into two
beams of equal intensity indicated with (1) and (2) in the figure. Beam (1) is phase delayed
with respect to beam (2) through a computer-controlled piezo electrical actuator with a
nanometer precise motion. The two beams impinge normally on the YAG:Ce layer and
get partially reflected and partially transmitted at the two interfaces. The transmitted
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Figure 3.13: Schematic representation of the experimental set-up. A beam from a tunable
continuous-wave Ar-Kr laser is splitted by the beam splitters (BS). The two beams (1) and
(2) impinge normally to the sample, a YAG:Ce slab of thickness d . Beam (1) travels through
a delay stage (mirror mounted on a computer-controlled piezo electrical stage) which
controls the relative phase between the two beams. The scattered intensity from the left
side, consisting of the interference between the backreflection of the beam (2) (continuous
line) and of the transmission of beam (1) (dashed line) through the sample, is detected by
a camera. The photoluminescence spectrum (PL) is measured by a spectrometer.

fraction of the beam (1) interferes with the reflected part of the beam (2) and the result
of this is monitored by a camera. The absorbed light is converted by the YAG:Ce layer
into photoluminescence, which is detected by a spectrometer placed at a fixed angle (30◦)
respect to the normal to the sample interface. The piezo electric mirror allows the control
of the relative phase, φ, between the two incident beams [15]. This correspond to swap
from the symmetric to the antisymmetric mode, therefore to modulate the absorption
from a higher to a lower value. Since the absorbed power is efficiently converted into
photoluminescence (PL) by the YAG:Ce, we expect that PL and absorption have the same
amplitude modulation, which can be evaluated as

M = A(λCPA,φ= 0)− A(λCPA,φ=π)

[A(λCPA,φ= 0)+ A(λCPA,φ=π)]/2
, (3.17)

where A is the absorptance. For the ideal slab with a thickness of 100 µm-thick, M = 35%
(see Fig. 3.9).
We measure the PL spectrum of the YAG:Ce layer for each phase difference between the
two incident beams ranging from π to 5π using the configuration shown in Fig. 3.13. Black
circles in Fig. 3.14(a) represent the measurement of the modulation of the PL as a function
of φ. The wavelength of the laser used to pump the YAG:Ce is λCPA. Each black circle
corresponds to the maximum of the PL spectrum. The measurement follows a cosine
square function which is the typical result of interference of plane waves. The grey dashed
line indicates the sum of the maxima of the PL when the two beams impinge separately
on the sample. This correspond to the incoherent sum of the two beams. We reach an
experimental modulation of the PL equal to 2.3%. Simultaneously to the measurement of
the spectra, the total scattering intensity from the left side has been recorded with a CCD
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3.5 Experimental results and analysis

camera. These measurements are shown in Fig. 3.14(b) where each point is the result of
the average over the full width at half maximum of the intensity of each beam spot in the
camera. This total scattering is the result of the interference between the transmitted part
of beam (1) and the reflected part of beam (2). It is therefore expected to be in antiphase
with respect to the PL modulation: when the interference pattern built outside the layer
is destructive (minima in Fig. 3.14(b)), the energy is trapped into the layer and converted
into PL (maxima in the PL modulation in Fig. 3.14(a)). Figs. 3.14(e) and (f) display two
images of the beam spot corresponding to the left-scattered intensity recorded by the
camera for φ= 2π and for φ= 4.5π, respectively. As expected, the intensity of the signal in
panel (e) is higher.

As anticipated in section 3.3, our slab is not ideal due to the limitations in the fabrication
and the thickness of the slab may not be constant over the size of the beam spot. To
facilitate a direct comparison with what follows, the absorptance calculated for an ideal
100 µm-thick slab shown in Fig. 3.9 is plotted again with a continuous black line in
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Figure 3.14: Modulation of the PL from a YAG:Ce layer. (a) Measurements of the
modulation of the maximum of the PL as a function of the phase difference between beam
(1) and beam (2), for an incident wavelength of 495.9 nm. Grey dashed line indicates
the sum of the maxima of the measured PL with the two beams separately impinging on
the sample. (b) Measurements of the far field scattering in the camera. (c) As in panel
(a) but for an incident wavelength of 457 nm. (d) Continuous black line: calculation of
the absorptance as a function of the phase difference between beams (1) and (2) for an
incident wavelength of 495.9 nm. Black circle symbols: calculated absorptance averaged
over a ∆d = 200nm. Grey squares: calculated absorptance for the incident wavelength
457 nm. Grey continuous line: averaged absorptance calculated over a ∆d = 200nm for
the incident wavelength 457 nm. (e) and (f) Measured scattered intensity recorded by the
camera for φ=π and for φ= 3.5π, respectively.
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Fig. 3.14(d). By averaging over the range of thicknesses, ∆d = 200 nm, given by the non
uniformity of the fabrication, we can reproduce the modulation measured for the PL.
The black circles in Fig. 3.14(d) represent the calculated absorptance averaged over ∆d ,
which modulation is now 2.5%. This reduction of the modulation can be understood
by looking at Fig. 3.12, which shows that the range of thicknesses at which the scattered
field is considerably suppressed is limited. Alternatively, it is in principle possible to
mathematically reproduce the limited experimental modulation by considering the
surfaces of the slab as perfectly plane-parallel, but with a surface roughness of roughly
10 nm, as measured with AFM [see Fig. 3.7(a)]. However, we consider this possibility very
unlikely because it would imply a precision in the definition of the thickness on the order
of 1 nm, which is not possible with the current set-up used.

As a comparison we have also measured the modulation of the PL when the sample is
pumped at the maximum of the absorption coefficient of the YAG:Ce, λmax = 457 nm,
which is commonly the case to get the maximum absorption and the maximum emission.
This is shown in Fig. 3.14(c) with dark grey squares. We have reproduced the response of
the system through the transfer matrix method. In Fig. 3.14(d) the grey squares and the
grey line represent the absorptance and the averaged absorptance for an ideal slab and
for a ∆d = 200 nm, respectively, for the wavelength 457 nm. The two overlap perfectly. For
this wavelength the transmittance of beam (2) is almost 0, meaning that the transmitted
light cannot modulate efficiently the reflected light of beam (1). This leads to M ' 0 and
an absorptance which is two times the one of the single beam.

We finally notice that, in principle, the implementations of CPA in light-emitting struc-
tures offers the unique condition to reach the maximum amount of PL that a given sample
can generate.

3.6 Conclusions

In this chapter we have analyzed the possibility of realizing Coherent Perfect Absorption
(CPA) in a luminescent weakly absorbing material relevant for solid state lighting appli-
cations. We have highlighted the limitations that the imperfections due to the fabrication
can rise and we have described which is the effect of those on the optical response of the
system. Despite of these limitations, which prevented us from reaching the condition for
CPA, we have experimentally demonstrated the possibility of external control and modu-
lation of the intensity of the light emitted by a layer of YAG:Ce near the condition for CPA.
The result is obtained with two counter-propagating beams illuminating the sample and
creating a destructive interference pattern outside the layer. The pump light is trapped in
the luminescent layer where it is eventually absorbed and efficiently converted. The CPA
may allow for the total absorption of the incident light by weakly absorbing layers and
therefore establishes the upper limit for the amount of light generated by a given emitting
sample. The CPA applied to light emission may allow also for a reduction of losses in
frequency down conversion processes due to the Stokes’ shift reduction.
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CHAPTER 4

COHERENT AND BROADBAND

ENHANCED OPTICAL ABSORPTION IN

GRAPHENE

We experimentally demonstrate a broadband enhancement of the light absorp-
tion in graphene over the whole visible spectrum. This enhanced absorption
is obtained in a multilayer structure by using an Attenuated Total Reflectance
(ATR) configuration and it is explained in terms of coherent absorption arising
from interference and dissipation. The interference mechanism leading to the
phenomenon of coherent absorption allows for its precise control by varying the
refractive index and/or thickness of the medium surrounding the graphene. We
demonstrate almost an order of magnitude improvement in the light absorption
in our geometry with respect to the absorption of bare graphene.
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4 Coherent and broadband enhanced optical absorption in graphene

4.1 Introduction

Graphene, a truly 2-dimensional gapless semiconductor, has been recognized as a revolu-
tionary material for opto-electronic applications [68–70]. Several applications of graphene
in various devices have been proposed, such as transparent electrodes [71, 72], ultrafast
lasers [73], polarizers [74], and photodetectors [75]. The conductivity of graphene can
be expressed as the sum of intraband and interband contributions. The first are domi-
nant in the infrared and THz regions of the electromagnetic spectrum, while the second
are dominant at optical frequencies, where graphene behaves as an absorbing dielectric.
Indeed, at optical frequencies the onset of interband transitions leads to a negative imag-
inary component of its optical conductivity and a real component that approaches the
universal conductivity value [76]. Photon absorption through interband transitions leads
to the formation of electron-hole pairs, which are essential to build up an electric signal
associated to the photodetection process. The low absolute value of the absorption of
graphene (2.3% of the incident light is absorbed in a graphene layer [77]) constitutes the
main limitation for the photocurrent efficiencies of graphene-based photodetectors [75,
78]. Therefore one of the challenges concerning this ultra-thin material is to enhance its
optical absorption [68, 79].

4.1.1 Optics in graphene

One of the most remarkable properties of graphene is the universal value of its absorption
at optical frequencies. This result comes directly from the universal value acquired by the
optical conductivity due to interband transitions, which equals [80, 81]

σ= e2

4ħ ≈ 6.08 ·10−5Ω−1. (4.1)

The conductivity does not depend on any microscopic parameter that normally determine
optical properties of materials. Absorption in graphene can be calculated by evaluating
the reflectance and the transmittance of light through the graphene. Let us consider the
geometry sketched in Fig. 4.1: an interface between two semi-infinite, isotropic and ho-
mogeneous media characterised by permittivities ε1 and ε2. A monolayer of graphene is
placed at the interface corresponding to the plane x = 0. The graphene layer is seen by the
incident field as a surface of free charges. In this chapter we will consider the case of the
p-polarization, in which the field E is contained into the xz plane and the induced current
has only the in-layer z component. For convenience, the amplitude of the incident field is
set to 1. r and t are the amplitudes of the reflected and transmitted field, which correspond
to the Fresnel reflection and transmission coefficients. These coefficients are obtained so
that the magnetic H and electric E fields satisfy the boundary conditions [82, 83]:

Ez,1
∣∣

x=0 = Ez,2
∣∣

x=0 , (4.2)

Hy,1 −Hy,2
∣∣

x=0 = 4π

c
σ(ω)Ez,2

∣∣∣∣
x=0

. (4.3)
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4.1 Introduction

Figure 4.1: A schematic diagram of the incident, transmitted and reflected fields
associated with a p-polarized electromagnetic wave incident on an interface bounded by
two media characterized by complex permittivities ε1 and ε2.

Here c is the speed of light and σ(ω) is the frequency-dependent conductivity. In what
follows, we will omit the dependence of σ on ω. By following the standard procedure of
writing the plane wave solution of the Maxwell equations in medium 1 and 2 and by apply-
ing Eqs.( 4.2) and( 4.3), we obtain the amplitude, r , of the reflected field (see fig. 4.1) [57]:

r = 1−C

1+C
, (4.4)

with

C = kx,1

(
ε2

kx,2ε1
+ 4π

ω
σ

)
; (4.5)

Where kx,1 and kx,2 are the normal components of the wavevector in medium 1 and 2,
respectively. In the case of suspended graphene (ε1 = ε2 = 1) and for normal incidence,
Eq. (4.5) simplifies to

C = 1+ 4πσ

c
. (4.6)

At normal incidence the transmission coefficient equals [84]

t = 1+ r = 2

1+C
. (4.7)

The absorption in graphene is given by

A = 1−R −T = 1−|r |2 −|t |2 = (4.8)

= 1−
(
−2πσ

c

)2 (
1+ 2πσ

c

)−2

−
(
1+ 2πσ

c

)−2

. (4.9)
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By using Eq. (4.1) and by introducing the fine-structure constant α= e2/(cħ) we obtain

A = 1−T

(
1+ π2α2

4

)
= 1−

(
1+ πα

2

)−2
(
1+ π2α2

4

)
, (4.10)

which, considering only the first order in α, can be approximated by [77]

A = 1− (1−πα) =πα≈ 2.3%. (4.11)

This results holds for the particular case of graphene.
By making use of Eq. (4.7), which for s-polarization is valid for any angle of incidence, it
is possible to predict the maximum absorption of a thin layer embedded in a symmetric
environment at normal incidence [84, 85]

A = 1−|r |2 −|t |2 = 1−|r |2 −|1+ r |2 = 50%, (4.12)

for r=-1/2, which is not the case for graphene.

This universal absorption of graphene, given by Eq. (4.11) is obtained in a very simple
geometry. In the next section we describe a method to boost the absorption of graphene by
embedding it in a complex photonic environment which leads to coherent absorption. As
we described in Chapter 2 coherent absorption is realized through the interplay between
interference and dissipation, which confines the light in the proximity of the absorbing
material. One way to do that is to couple the incident light in guided modes supported by
the thin absorbing layer. Guided modes correspond to the poles of the reflection coeffi-
cient. By introducing the renormalized quantities

σR = 2πσ

c
qx = kx,1

ω/c
, (4.13)

we can rewrite the reflection coefficient [Eq. (4.4)] of free-standing graphene for p-
polarization as [86]

r =− qxσR

1+qxσR
. (4.14)

Guided modes need to satisfy the equation

1+qxσR = 0 −→ qx =− 1

σR
=− σ∗

R

|σr |2
, (4.15)

where σ∗
R indicates the complex conjugate of σR . Since the imaginary component of qx

has to be positive in order to satisfy the radiation condition, also the imaginary component
of σR has to be positive, independently on the value of its real part. But in the optical re-
gion of the electromagnetic spectrum this imaginary component is negative, which means
that graphene cannot support guided modes at these frequencies.
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4.1.2 Enhanced absorption in graphene

In general, enhancing and controlling light absorption in optical devices is receiving
significant attention due to the increasing interest in its fundamental and practical
aspects [7, 8, 33, 36, 87–89]. Typical parameters to be optimized are the spectral and
angular window of illumination over which the enhanced absorption takes place and
its dependence on the polarization of the incident light. The optical absorption of
graphene integrated in silicon waveguides has been recently demonstrated by Liu
and coauthors [90] and by Li and coauthors [91]. A way to increase the photocurrent
in graphene-based detectors has been demonstrated by M. Furchi and coauthors by
integrating the graphene in a microcavity defined by a pair of Bragg mirrors [92]. Engel and
coauthors [93] used the cavity defined by metallic mirrors to enhance the photocurrent of
a graphene-based transistor. These approaches lead to a large enhancement of the optical
absorption in a limited range of wavelengths (∼ 50 nm) and angles of incidence. A detailed
theoretical description of a graphene integrated microcavity has been accomplished by
Ferreira and coauthors in Ref. [94]. A plasmonic-assisted enhancement of the electric field
near the contacts of a graphene-based photodetector has been exploited by Echtermeyer
and coauthors to enhance the photovoltage [95]. Also the possibility to achieve complete
absorption in graphene at infrared frequencies making use of plasmonic resonances
has been theoretically investigated in nanopatterned graphene by Thongrattanasiri and
coauthors [85]. Experimetal works related to this prediction have been realized by Fang
and coauthors who showed that an array of closely packed graphene nanodisks absorbs
up to 30% in the infrared region of the spectrum [96]. The complementary structure, i.e. a
periodic graphene antidot array, has been theoretically studied by Nikitin and coauthors
in Ref. [97], showing a maximum absorption of 50% with the advantage of having an
electrically continuous system.

In this chapter we demonstrate a simple, yet robust, configuration to achieve a remarkably
large, broadband and polarization independent absorption of visible light in graphene.
This enhanced absorption is achieved by interference and dissipation in a four layers
structure. One of these layers is a graphene monolayer or multilayer (depending on the
sample). The graphene is sandwiched between two non-absorbing dielectrics with slightly
different refractive indexes. Light impinges onto this structure through a high refractive
index prism at a large angle of incidence. Destructive wave interference builds up in
reflection, while the optical transmission vanishes due to total internal reflection. The
coherent suppression of reflection and transmission translates into an enhancement of
the absorption of graphene. In contrast to previous works, this simple structure enables a
broadband enhancement of the absorption in a narrow window of angles of incidence. We
experimentally show an absorptance higher than 10% for a monolayer of graphene over a
range of wavelengths spanning from 525 nm till 800 nm. This absorption increases to 70%
and 80% for 5 and 10 layers of graphene, respectively. We also show how the absorption
of the 10 graphene layers can be optimized to reach values as large as 91%. Moreover, the
absorption can be precisely controlled by changing the difference in refractive indices of
the dielectrics embedding the graphene.
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Figure 4.2: (a) Measured and calculated absorptance of graphene mono- and multi-layers.
The measured absorptance is displayed with red open circles, blue squares and grey
triangles for 10 layers, 5 layers and a monolayer of graphene, respectively. The curves
correspond to the calculations of the absorptance using the transfer matrix method. (b)
Raman spectra of a monolayer (light grey curve), 5 layers (dark grey curve) and 10 layers
(black curve) of graphene on a quartz substrate. For clarity, the curves of the 5 and 10 layers
have been vertically shifted. Red dashed lines indicate the baseline of the measurements.
(c) Raman spectra of the sample with 10 layers of graphene on a quartz substrate taken
from 4 different locations in the sample with a large separation (∼ 1 mm).

4.2 Sample characterization

Three samples were prepared in order to investigate the enhanced absorption in graphene:
The first one is formed by 10 layers of graphene, the second by 5 layers of graphene and
the third by a monolayer. The graphene was grown by the company GrapheneSuper-
market [98], by chemical vapor deposition on copper foil and deposited, through PMMA
transfer, onto a silica substrate. The PMMA was removed with acetone [99]. This process
was repeated as many times as layers were deposited. The stacking of the multi-layer
samples is turbostratic, which means that the layers are randomly aligned, thus preserving
the graphene properties. Raman measurements show that these multilayers have a net
graphene behavior and do not form graphite. An Ar+ laser is used as a source operating at
the wavelength of 514 nm providing a power on the sample of 20 mW. Figure 1(a) displays
the optical characterization of the three samples through absorptance measurements
in an integrating sphere at normal incidence. The absorptance is defined as 1-RT -TT ,
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4.2 Sample characterization

with RT and TT the total reflectance and total transmittance, respectively. The red open
circles, blue squares and grey triangles correspond to the measurements of 10, 5 and 1
graphene layers, respectively. The small bump at λ= 700 nm is due to residual absorption
from impurity iron particles involved in the deposition process of the graphene. The
solid curves in Fig. 1(a) are fits to the measurements using the transfer matrix method.
For these fits, we model the samples as a 3 layers system, consisting of a substrate, the
graphene and air. The absorption band of the iron particles is not included in the model
and we consider the silica substrate to be non-dispersive with a permittivity εsub = 2.08.
The graphene (multi-)layer can be described as a uniaxial material, characterized by an
ordinary in-plane permittivity and by an extraordinary out-of-plane permittivity [100].
Since the absorptance measurements in Fig. 4.2(a) are performed near normal incidence,
the graphene layers are described only by the ordinary permittivity. The birefringence
will be later taken into account when measurements at an inclined angle of incidence
are discussed. The ordinary refractive index is related to the optical conductivity, σ, by
εo = 4πiσ/ωh, where ω is the frequency of the incident wave and h is the thickness of the
graphene layer. The permittivities of the graphene layers at 540 nm are obtained from the
fits to the transmission and reflection measurements are εo = (5.9 ± 0.8) + i (10.2 ± 0.6),
(7.8±0.8)+ i (8.5±0.4) and (7.1±3.2)+ i (7.9±1.4) for 10, 5 and 1 graphene layers. These
values are in reasonable agreement with εo = 5.6 + i 7.0 reported by Kravets et al. [100]
and the absorptance is consistent with the well known value of 2.3% per graphene
layer predicted by Kuzmenko et al. [77]. The discrepancy in the permittivity between
measurements and reported values, which in the worst case is around 30%, can be
attributed to differences in the fabrication process and the aforementioned impurities
present in our samples.

To confirm the behavior of the graphene multilayers as a stack of monolayers (instead
of thin graphite sheet), we have performed Raman spectroscopy. It is known that the
frequency of the G-Raman line, the intensity of the D-Raman line, the relative intensity
of the G- to 2D-Raman lines, and the line shape of the 2D-line give a valuable indication of
the quality of graphene [101]. The black, dark grey and light grey curves in Fig. 4.2(b) are
Raman spectra obtained under a 514 nm illumination of 10, 5 layers and the monolayer
of graphene, respectively, where the first two have been vertically displaced for clarity. We
see the following features as a function of the number of graphene layers: i) the intensity
of the 2D-line is always larger than the intensity of the G-line, ii) the intensity of the D-line
remains low, and (iii) the 2D-line maintains a lorentzian-like shape. These observations
provide an excellent indication that all the samples have a net graphene-like behavior and
do not form graphite. As expected the intensity of the Raman signal increases with the
number of graphene layers [102]. The fact that a graphene behavior is found even for
the 10 layer sample can be explained by considering the random relative alignment of the
stacked layers resulting from the deposition. The frequency shift of the G-line is known
to provide information about the number of graphene layers stacked together [102–104].
In Fig. 4.2(c) we display 4 spectra taken from different locations in the sample with 10
layers of graphene for which imperfections due to the layer by layer deposition could be
more important. The identical Raman frequency of the G-line confirms that the sample is
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4 Coherent and broadband enhanced optical absorption in graphene

homogeneous.

4.3 Coherent absorption measurements

In order to demonstrate the coherent and enhanced absorption in graphene multilayers,
we have built the structure schematically represented in Fig. 4.3(a). A silica layer with a
defined thickness on the order of the wavelength of the incident light and permittivity
εsilica = 2.12 is sputtered on top of the graphene. The layer is grown in steps, i.e., alternating
two minutes of deposition with two minutes of cooling, in order to keep the temperature
of the sample around 70◦C. The deposition rate is 3.6 nm/min. The permittivity of the
silica layer has been chosen to be very close but slightly larger than the one of the quartz
substrate (εsub = 2.08). A prism made of F2 glass with a permittivity εp ∼ 2.59 and slightly
dispersive in the visible, is in optical contact with the silica layer by means of an optical
grade liquid and it is used to couple the incident light into the multilayer structure. This
is the standard Attenuated Total Reflectance (ATR) configuration in which the refractive
index of the prism has to be higher than the refractive index of the substrate in order
to allow for total internal reflection of the incident light. A similar configuration has
been theoretically modeled by Bludov and coauthors to enhance the absorption of THz
(far-infrared) by graphene [105, 106]. In that work the authors exploit an evanescent
coupling through a prism to excite graphene surface plasmon polaritons. Note that our
work focuses on the visible part of the spectrum where graphene exhibits a dielectric
behaviour and do not support surface plasmons. The total internal reflection prevents
the light to be scattered in the transmission far-field for angles of incidence θ larger than
the critical angle. The critical angle angle for total internal reflection at the prism-silica
interface is θc,1 = arcsin(

p
εsilica/

p
εp), while the critical angle for total internal reflection

at the silica-substrate interface is θc,2 = arcsin(
p
εsub/

p
εsilica). These interfaces are labeled

with 1 and 2, respectively, in Fig. 4.3(a). The angle of incidence θ∗ on the prism-silica
interface corresponding to θc,2 can be evaluated applying Snell’s law, i.e.,

p
εp · sin(θ∗)=p

εsilica · sin(θc,2). If θ < θ∗ the incident wave propagates through the multilayer structure
and a fraction of the amplitude is transmitted. When θ∗ < θ < θc,1 the incident wave
is transmitted through the prism-silica layer interface and undergoes total internal
reflection at the silica-substrate interface. If θ > θc,1 the wave undergoes total internal
reflection at the prism-silica interface. Therefore, the last two conditions result in a
transmittance equal to 0.

Specular reflectance (R) measurements have been performed for the three samples.
The measurements are normalized to the specular reflection at an angle of incidence of
θ = 65.3◦ > θc,1, at which a reflectance of 1 is expected due to total internal reflection at
the prism-silica interface. For θ > θ∗ the absorptance is defined as A = 1−R. Figure 4.3(b)
displays the experimental absorptance of the 5 layers of graphene as a function of the
wavelength and the angle of incidence for p-polarized incident light at θ > θ∗. The red
and pink dashed lines in Fig. 4.3(b) represent the dispersion of θ∗ and θc,1, respectively.
Following the dispersion of θ∗ we see a band in which the absorptance reaches values
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Figure 4.3: (a) Schematic representation of the multilayer structure formed by a quartz
substrate, a graphene layer, a silica layer and a F2 prism. (b) Measured absorptance
spectra (color scale) from the structure shown in (a) in which the graphene layer is formed
by 5 monolayers randomly stacked. The incident light is p-polarized. The absorptance,
evaluated as 1-Reflectance, is displayed as a function of the wavelength and the angle of
incidence on the prism-silica interface. (c) Integrated absorptance over the angular ranges
∆θ indicated in the legend. The blue dots correspond to the absorptance evaluated in the
angular range identified by the dashed white lines in (b).

as large as 0.75. This band of enhanced absorptance covers the whole visible spectrum
from 460 nm to 800 nm. To better visualize the absorption enhancement, the averaged
absorptance over a narrow range of angles of incidence (∆θ ' 0.05◦) is plotted in Fig. 4.3(c)
as a function of the wavelength. The blue circles correspond to the angular window
identified by the dashed vertical lines in Fig. 4.3(b). The other absorptance spectra are
obtained in a similar way for different angular ranges. We see over the whole visible
spectrum an experimental absorptance at certain angles of incidence larger than 60%,
i.e., pronouncedly larger than the 11.5% expected for 5 layers of graphene and measured
in Fig. 4.2(a). The steep dispersion of the absorption band of Fig. 4.3(b) gives rise to a
broadband enhanced absorption mainly in the red and near infrared part of the spectrum
around 64.5◦.
Similar measurements of the absorptance for the 10 layers of graphene and for the
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Figure 4.4: Measured absorptance as a function of wavelength and angle of incidence for
p-polarized light of the multilayer system depicted in Fig. 4.3(a), with (a) 10 and (b) 1 layers
of graphene.

monolayer of graphene are shown in Fig. 4.4. The bandwidth of enhanced absorption is
further improved for the 10 graphene layers sample where an absorptance larger than
70% is measured from 525 nm until 800 nm at θ = 64.7◦. For the monolayer of graphene
we reach and enhanced absorption of 15% which corresponds to an improvement by a
factor 7. As we demonstrated in section 4.1.1, it is worth noting that a thin layer of an
absorbing material in a symmetric environment cannot absorb more than 50% of the
incident light [85]. Therefore, the presence of the asymmetry in the permittivity of the
surrounding media is crucial to boost the absorption of the graphene.

Fig. 4.5(a) displays the measured absorptance as a function of the incident angle for a p-
polarized illumination wavelength of 540 nm and for the 10 graphene layers (open circles),
the 5 graphene layers (open squares), and the monolayer (open triangles) of graphene,
respectively. In Fig. 4.5(b) is plotted the calculated absorptance evaluated by means of
the transfer matrix method for the same layers, polarization and illumination wavelength
of the measurements, i.e., for 10 (solid black curve), 5 (dashed dark-grey curve), and 1
layer (dot-dashed light-grey curve) and p-polarized light of λ = 540 nm. The calculations
model the layers through their thicknesses and permittivities assuming them as perfectly
flat. The thicknesses and the permittivity of the silica layer have been determined by
ellipsometry measurements. These thicknesses of the silica layers are 590 nm, 1200 nm
and 1300 nm for the 10 layers, 5 layers and monolayer of graphene samples, respectively.
We model the graphene as a uniaxial material with a complex permittivity εg(λ,θ) = εo(λ)+
εo(λ)−εe(λ)

εe(λ) sin2θ, where εo(λ) is the complex ordinary permittivity, and εe(λ) is the complex
extraordinary permittivity, fixed to the value of 3.9+ i 0.7 as determined in Ref. [100]. The
complex ordinary permittivity of graphene is taken from the fits shown in Fig 4.2(a). There-
fore, no fitting parameter is used in the calculations shown in Fig. 4.5(b). The discrepancy
between the measurements and the calculations in the strength of the absorption can be
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attributed to the presence of the aforementioned impurity particles on the surface of the
graphene and to a possible small modification of the optical constants of the graphene lay-
ers caused by the deposition of the silica layer. Nevertheless, these calculations reproduce
perfectly the shape and the angular position of the absorption resonances of the three
samples.
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Figure 4.5: Measured (a) and calculated (b) absorptance spectra as a function of the angle
of incidence of a plane wave with a wavelength of 540 nm and for the multilayer system
represented in Fig. 4.3(a). Open circles and black solid curve correspond to 10 layers of
graphene, open squares and dark-grey dotted curve correspond to 5 layers of graphene,
and open triangles and grey dash-dotted curve correspond to a monolayer of graphene.
(c) Spatial distribution of the total electric field intensity |E |2, normalized by the incident
intensity, for the 5-layers graphene sample at λ = 540 nm and θ = 64.3◦. From top to
bottom: prism (semi-infinite), silica layer (1200 nm), graphene (solid line) and substrate
(semi-infinite). Green curve: |E |2 as a function of z (scale on the upper horizontal axis).

4.4 Interpretation in terms of the S-matrix

The enhanced absorptance observed in the measurements, and qualitatively reproduced
by the transfer matrix calculations, is associated with the excitation of a resonance in the
multilayer structure. To gain physical insight, the experiment can be described as a scat-
tering problem, i.e., as an incident beam traveling in a medium with permittivity εp and
scattered (transmitted and reflected) by the multilayer. The scattering matrix, S, relates
the asymptotic incoming and outgoing amplitudes of the reflected and transmitted waves.
The scattering matrix can be obtained by solving Maxwell equations in each medium and
applying the continuity of the tangential components of the fields at each interface. This
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results in

S =
(
S11 S12

S21 S22

)
=

(
t p

1234 r p
4321

r p
1234 t p

4321

)
, (4.16)

where r p
1234, t p

1234, r p
4321, t p

4321 are the reflection and transmission Fresnel coefficients for
p-polarization for the 4-layer system and the subindices 1, 2, 3 and 4, label the prism,
the silica layer, the graphene (multi-) layer and the substrate, respectively. The Fresnel
coefficients are given by [107]

r p
i j kl =

r p
i j + r p

j kl e−2α j d j

1+ r p
i j r p

j kl e−2α j d j
; t p

i j kl =
t p

i j t p
j kl e−α j d j

1+ r p
i j r p

j kl e−2α j d j
. (4.17)

Where d j is the thickness of the j-th layer, r p
i j and t p

i j are the Fresnel reflection and trans-

mission coefficients for the single interfaces, which are given by

r p
i j =

ε jαi −εiα j

ε jαi +εiα j
, t p

i j =
2
p
εi ε jαi

ε jαi +εiα j
, (4.18)

with εi the permittivity of the medium i , and αi is the component of the wavevector
perpendicular to the interfaces, i.e.,

αi = 2π

λ

√
ε1si n2θ−εi . (4.19)

r p
j kl and t p

j kl in Eq. (4.17) are the Fresnel coefficients of the system composed of layers

j ,k, l , given by

r p
j kl =

r p
j k + r p

kl e−2αk dk

1+ r p
j k r p

kl e−2αk dk
; t p

j kl =
t p

j k t p
kl e−αk dk

1+ r p
j k r p

kl e−2αk dk
. (4.20)

With these definitions, S21 relates the reflected amplitude, Hr , with the incident
amplitude, Hi , of the magnetic field. Therefore, |S21|2 is the specular reflectance (R)
that we measure. In particular for θ > θ∗ for which the transmittance vanishes, a
minimum in |S21|2 corresponds to a maximum in the graphene absorptance. The zeros
of S21 correspond to the condition of perfect antireflection resulting from Fabry-Pérot
modes at which the phases and the amplitudes of the scattered waves at each interface
are such that R approaches 0. In order to achieve antireflection, the reflected wave at the
prism-silica interface needs to have a phase difference of 180◦ with the scattered wave
from the other interfaces. This condition is necessary to obtain destructive interference
in reflection. Assuming an amplitude of 1 for the incident wave, the amplitude and phase
of the aforementioned scattered wave are given by rscatt = r p

1234 − r p
12. This out-of-phase

condition can be controlled by a proper choice of the thickness of the silica layer over
which the scattered wave accumulates a phase. Therefore, the optimum thickness of
the silica layer can be evaluated by finding the minimum of |S21|2 as a function of the
thickness of the silica layer and of the angle of incidence. For the sample with 10 layers of
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graphene and using the values for the permittivity of graphene obtained from the fits of
Fig. 4.2, we find dsilica,opt = 1.7 µm, for λ = 540 nm and θ = 65.6◦. With this thickness we

find rscatt = 0.9e−i 173◦ , which is almost perfectly out-of-phase with r p
12 = 0.7e i 0◦ .

It is important to note that a perfect destructive interference pattern, i.e. perfect
antireflection, is only possible if the absolute value of the amplitudes of rscatt and r p

12
are equal. The role of the graphene (multi-) layer is to account for this amplitude
condition by removing energy from the wave scattered by the multilayer. In the optimized
case the absorptance in the 10 layers of graphene is 91%. However, it was not possible
in the experiments to reach the optimum thickness of the silica layer with the method
used for the growth. Regarding the samples with 5 layers and the monolayer of graphene,
a similar analysis leads to a maximum absorptance in the graphene of 76% and 15%,
respectively. This means that the 5 graphene layers and the monolayer do not absorb
enough energy and the matching condition for the amplitudes is not satisfied in order to
achieve full absorption. At this point it is worth mentioning that another way to exploit
Fabry-Pérot resonances has been demonstrated by Blake et al. for making graphene more
easily visible under a microscope [108].

The analysis of the optical absorption in terms of the scattering matrix has been recently
exploited to describe the concept of Coherent Perfect Absorption (CPA) [5, 15, 26].
In Chapter 1 we saw that according to this description a proper combination of
interference and dissipation in a weakly absorbing slab, giving rise to eigenvalues
of S equal to zero, lead to complete absorption of the incident light. This perfect
absorption has been interpreted as the time reversal of a lasing mode. In Chapter 3 we
have described thoroughly the theory behind CPA and we have further developed the
concept of enhanced absorption by CPA. We saw that the CPA process is associated to
the superposition of two Fabry-Pérot of counter propagating beams [15]. Following this
description, the ATR configuration described here could potentially represent a route
towards the realization of one input channel CPA [109]. As already discussed in Chapter
1, the ATR configuration in combination with lossy very thin films has been investigated
by Driessen and de Dood [7] in the context of perfect absorption. In that work the authors
attached the thin film directly to the prism and achieved absorption of 94% for s-polarized
incident light. The energy was dissipated in the film at the critical angle for total internal
reflection and the absorption was due to the presence of evanescent waves. In this
Chapter we achieve remarkably high enhanced absorption in a graphene layer spatially
displaced with respect to the prism and for p-polarized incident light. The enhanced
absorption takes place for angles larger than the angle for total internal reflection at the
silica-substrate interface, but smaller than the angle for total internal reflection at the
prism-silica interface. Therefore the enhanced absorption originates from a combination
of evanescent waves excited at the position of the graphene layer, and multiple reflections
in the silica layer.

As discussed in Chapter 2, another way to increase the absorptance in graphene could be
to exploit the coupling of the incident light to guided modes supported by the multilayer
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structure. The scattering matrix formalism can be used to obtain the dispersion relation
of such modes by evaluating the poles of the S21. The only guided modes supported by a
graphene layer in the visible are the TE surface plasmon polaritons [86, 110], while guided
modes in the silica layer are not allowed because εp > εsilica. Consequently, this approach
can not be used in our system to enhance the absorption of p-polarized light.

Figure 4.5(c) displays the spatial distribution of the intensity of the total electric field |E |2,
normalized by the incident intensity, in the multilayer system formed by the 5 layers of
graphene for an incident wavelength and angle of λ = 540 nm and θ = 64.3◦, i.e., for the
wavelength and angle of incidence of maximum absorptance shown in Figs. 4.5(a) and
(b). From top to bottom, Fig. 4.5(c) shows the prism (semi-infinite), the silica layer (1200
nm), the graphene multilayer (solid line) and the substrate (semi-infinite). The largest
intensities are found in the silica and in the graphene layers. In Fig. 4.5(c) we also plot a
cut of |E |2 (green curve), showing the different behavior of the field in reflection and in
transmission. Since the angle of incidence is such that θ∗ < θ < θc,1 (see Fig. 4.3(b)), the
electromagnetic field is evanescent in the substrate but propagating in the silica layer and
in the prism. The large intensity enhancement in the absorbing layer of graphene and the
aforementioned destructive interference in reflection, explain why a resonance in a simple
multilayer can boost the absorption of graphene.

4.5 Control over the absorption

The interference nature of the resonance giving rise to the enhanced absorption offers the
opportunity to modulate this absorption. By tuning the permittivity of the media embed-
ding the graphene layer is possible to modify the interference conditions, allowing part of
the light to be reflected, and reducing the absorption. This tunability of the absorption is
illustrated in Fig. 4.6. Figure 4.6(a) shows the calculated absorptance for the 5 graphene
layers sample. The transmittance and specular reflectance are evaluated with the transfer
matrix method using the permittivities as in Fig. 4.5.
Figure 4.6(b) shows the calculated absorptance for the same set of permittivities as in
Fig. 4.6(a) but with εsilica = 2.15 (instead of 2.12). The resonance shifts to larger angles
and the absorptance decreases. Figures 4.6(c) and (d) further illustrate how tuning the
permittivities of the media surrounding the graphene allows for the control of the fraction
of absorbed light at specific angles. These figures show the averaged absorptance obtained
from Figs. 4.6(a) and (b), respectively, over the same angular ranges as in Fig. 4.3(c). The
shift in the resonance as the permittivity of the silica layer is varied leads to a strong
reduction of the absorptance at fixed wavelengths (see Fig. 4.6(d)).

4.6 Conclusions

In conclusion, we have experimentally demonstrated a broadband enhancement of light
absorption by graphene at optical frequencies by using an attenuated total reflection
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configuration in a simple multilayer structure. This broadband enhanced absorption
is explained in terms of coherent absorption, which arises from the interference and
dissipation in the multilayer structure. The engineered optical interference gives rise to
a large electric field intensity in the proximity to the graphene layer, which is thereby
dissipated. Almost an order of magnitude enhanced absorption is achieved.
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Figure 4.6: (a) Calculated absorptance as a function of the wavelength and angle of
incidence for the 5-layers graphene sample described in Fig. 4.3(a). (b) Calculated
absorptance as a function of wavelength and angle of incidence for the same sample but
with εsilica = 2.15 instead of 2.12. (c) and (d) Integrated absorptance calculated from (a)
and (b), respectively, over the angular windows indicated in the figure legends.
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CHAPTER 5

ENHANCED LIGHT ABSORPTION IN

GRAPHENE BY ARRAYS OF

NANOANTENNAS.

We present a novel design for a graphene-based photodetector which combines a
metallic array of nanoparticles with a monolayer of graphene. The metallic array
sustains collective resonances arising from the radiative coupling of localized
plasmon resonances. We design the system in order to maximize the interaction
between the graphene layer and the light distributed in the structure. We
calculate that one of these modes allows for an enhancement of the optical
absorption of graphene by a factor 7. A proportional photocurrent enhancement
factor is predicted.
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

5.1 Graphene-based photodetectors

Photodetectors are used in a wide range of applications such as imaging devices and
sensitive optical detectors for broadband or single wavelength detection [111, 112].
Different technologically important wavelength regimes are detected by separate
photoactive semiconductors with appropriate bandgaps. For example, GaN, silicon
and InGaAs are typically exploited for sensing in the ultraviolet, visible and near-infrared,
respectively, whereas the detection of mid-infrared photons generally relies on small-
bandgap semiconductors such as HgCdTe, PbS or PbSe. Thermal sensing techniques are
used for detection in the far-infrared regime.

In contrast to these bulk semiconductors, two dimensional materials, such as graphene,
have been shown to be very promising for optical detection [75]. Electron-hole pairs
are generated upon light absorption, and if an external DC electric field is applied, the
pairs can be separated and a photocurrent is generated. There are two main advantages
that graphene offers with respect to other materials: it can be used in a wide range of
wavelength because of its broadband absorption from the THz to the UV and the high
carrier mobility of graphene opens up possibilities for ultra-fast detection [113]. Using
these characteristics, Xia and coauthors have demonstrated ultrafast transistor-based
photodetectors made from single- and few-layer graphene [78]. Mueller and coauthors
reported the first use of a photodetector based on graphene in an optical datalink [75].
However, as we discussed in Chapter 3, the photocurrent efficiency of graphene-based
photodetectors is limited by the low absolute value of the absorption (only 2.3% is
absorbed in the visible for a single graphene layer [77, 114]). Therefore, one of the
challenges concerning this ultra-thin material is to enhance its optical absorption [68, 79].

Several approaches to achieve enhanced absorption in graphene have been recently
proposed. Integrating graphene in microcavities can enhance its interaction with light
and improve the responsivity [92, 93, 115]. Combining graphene and quantum dots
in a hybrid system can dramatically increase the photoresponsivity [116]. However,
the enhancement of the absorption can be only achieved at the designed resonant
frequencies, restricting their applications for broadband photodetection. With this in
mind, the concept of silicon waveguide-integrated graphene photodetectors was recently
proposed, demonstrating broadband photodetection with enhanced responsivity [90, 91].
An alternative approach to achieve broadband enhanced absorption is the multilayer
stack that we propose in Chapter 4 [117]. Another configuration able to maintain the
broadband absorption of graphene has been proposed by Zhang and coauthors who
create a bandgap in graphene through band structure engineering [118]. They measured
a photoresponsivity three orders of magnitude higher than those reported so far. A
potential drawback of this approach stems from the difficulty in the careful creation of
quantum dot-like structures in the graphene layer. Instead of structuring the graphene
layer, Liu and coauthors fabricated a photodetector based on a graphene double-layer
heterostructure showing ultra-broadband room temperature photodetection from the
visible to the mid infrared range [119].
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5.2 Collective resonances sustained by a metallic array of nanoparticles

A different strategy to enhance the optical absorption of graphene envisages the com-
bination of graphene with metallic nanostructures. Strong light-graphene interactions
enhanced by surface plasmons, the collective electron oscillations supported by metals,
is currently being explored [70]. Metallic nanoantennas have been shown to be highly
efficient harvesters of visible and near infrared light at wavelengths chosen by tailoring
the size and shape of the antenna structure. Surface plasmons provide the dominant
mechanism for the antenna response in this wavelength range resulting in a great
enhancement of the electromagnetic field. Fang and coauthors demonstrated an
integrated plasmonic antenna-graphene photodetector consisting of plasmonic clusters
sandwiched between two layers of graphene [120]. In Ref. [121], Liu and coauthors
deposited a metallic array of nanoparticles on a graphene layer exploiting localized
surface plasmons to enhance the absorption of different colors.

The disadvantage of the experiments dealing with metallic nanoantennas proposed so far
is that they exploit localized resonances in which the electromagnetic field is very much
confined around the metallic particles, therefore limiting the area of interaction with
graphene. In this chapter we propose the use of delocalized hybrid photonic-plasmonic
modes, which allow for an improved overlap of the enhanced electric field and the
graphene layer.

5.2 Collective resonances sustained by a metallic array of
nanoparticles

All the devices mentioned in the previous section are either limited in wavelength, show
limited angular acceptance, do not make optimal use of the whole area of the absorbing
material or are difficult to implement in production scale devices. In this chapter we
propose a different approach to enhance the optical absorption in graphene, which relies
on collective resonances of a metallic array of nanoparticles placed at a finite distance
from the graphene layer. In Section 5.3.1 we will show an efficient use of the area covered
by the graphene layer, while the option of an angular-spectral tunability will be addressed
in Section 5.4.

While single metallic nanoparticles can sustain localized surface plasmon resonances
(LSPRs), a periodic array of these nanostructures may exhibit collective resonances
resulting from the radiative coupling of LSPRs. There are two distinct mechanisms able to
enhance this radiative coupling. The first mechanism relies on Rayleigh anomalies (RAs)
or diffracted orders in the plane of the array, which leads to the hybridized resonances
known as surface lattice resonances (SLRs) [122]. The first studies on SLRs were made
by Carron and coworkers [123] and later by Schatz and coworkers [124, 125], but only
recently experimental observation of such resonances was obtained [126]. On the other
hand, if a thin dielectric waveguide structure is placed in close proximity to the array of
nanoparticles, LSPRs can also allow the coupling of the incident light to quasi-guided
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

modes [127–129]. As a consequence of the coupling, SLRs and quasi-guided modes are
characterized by a mixture of the properties of the two bare states: they show high field
enhancement while being delocalized, i.e. the energy distribution can extend several
hundreds of nanometers in the direction perpendicular to the plane of the array. The
signature of the coupling is an anticrossing in extinction measurements, giving rise to
the so-called Rabi splitting. The resulting mixed mode can exist in different coupling
strengths: the coupling is strong when the Rabi splitting is larger than the linewidth
of the individual resonances, while it is weak in the opposite case. In either case, the
degree of hybridization depends on the relative contribution of the resonances that are
coupled. This contribution can be evaluated by considering the wavelength detuning
between the two resonances: if it is large the coupled mode resembles one or the other
of the bare modes. The strength of the coupling is also related to the spatial overlap of
the fields of the two bare states: the larger the overlap, the stronger the coupling. The
strong coupling regime between LSPR and guided modes has been termed as waveguide-
plasmon polariton [127–129], while the weak coupling regime is termed as quasi-guided
modes. The term quasi means that the mode is leaking to the far field.

We should mention that quasi-guided modes have been successfully employed to enhance
the absorption of thin film solar cells [130–132]. Coupling the incident solar light to guided
modes in amorphous silicon enhances the optical path length in the solar cell ed increases
the cell efficiency.

5.2.1 Approximated dispersion relations for quasi-guided modes and
surface lattice resonances

Let us consider the general case of a 2D array of nanoparticles in proximity of a waveguide
layer. Light is incident from a medium described by the refractive index n1, while the
waveguide layer is described by the refractive index n2. The diffraction of light by such an
array is described by the conservation of the parallel momentum of the light to the surface
of the array

kout,|| = kin,||+G, (5.1)

where kin,|| and kout,|| are the projections on the plane of the array of the incident and
diffracted wave vector, respectively. G = 2π

a (m1,m2) is the reciprocal lattice vector with
a the lattice constant for a square array and m1,m2 = 0,±1,±2, ... represent a particu-
lar diffracted order corresponding to the two dimensions of the reciprocal space. From
Eq. (5.1) we obtain the angle of diffraction of the light, θd, as

sin2θd =
(
λ0

n2a
m1

)2

+
(

n1

n2
sinθ+ λ0

n2a
m2

)2

, (5.2)

where θ is the angle of incidence and λ0 is the incident wavelength. In the geometrical
optics treatment, the condition for the excitation of a waveguide mode can be written
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5.3 Plasmonic photodetector design

as [57]

2
2π

λ0
n2L cosθd −φtot (n1,n2,n3,θd) = 2Zπ, (5.3)

where L is the thickness of the layer, Z is an integer, n3 is the refractive index of the
substrate and φtot (n1,n2,n3,θd) is the phase shift upon total internal reflection in the
waveguide layer. Equations (5.2) and (5.3) tell us that it is possible to excite quasi-guided
modes propagating in the direction parallel and perpendicular to the polarization vector
of the incident light by properly setting (m1,m2).

In the case in which the array of nanoparticles is homogeneously surrounded, i.e., n1 =
n2 = n, θd = 90◦ and the polarization of the incident light is along the periodicity axis
associated with m1, Eq. (5.1) gives the conditions for RAs (diffracted orders in the plane
of the array)

k2
out,|| = k2

in,||+m2
1

(
2π

a

)2

+m2
2

(
2π

a

)2

+2kin,||m1
2π

a
, (5.4)

with kin,|| = 2π
λ0

n sinθ. Equation (5.4) describes the angular and spectral dispersion of
the SLRs in the case of weak coupling between the LSPR and the RAs. The dispersion
and linewidth of the SLRs can be tuned by geometrical design of the particle and
lattice [133, 134].

The simultaneous excitation of quasi-guided modes and SLRs in the same device
has been observed for the first time by Murai and coauthors in Ref. [135]. This
coexistence is non-trivial since quasi-guided modes and SLRs require different photonic
environments: quasi-guided modes need a waveguide with a higher refractive index
than the surrounding, while SLRs are favored when the medium surrounding the array is
homogeneous [136].

In the next sections we will analyse the role of hybrid plasmonic-photonic modes in en-
hancing the absorption in a plasmonic graphene-based photodetector.

5.3 Plasmonic photodetector design

We design our graphene-based photodetector such that the spatial distribution of the
enhanced electric field overlaps with the photoactive layer of graphene. The design of
the device is schematically shown in Fig. 5.1 and consists of a substrate, an array of
nanoparticles and a layer with a designed thickness and refractive index, which serves
as a waveguide and as a spacer to position the photoactive material in proximity of the
maximum electric field enhancement. A monolayer of graphene is placed on top of the
waveguide. The graphene is capped with a transparent upperlayer made of a material with
a refractive index similar to the one of the substrate. Upon light absorption electron-hole
pairs are created in the graphene layer which can be separated through a voltage applied
across the metallic contacts.
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Figure 5.1: Schematic representation of the device. An array of nanoparticles is embedded
between a substrate and a waveguide layer. A graphene layer is placed on top of the
waveguide layer and the stack is capped with an upperlayer. Metal contacts are used to
extract the photocurrent. Light is impinging from the top.

In the rest of the chapter we will simulate and measure the extinction of this device, which
represents the first optical characterization of our plasmonic graphane-based photode-
tector.

5.3.1 Simulations

In this section we present simulations of the optical extinction of the multilayer
stack described previously. We also show the spatial distribution of the electric field
corresponding to the hybrid plasmonic-photonic modes, which determines the enhanced
absorption in the graphene layer.

Three-dimensional electromagnetic simulations were performed with the finite-difference
in time-domain method (FDTD). The refractive index of the substrate, spacing layer and
upperlayer are n1 = 1.46, n2 = 1.52 and n3 = 1.41 respectively. As we will see in the next
section, these values correspond to the materials that we will use in the realization of
the device, i.e. quartz, a UV-curable polymer and PDMS, respectively. A plane wave is
impinging at normal incidence from the upperlayer side. The graphene layer is modeled
using the permittivity derived from the expression for the AC conductivity reported in
Ref. [137]. We use a temperature T = 300 K, a relaxation time τ=100 fs and a Fermi energy
of 300 meV, as commonly accepted in literature [137]. We propose a square array of
aluminum particles with a base of 100 nm x 100 nm, a height of 40 nm and lattice constant
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5.3 Plasmonic photodetector design

of 400 nm. The particles are modeled using the dispersive permittivity of aluminum. A
small height of the particles has been chosen to minimize retardation effects that can
arise from a phase difference of the excitation wave between the top and the bottom of
the particle.
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Figure 5.2: (a) FDTD simulations of the scattering cross section spectrum (σ, right axes)
of an aluminum particle (100x100x40 nm3) embedded in a homogeneous medium with
a refractive index of 1.46 (grey curve). FDTD simulated extinction spectrum at normal
incidence of the same nanoparticle ordered in a square array with a lattice constant of 400
nm (black curve). The dashed line corresponds to the Rayleigh anomaly calculated for the
(± 1, 0) and (0, ± 1) beams diffracted in a medium with a refractive index of 1.46. (b) FDTD
simulations of the spatial distribution of the total electric field intensity enhancement in
logarithmic scale of the isolated nanoparticle at the wavelength of 541 nm and (c) of the
square array of nanoparticle at a wavelength of 618 nm. In (b) and (c) the field is calculated
at the plane intersecting the nanoparticles in its center (i.e., at y = 0).

We start investigating the optical response of an individual aluminum particle and of
an array of them embedded in a homogenous environment. These simulations are
performed using two different techniques. For the individual particle we calculate the
scattering cross section using the total field-scattered field source [138]. A simulation box
size of 1x1x1 µm3 with perfectly matched layer conditions on every boundary was used.
Frequency-domain transmission monitors were positioned in the scattered field region.
The mesh grid was set to 5 nm over the entire simulation volume, with a refinement of
1 nm over the volume occupied by the nanoparticle. The nanoparticle is considered to
be embedded in a homogeneous medium with a refractive index of 1.46. In contrast, to
calculate the transmittance of the periodic array, the simulation box size was equal to a
x a x 1 µm3 and periodic boundary conditions were used in the directions of the plane
containing the array. The transmittance spectrum at normal incidence was calculated
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

with a frequency-domain transmission monitor using the same excitation wave as in the
case of the single particle. In both cases the light source is a broadband (450-750 nm)
short pulse x-polarized planar wavefront, illuminating at normal incidence the plane of
the particle.
Figure 5.2(a) shows the scattering cross section, σ, as a function of the free-space
wavelength for an isolated aluminum particle (grey curve), which displays a broad LSPR
centered at 541 nm. The black curve represents the extinction spectrum of the array
of nanoparticles, defined as one minus transmittance (T ). When the nanoparticles are
arranged in a periodic lattice a sharp and intense peak at 618 nm emerges in the extinction
spectrum, redshifted with respect to the RA of the degenerated (m1,m2) = (±1, 0) and (0,
±1) diffracted orders (calculated using Eq. (5.4) and indicated by a vertical dashed line in
Fig. 5.2(a)). This peak is associated with the coupling of the LSPR of the single particles
with the RAs. The small feature in extinction at 413 nm corresponds to the RA associated
with the diffracted order (1,−1).

To explore better the nature of the plasmonic resonances we show in Fig. 5.2(b) and (c)
the spatial distribution of the total electric field intensity enhancement in logarithmic
scale for the case of the isolated particle illuminated with a wavelength of 541 nm and
for the case of the array illuminated with a wavelength of 618 nm, respectively. For these
simulation a three dimensional frequency-domain field monitor containing the unit cell
was used. The field is plotted along the plane cross-cutting the nanoparticle in its center
(i.e., at y=0). In Fig. 5.2(b) the field is confined at the edges of the nanoparticle as expected
for a LSPR. In Figure 5.2(c) the field intensity extends away from the nanoparticle in
the surrounding medium, in agreement with the interpretation that the associated peak
originates from the coupling of LSPRs supported by the individual nanoparticles to
diffracted orders propagating in the plane of the array (SLRs).

As shown in Fig. 5.1, the graphene layer is placed at a finite distance in the vertical
direction respect to the plane of the array. In order to maximize the interaction of
light with graphene we need a distribution of the electric field which resembles the
2D geometry of the graphene. Therefore the distribution of the electric field intensity
associated with the peak at 618 nm is not suitable for our purposes, as it is not spatially
homogenous neither in the x nor in the y direction and it does not extend in the z
direction.

To enhance the electric field intensity above the plane of the particles we can make use
of the quasi-guided modes resonances introduced in the Section 5.2. A waveguide mode
allows the light to propagate in the direction parallel to the plane of the array and therefore
appears as a convenient choice to enhance light absorption in graphene in our device.
To allow the excitation of quasi-guided modes, we add a layer with refractive index equal
to 1.52 (larger than the refractive index of the substrate) on top of the particle array. To
complete the waveguide structure we add on top of the graphene layer a semi-infinite
medium with a refractive equal to 1.41, lower than the one of the waveguide layer.
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(a)

(b)

(c)

Figure 5.3: (a) FDTD simulated extinction spectra at normal incidence of the system
formed by the substrate, the array of nanoparticles, the waveguide layer and the
upperlayer for different thicknesses of the waveguide layer: (a) 400 nm, (b) 600 nm, (c)
800 nm. The dashed line highlights the redshift of the sharp peak centered around 580
nm.

Figure 5.3 displays the simulated extinction for different thicknesses of the waveguide
layer. An additional sharp peak appears around λ0=580 nm, with respect to the case
without guiding layer. We see that there is a value of the thickness which maximizes the
extinction peak and that the peak redshifts as the thickness increases. We associate this
sharp peak to a quasi-guided mode. The influence of the thickness of the waveguide layer
on the excitation efficiency of the quasi-guided mode can be qualitatively understood in
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Figure 5.4: (a) FDTD simulated spatial distribution of the total electric field intensity
enhancement for the system simulated in Fig. 5.3(b). The simulation considers a plane
wave incident normal to the array with a wavelength of 584 nm. The color plot indicates
the intensity enhancement in the plane intersecting the nanoparticle along its center, i.e.,
at y = 0, in a unit cell of the array. (b) As in (a) but with a layer of graphene positioned
between the waveguide layer and the upperlayer (black dashed line). (c) and (d) display
the cut along the x - y plane of the total electric field intensity in the structure without and
with graphene, respectively.

terms of field overlap between the two bare states, i.e., LSPR and waveguide mode. For
small values of the thickness of the layer the field of the guided mode is poorly confined
and a significant fraction of its energy lies outside the waveguide, making the coupling
with the LSPR weak. On the other hand when the layer is very thick, the field of the guided
mode is well confined in the middle of the layer, relatively far from the nanoparticles,
again making the coupling weak. The redshift of the peak as we increase the thickness
can be explained by noticing that the thickness and the wavelength appear as a ratio in
Eq. (5.3).

In Fig. 5.4 we show the spatial field distribution in the multilayer structure in the case in
which one layer of graphene is present on top of the waveguide layer with respect to the
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case in which the structure lacks graphene. In Fig. 5.4(a) we plot the spatial distribution
of the intensity enhancement (with respect to the structure without particles) of the
total electric field in the x − z plane intersecting the nanoparticle along its center, at the
wavelength of 584 nm. The thickness of the waveguide layer is 600 nm and the graphene
layer is not present in the multilayer structure. We see that a homogeneous band of
high field intensity appears in the high refractive index layer along the x-direction. The
maximum of the intensity of the electric field is displaced respect to the middle plane
of the waveguide layer as a result of the asymmetric structure of the waveguide and the
presence of the metallic particles. The simulation in Fig. 5.4(b) is equivalent to (a) in
the case in which a layer of graphene is present on top of the waveguide. Adding the
graphene layer introduces a perturbation in the system which reduces the intensity of
the enhancement from 40 to 30. The spatial distribution of the intensity enhancement
of the total electric field in the x − y plane at value of the z-coordinate corresponding
to the position of the graphene layer, is plotted in Figs. 5.4(c) and (d) for the multilayer
structure without and with graphene, respectively. We see that the intensity of the electric
field is modulated along the y-direction: when the incident x-polarized light is scattered
by the array of nanoparticles it couples to the quasi-guided modes propagating along the
positive and the negative y-direction, which form a standing wave. These propagation
directions are described by (m1,m2) = (0, ±1) in Eq. 5.2. Since the array of nanoparticles is
the coupling element for the incident light to these quasi-guided modes, we also find an
enhancement of the field at the corners of the nanoparticle. The maximum enhancement
factor, calculated with respect to the incident intensity, is around 40. This suggests
that by placing the graphene layer in that position, the graphene will benefit from the
aforementioned field intensity enhancement and its absorption will increase. Moreover,
since the graphene is a 2D material, it will experience the enhancement over its full length
along x.

We can calculate the absorbed power by the graphene as a function of the wavelength
normalized by the incident power by integrating the electric field intensity in the graphene
layer. The result is shown in Fig. 5.5. As expected, we see that the peaks correlate with
the position of the resonances in Fig. 5.3(b). In particular, for the resonance of interest
(584 nm) we calculate an enhancement factor of the absorption up to 7, which should
translate into a similar enhancement factor of the photocurrent extracted from the device.
However, this proportionality can be limited by scattering. A way to circumvent this
problem is to reduce the dimensions of the device and in particular the distance between
the metal contacts.

5.4 Problems overcome with the suggested design

In this section we summarize the problems of a typical graphene-based photodetector
that our design contributes to solve.
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

1. The interaction of light with 2D materials is limited due to their atomic thickness.
For example a single layer of graphene absorbs only 2.3% of the light. Increasing the
thickness of these materials by stacking them, leads to an increased interaction, e.g.
bilayer graphene absorbs 4.6%, but moving away from the 2D character towards the
bulk 3D material also removes the unique properties of the 2D phase. Graphene loses
its high mobility (high frequency operation), when going from 1 to more layers, unless
turbostratic deposition is employed (see Chapter 3). Our proposed device enhances the
field at a position displaced from the particle array leaving complete freedom for the
design of the 2D crystal heterostructure layout at the region of enhanced field intensity.
Similarly, other thin layers, e.g. containing quantum dots, can benefit from the increased
field interaction.

2. Typically, plasmonic metallic nanoparticles are used to locally enhance the electric
field at the location of the nanoparticle. Although this leads to a strong enhancement of
the field, it is only very local to the particle and a large area around the particle does not
benefit from the enhancement. In our scheme we homogeneously enhance the electric
field intensity by a factor of 20 (see Fig. 5.4(b)), several hundreds of nanometers above the
particles.

Besides the waveguiding effect described in the previous section, the waveguide layer
also helps in planarizing the surface on top of which the graphene is deposited. In other
works the graphene layer is deposited directly on top of the particle array [120, 139]. This
introduces many defects because the graphene follows conformally the surface on top of
which it is deposited.
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Figure 5.5: Absorption enhancement in the graphene layer positioned as in Fig. 5.4(c) as
a function of the wavelength.
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5.4 Problems overcome with the suggested design

3. Graphene is a broadband absorber that lacks spectral specificity. An additional
advantage of the nanoparticle array is that the materials used allow to select the range of
interest of the electromagnetic spectrum (aluminium particles can be used for the visible
spectrum and gold particles for the IR spectrum), while its design can be tuned to select
specific wavelengths.

4. The particle array allows also for a potentially further tunability, which stems from
the angular dispersion of the optical resonances supported by the array. Because of this
angular dispersion it could be possible to reconfigure the application of the same device
by only varying an external parameter such as the angle of incidence of the light on
the device. However, in this way the spatial field distribution will also be affected and
its homogeneity at the location of the graphene layer might change. Therefore, further
investigation on the dependence of the spectrum of the absorption enhancement as a
function of the angle of incidence is needed.

The layout described above is not limited to graphene and can be applied to other
nanometer thin materials such as 2D crystals (e.g. transition metal dichalcogenides),
quantum dots and stacks thereof to increase their interaction with light for photodetection
or other optoelectronic application.

Our proposed device can be seen as a microcavity defined by the interfaces of the waveg-
uide layer, in which a graphene layer is embedded. We could therefore wonder which
advantages our configuration presents with respect to a canonical microcavity in which a
graphene layer is placed in a location of maximum electric field. Such devices have been
realized by Engel and coauthor using two silver mirrors [93] and by Furchi and coauthors
using Bragg reflectors [92]. These cavities support Fabry-Perot modes which allow en-
hancing the light-matter interaction and achieving experimental values of absorption up
to 50%. The Q-factors achieved are 20 and 80, respectively. The Q-factor of our device
at the resonant wavelength is around 100 (see Fig. 5.3 and Section 5.5). Theoretically a
microcavity defined by two Bragg mirrors can be tuned to achieve 100% absorption in the
graphene layer at a very specific wavelength and angle of illumination if the reflectivity
of the two mirrors is very high [140]. However, this requires a very high quality in the
fabrication of the multistack which can be formed by over twenty pairs of layers of very
well defined thickness and refractive index. Any small deviation from the ideal case will
lead to a decrease in the optical absorption in the graphene because it pronouncedly
affects the reflectivity of the mirrors. Besides, there is also a trade-off between the amount
of absorption and the width of the resonance [140]. On the contrary, our device, ex-
ploits a waveguide mode which requires only one layer, i.e. the waveguide layer, and a
coupling element (the particle array) to couple the incident light in. As we will see in
the next section, the array can be fabricated with conformal imprint lithography with
nanometer resolution and on a large scale, while the thickness of the waveguide layer
can be controlled very easily during the spin-coating. Total absorption in the graphene
layer is prevented by the absorption in the metallic particles, however this should not
be seen only as a limitation, but also as a technological advantage because it implies a
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

broadening of the resonances and therefore an ease incoupling. With regard to the angular
sensitivity, both the conventional microcavity-enhanced photodetector and our approach
are sufficiently insensitive to small misalignments. Typically a range of 5 degrees does not
affect significantly the performances of the detector [140].
The most striking difference between a two-dimensional cavity and our structure relies
on the tunability of the angular-spectral dispersion relation of the resonances. In the first
case, the dispersion is a parabola which can be hardly tuned by acting on the refractive
index of the medium in which the graphene is embedded. Our approach provides far
more degrees of freedom to control the dispersion relation of the resonances. For instance,
control can be achieved by designing the geometrical parameters of the nanoparticles, the
pitch of the array, the thickness and the refractive index of the waveguide layer.

5.5 Preliminary experimental results

In the previous sections we have described the design of a plasmonic graphene-based
photodetector and we have simulated the hybrid photonic-plasmonic modes supported
by the multilayer structure. Here, we present the first experimental steps towards the
realization of this device.

A square array of aluminum nanoparticles with a base of 100 nm x 100 nm, a height
of 40 nm and a lattice constant of 400 nm is fabricated on a quartz substrate by
nanoimprint lithography in combination with reactive ion etching (RIE). On top of
the array a waveguide layer of UV-curable polymer (NOA 61) has been spin-coated. Its
thickness, measured by profilometer, equals 570 nm. On top of the polymer layer we
deposit a monolayer of graphene. The waveguide layer minimizes the presence of the
defects in the deposition of the graphene layer, since the surface of operation is flat
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Figure 5.6: (a) Extinction measurements as a function of the wavelength and of the angle
of incidence of the device schematically shown in Fig. 5.1 illuminated with p-polarized
light. (b) Cut at normal incidence of the extinction in shown in (a).
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Figure 5.7: Extinction measurements shown in Fig. 5.6(a) plotted as a function of the
wavelength and of the angle of incidence. Red dashed lines correspond to the (0,±1) RAs
calculated using the refractive index of the PDMS, i.e., 1.41. White dashed lines represent
the eigenmode calculation for the dispersion relation of the TM0 guided mode calculated
assuming a three layer system formed by two semi-infinite layers with refractive index 1.46
(quartz substrate) and 1.41 (PDMS) and a 570 nm-thick layer characterized by a refractive
index of 1.56 (UV-curable polymer).

instead of being corrugated by the presence of the particles. Graphene has been grown
by CVD deposition on copper by the company Graphenea [141]. The graphene layer (1
cm x 1 cm) has been transferred to the UV-curable polymer. The transfer is conducted by
spin-coating a thin (200 nm) polymeric layer of poly(methylmethacrylate) (PMMA) on top
of the graphene. This polymer provides a supportive framework for graphene before the
transfer. The underneath copper substrate is then etched away by iron chloride (FeCl3)
solution [99] and the graphene is deposited on the device and positioned in such a way
that it covers the whole array of nanoparticles. Gold contacts (30 nm thick) are evaporated
on 5 nm of titanium, which is used to facilitate the bond of the gold to the graphene layer.
The stack is capped by a thick PDMS layer, which adheres by van der Waals interactions
and follows the surface conformally. This layer can be easily removed without affecting
the graphene layer.

Figure 5.6(a) shows extinction measurements of the device as a function of the wavelength
and of the angle of incidence when illuminated with p-polarized light. Figure 5.6(b) shows
a cut at normal incidence of the extinction. By comparing this figure with Fig. 5.3(b) we
see that the peaks are qualitatevely well predicted by the simulation. Figure 5.6(a) shows
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5 Enhanced light absorption in graphene by arrays of nanoantennas.

a broad slightly angular dependent resonance and few angular dispersive sharp lines.
To correlate these features with the resonances described so far, in Fig. 5.7 we plot
the Rayleigh anomalies associated to the light propagating in the upperlayer and the
dispersion relation of the fundamental TM guided modes supported by the layer of UV-
curable polymer. The red dashed line corresponds to the (0,±1) RAs calculated using the
refractive index of the PDMS, i.e., 1.41. The white dashed lines represent the eigenmode
calculation [see Eq. (5.3)] of the TM0 guided mode. This calcualtion is performed
assuming a three layer system formed by two semi-infinite layers with refractive index
1.46 (quartz substrate) and 1.41 (PDMS) and a 570 nm-thick layer characterized by a
refractive index of 1.56 (UV-curable polymer). The refractive index for the waveguide layer
used in the calculation is slightly higher than the nominal one (1.52). This modification
can be qualitatively explained by considering the presence of the metallic particles in the
layer. As described in Section 5.2.1 we find guided modes propagating along the direction
described by the diffracted orders (±1,0), and (0,±1).

We notice that the dispersion of the (0,±1) order quasi-guided mode does not depend
strongly on the angle of incidence for angles smaller than 10 degrees (see Fig. 5.7). From
the technological point of view this means that our photodetector will not be extremely
sensitive to the alignment. On the other hand for angles larger than 10 degrees, we can
consider the dispersion of the resonance as an advantage for our device, because it allows
the photodetector to be reconfigurable, i.e. sensitive to different wavelengths depending
on how we align the system.

The feature around 530 nm in Fig. 5.6(b), associated with the (0,±1) RA propagating in the
PDMS layer, is more pronounced in the measurement with respect to the simulation. This
can be due to a small deviation of the experimental optical constants with respect to the
one used in the simulation.

5.6 Conclusions and outlook

In this chapter we have presented a design for a graphene-based photodetector
which combines a metallic array of nanoparticles with a monolayer of graphene. The
novelty of our design lies in the use of collective resonances arising from the radiative
coupling of localized plasmon resonances. The layer of graphene is deposited on top
of an intermediate layer acting as a waveguide and as a spacer. The coupling of the
aforementioned resonances leads to hybrid plasmonic-photonic modes. We calculate
that one of these modes allows for an enhancement of the optical absorption of the
graphene up to a factor of 7, which should translate into a proportional enhancement
factor of the photocurrent. The photocurrent can be measured by standard IC circuitry.
The advantage of the device stems from an improved spatial homogeneity of the electric
field intensity along a specific direction, which is beneficial for the interaction with a 2D
material.
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The absorption enhancement we predict in this chapter is comparable to the one we
measured in Chapter 4. In that chapter the enhanced light absorption was caused
by the destructive interference in the far field of the scattered waves, which results
in waveguiding in the proximity of the graphene layers. In this chapter we excite a
guided mode weakly coupled to localized plasmon resonances, again propagating in the
proximity of the graphene layer. The potential of the approach presented in this chapter
lies in the possibility of achieving the strong coupling regime by properly designing
the detuning and the field overlap of the localized plasmon resonance of the single
nanoparticle with the guided modes sustained by the spacing layer [129]. This regime
is interesting because it enables to significantly modify the optical properties of the
participant modes, thus creating a system with intermediate properties of those of its
bare states. Moreover, the transparency window in extinction, consequence of the strong
coupling regime, minimizes the absorption loss of the incident light in the metallic
particles, while allowing a strong near field interaction [129].

By replacing the PDMS with a quartz (or another material with the same refractive index)
it is possible to enhance even further the electric field intensity at the location of the
graphene layer. The calculated enhancement that we can achieve with this configuration
is 13. To simplify the fabrication process of the device described in this chapter, the
graphene layer is positioned on top of the waveguide, therefore not at the location
of the maximum of the electric field intensity. By depositing the UV-curable polymer
in multiple steps, it is possible to position the graphene layer in the middle of the
waveguide layer and profit even more from the region of the enhanced electric field. By
microstructuring the graphene and the contacts it is possible to reduce the path that the
photogenerated carriers travel before reaching the contacts. In this way it is possible to
reduce the scattering and the recombination of the electron-hole pairs giving rise to the
photocurrent and, therefore, increase the signal. Typical dimensions of the graphene layer
are on the order of few hundreds microns squared.

Additional tunability of the device can be created by adding a gate to tune the Fermi
energy in the graphene layer. A possible layout, with minor influence to the operation of
the stack, would consist in using as a gate another graphene layer located few hundreds
nanometer away from the first one. A bias voltage on this layer can modify the Fermi
energy in the detection layer thereby tuning it to the most interesting range.
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APPENDIX A

THIN YAG:CE FILM FABRICATION

Gel films were prepared by an epoxide-catalyzed sol-gel process [142–145], modified
by the addition of a water-soluble polymer to obtain a homogeneous and continuous
layer [146]. YCl3·6H2O, AlCl3·6H2O, and CeCl3·7H2O were utilized as sources of yttrium,
aluminum, and cerium, respectively, in a mixture of distilled water and ethanol as a
solvent. Propylene oxide (PO) was added to initiate the condensation reaction, and
poly(vinyl pirroridone) (PVP), having viscosity-averaged molecular weight of 40.000, was
used as a water-soluble polymer.

Nominal composition of the gel was (Y0.95Ce0.05)3Al5O12, i.e., 5 mol% of Y3+ was replaced
by Ce3+. The gel preparation is as follows: First, AlCl3·6H2O (0.56 g), YCl3·6H2O (0.40 g),
CeCl3·7H2O (0.026 g), and PVP (0.10 g) were dissolved in a mixture of water (2.71 g) and
ethanol (1.69 g). PO (0.70 g) was then added to the transparent solution under ambient
conditions (25◦C). After stirring for 2 min, the resultant homogeneous solution reacted
during 30 min. Next, several drops of the transparent sol were dispensed on the substrate
(fused silica glass or sapphire) and spin-coated at 2000 rpm during 60 sec. The coated
substrates were baked stepwise at 80◦C for 30 min, 200◦C for 30 min, and 300◦C for 30
min. After that, the films were heated at temperatures 600-1600◦C in air for 1 h, and then
further heated at the same temperature in a gas mixture of 5% H2/ 95%N2 for 1 h.
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APPENDIX B

TRANSFER MATRIX METHOD

A transfer-matrix method for isotropic layered media is used for modeling the reflectance
and transmittance of planar structures. In this Appendix we explain this method, follow-
ing the description of Ref. [57]. We use this technique to calculate the reflectance and
the transmittance of a multilayer structure formed by dispersive media (QDs, YAG:Ce,
graphene).

Figure B.1: A four-layer system consisting of four materials with refractive indices n1, n2,
n3, and n4, respectively. The field amplitudes at the interfaces are given by a1, a′

2, a2, a′
3,

a3, a′
4 for the right traveling waves and b1, b’2, b2, b’3, b3, b’4 for the left traveling wave.

The incident light beam with the wavevector k and the angle of incidence θ1 is defined in
medium 1.

Let us consider a four-layer system as the one in Figure B.1. The electric field of an elec-
tromagnetic plane wave of angular frequency ω propagating with the z-component of the
wave vector kz in the xz plane is given by

E = E(x)e i (ωt−kz z). (B.1)

For a detailed derivation of each component of the field see Ref. [147]. We assume that
the light is linearly polarized, either s−polarized, i.e., E parallel to y or Ex = Ez = 0, or
p−polarized, i.e., H parallel to y or Ey = 0. If we assume that light is only incident on the
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B Transfer Matrix method

four-layer system from the left, i.e., medium 1, the electric field in layer 1, 2 and 3 consists
of a right- and left-traveling wave and can be written as

E(x) = ae−i kxx +bei kxx ≡ a(x)+b(x), (B.2)

where ±kx are the x-components of the wave vector given by kx = nα
2π
λ cosθ′α in medium

α with refractive index nα and angle inside the medium θ′α. The amplitudes a and b are
constant in each homogeneous layer. The amplitude of the wave traveling to the right is
represented by a(x), while the left traveling component is described by b(x). We define the
various amplitudes at the interfaces between the different media as

a1 = a(0−),

b1 = b(0−),

a′
2 = a(0+),

b′
2 = b(0+),

a2 = a(d−
2 ),

b2 = b(d−
2 ),

a′
3 = a(d+

2 ),

b′
3 = b(d+

2 ),

a4 = a(d−
3 ),

b4 = b(d−
3 )

a′
4 = a(d+

3 ),

b′
4 = b(d+

3 ) = 0,

(B.3)

where 0− represents the left side and 0+ the right side of the interface at x = 0. Similarly,
d− and d+ represent the left and right side of the interface at x = d (see Fig. B.1). If we
represent the left and right traveling components of the electric field as column vectors,
the vectors at each side of the interface are related by

(
a1

b1

)
= D1,2

(
a′

2
b′

2

)
, (B.4)(

a′
2

b′
2

)
= P2

(
a2

b2

)
, (B.5)(

a2

b2

)
= D2,3

(
a′

3
b′

3

)
, (B.6)(

a′
3

b′
3

)
= P3

(
a3

b3

)
, (B.7)(

a3

b3

)
= D3,4

(
a′

4
b′

4

)
, (B.8)
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where D1,2, D2,3 and D3,4 are the so-called transmission matrices and P2 and P3 are the
propagation matrices that accounts for the propagation in the layers. The matrices are
defined for layer α as follows

Dα,α+1 = 1

tα,α+1

(
1 rα,α+1

rα,α+1 1

)
, (B.9)

and

Pα =
(

eiφα 0
0 e−iφα

)
, (B.10)

where tα,α+1 and rα,α+1 are the Fresnel amplitude reflection and transmission coefficients
for the interface and φα = 2π

λ nα cosθ′αLα is the phase change of light traveling through
the layer, with Lα the thickness of the layer, λ the vacuum wavelength, and nα and θ′α the
refractive index of the layer and the angle inside the layer, respectively.
From Eqs. (B.4)-(B.8), the amplitudes a1, b1, and a′

4 and b′
4 are related by the multiplication

of the transmission and the propagation matrices

(
a1

b1

)
= D1,2P2D2,3P3D3,4

(
a′

4
b′

4

)
=

(
M11 M12

M21 M22

)(
a′

4
b′

4

)
= M

(
a′

4
b′

4

)
.

(B.11)

The multiplication of the matrices can be represented by the matrix M consisting of the
four elements M11, M12, M21, and M22.
The reflection and transmission of a plane wave through the four-layer structure for light
coming from layer 1 are defined as

r =
(

b1

a1

)
b′

4=0
, (B.12)

and

t =
(

a′
4

a1

)
b′

4=0
, (B.13)

respectively. Using Equation (B.11), the amplitude reflection and transmission coefficients
of the layered system are given by

r = M21

M11
, (B.14)

and

t = 1

M11
. (B.15)
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The reflectance R for the case that the medium of layer 1 is lossless is defined as

R = |r |2 =
∣∣∣∣ M21

M11

∣∣∣∣2

. (B.16)

If the bounding layers, 1 and 4, are both dielectrics, with real n1 and n4, the transmission
T for a wave incident with an angle θ1 is given by

T = n4 cosθ′4
n1 cosθ1

|t |2 = n4 cosθ′4
n1 cosθ1

∣∣∣∣ 1

M11

∣∣∣∣2

, (B.17)

with θ′4 the angle the light forms with the x axis in the third layer related to θ1 by Snell’s law.

The transfer-matrix method explained above is not limited for four-layer systems. This for-
malism can be easily expanded for multi-layer structures by multiplying the transmission
and propagation matrices for each layer. For any layer it is possible to input the refractive
index as a function of wavelength, angle of incidence and polarization.
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SUMMARY

Light plays a very fundamental role in every day life. Optical properties such as
color, transparency, opacity are determined by the way in which objects scatter light.
Light absorption can be interpreted as a particular case of scattering. The control of
absorption is experiencing a rapidly increasing interest both in fundamental and applied
research. Absorption has been regarded for long time as a secondary and unmanageable
phenomenon, thus developing ways to externally control it is a growing field in its infancy.
Acting on absorption allows to design the amount of energy delivered to a specific spatial
location of an object and predict the amount of energy dissipated in it. The control on
the optical absorption allows for the design and the optimization of novel optoelectronic
devices, such as solar cells, photodetectors or light-emitting diodes. To increase the
efficiency of such devices it is crucial to enhance the interaction of light with them,
i.e. their optical absorption. However, many of the mentioned devices are based on
materials which are inherently weakly absorbing, therefore one of the biggest challenges
is to find ways to boost their absorption. This thesis focuses on the interaction of light
with weakly absorbing materials, such as light emitting layers and graphene. By properly
structuring the illumination pattern and the materials, we describe and exploit new ways
to considerably enhance light absorption. The materials investigated in this thesis play a
crucial role in lighting applications and photodetection.

In chapter 1 we introduce the fundamental concept of optical absorption and we revise the
literature describing new methods to externally control and modulate the absorption of
a given structure. These methods rely on the superposition principle of electromagnetic
waves. In particular, the concept of Coherent Perfect Absorption provides a general
framework for the manipulation of the absorption and demonstrates that the way a
medium absorbs depends not only on its optical constants and the frequency of the
incident radiation, but also on the detailed spatial distribution of the incident fields.
Because the absorption is a phase-dependent quantity, structuring the phasefront of
the incident wave or externally controlling the relative phase between multiple incident
waves, allow to gain control over the absorption of a given material.

In chapter 2 we use a single beam illumination to demonstrate in two experiments a
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large light absorptance in a thin layer of quantum dots in rods and Ce3+ doped yttrium
aluminium garnet, Y3Al5O12 (YAG:Ce). This behavior is explained in two complementary
ways: in the first experiment we describe the result in terms of the coherent absorption
by interference of the light incident at a certain angle on the layers. In the second
experiment, light couples to the fundamental waveguide mode in the YAG:Ce layer where
it is eventually absorbed, resulting in an enhanced absorption. We exploit this coherent
light absorption to enhance the photoluminescent emission from the light emitting layers.
A photoluminescence enhancement factor of 7 and 30 is measured for the two systems,
respectively.

So far we have described how it is possible to control the absorption engineering the
interference of scattered waves originating from the interaction of one beam with the
sample. In chapter 3 we propose a multiple beam illumination scheme to experimentally
demonstrate the possibility of external control and modulation of the intensity of the light
emitted by a luminescent layer. This is realized through a tunable optical absorption of
the incident light into the layer at a wavelength longer than the wavelength at which the
absorption coefficient of the phosphor is maximum. The experiment is designed to get
as close as possible to the condition of Coherent Perfect Absorption (CPA), realized by
externally acting on the phase difference between the incident beams. When a destructive
interference pattern is built outside the layer of luminescent material the incident light
is efficiently absorbed. We elucidate the experimental difficulties in achieving CPA in a
layer of YAG:Ce. Nevertheless, we theoretically demonstrate that our design can allow for
a reduction of 35% of the Stokes’ shift and, therefore, an increase in the efficiency of the
system.

Graphene has been recognized as a revolutionary material for opto-electronic applica-
tions and in particular for photodetection because of its broadband absorption and its
high carrier mobility. Nevertheless, the efficiency of such devices is limited by the limited
absolute absorption per graphene layer. In order to increase the absorption in graphene,
in chapter 4 we propose a multilayer structure in an Attenuated Total Reflectance (ATR)
configuration. We experimentally demonstrate a broadband enhancement of the light
absorption in graphene over the whole visible spectrum. We reach an enhancement factor
of almost an order of magnitude in our geometry with respect to the absorption of bare
graphene, which we explain in terms of coherent absorption arising from interference
and dissipation. We demonstrate this result for a single- and multi-layer of graphene.
The interference mechanism leading to the phenomenon of coherent absorption allows
for its precise control by varying the refractive index and/or thickness of the medium
surrounding the graphene.

Following the ideas presented in chapter 4, in chapter 5 we present a novel design for a
graphene-based photodetector, which aims to enhance the light absorption of a single
layer of graphene by engineering the electric field intensity enhancement at the location of
the graphene layer. The multilayer structure makes use of a metallic array of nanoparticles
as a coupling element for the incident light in the structure, in a similar way as the prism
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was employed in the ATR experiment. In a first place this allows to miniaturize the device
and facilitates the integration in complex photonic devices. The metallic array sustains
collective hybrid plasmonic-photonic resonances arising from the radiative coupling of
localized plasmon resonances. We propose the use of a quasi-waveguide mode because it
generates a spatial distribution of enhanced electric field conveniently overlapping with
the area covered by the graphene. We calculate that this mode allows for a wavelength-
dependent enhancement of the optical absorption of graphene by a factor 7, introducing
an advantageous spectral specificity which was lacking in the design investigated in
chapter 4. A photocurrent enhancement proportional to the absorption enhancement is
predicted.
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