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METASURFACES: COHERENT CONTROL OF LIGHT IN TWO DIMENSIONS
by Maria Papaioannou
In this thesis, control of light with light without nonlinearity in plasmonic metasurfaces
is extended from zero to two spatial dimensions enabling a range of novel applications.
In particular:
• For the first time, all-optical logical operations between two-dimensional
light distributions are demonstrated based on coherent absorption and coherent
transparency of a plasmonic metasurface. XOR, XNOR, AND and OR operations
are performed between coherent optical signals of 785 nm wavelength and applied
to separate spatially multiplexed optical channels.
• Qualitative and quantitative pattern recognition and image analysis are
performed for the first time based on the coherent interaction of wavefronts on
an absorbing plasmonic metasurface within a hardware-based system at 790 nm
wavelength.
• All-optical control of focusing of light is realized by superimposing Fresnel
zone patterns on an absorbing metasurface using coherent light for the first time.
Switching of focal intensity, depth, diameter and distance and effective replacement
of a lens by an aperture are accomplished by optical phase modulation at 790 nm
wavelength without moving parts.
• The first imaging interferometer for spatially resolved control of absorption of
light with light in plasmonic metasurfaces was built for this thesis. Using coherent
light, two spatial intensity distributions (inputs) are imaged on a free-standing gold
metasurface and their interaction (output) is monitored by an imaging detector.
Measurements show that the system’s spatial resolution is about 900 nm.
Two-dimensional control of light with light on plasmonic metasurfaces is in principle
compatible with quantum regime intensities and 100 THz bandwidth. Therefore, the
presented scheme could provide efficient all-optical wavefront manipulation, computing,
imaging and focusing components for future coherent photonic devices and networks.

Dedicated to my grandmother Eleni.

“Nevertheless - who knows the point at which someone hopelessly resists,
may be where human history begins,
and as we say, the human beauty...”
Yannis Ritsos
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Chapter 1

Introduction
1.1

Coherent control of light-matter interactions

Current information technology largely relies on optical transfer and electronic processing of data and therefore requires repeated electro-optical signal conversion. All-optical
signal processing could circumvent the complexity, speed and power shortcomings of
electro-optical signal conversion and deliver major breakthroughs for photonics technology. To that end, ultrafast and energy efficient control of light-matter interactions is
the fundamental requirement for controlling a light beam with another beam of light.
Initially, the concept of coherent control of light-matter interactions was introduced
as a way to manipulate molecular systems and develop spectroscopy and microscopy
techniques by the means of tailored constructive and destructive quantum-mechanical
interferences that compose a desired state [1–7].
To date, several different routes have been followed to the realization of light-bylight control. Numerous approaches were based on the enhancement and exploitation
of nonlinear effects and their excitation with intense laser sources [8–10]. However,
the energy-demanding nature of these techniques cannot provide an answer to the ever
increasing demand for energy-efficient devices and their overall performance is highly
dependent on the speed of the nonlinearity involved in the system. Over the last decade,
researchers have focused on the exploration of coherent light-matter interactions in media that are structured on a sub-wavelength scale as a way to overcome these deficiencies
and to coherently control light in a more efficient way.
1
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Figure 1.1: Spatiotemporal coherent control with pulse shaping. (a) Shaping of excitation waveforms in the far-field (top A and B) impose the localized field
intensity map (bottom - colourscale) in a plasmonic nanosystem (bottom - gray),
[11]. (b) Sub-wavelength dynamic localization of electromagnetic intensity on a
planar nanostructure is achieved by iteratively optimized polarization shaping of
ultrashort pulses, [12]. (c) Phase-modulated light beam profile exciting hot spot
localization in a metamaterial array, [13].

Nanoplasmonics is the fastest optics platform, hence the most eligible candidate
for hosting all-optical processes. However, light manipulation and focusing at the nanoscale is a persistent challenge in nanophotonics technology since conventional focusing is
governed by the diffraction limit. In most cases, the establishment of the desired energy
distribution at the nano-scale requires high-accuracy spatiotemporal coherent control of
the external stimulus. As proposed in [11, 12, 14, 15], controllable variation of the spatiotemporal distribution of polarization and/or phase across the wavefront of a coherent
incident beam creates different quantum pathways of the excitation which interfere on
2
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the nano-scale sample plane. Usually, the spectral composition and the pulse shape of
the excitation comprise the tuning parameters in this scenario, see Fig. 1.1 a and b.
Similar techniques have been employed in [13, 16–18] for engineering the distribution of
light hot spots along a two-dimensional (2D) array of plasmonic unit cells. In particular,
tailoring the far-field spatial profile of a coherent continuous beam affects the inter-metamolecular coherent interactions and results in precisely controllable localization of hot
spots, see Fig. 1.1 c.

Figure 1.2: Interferometric coherent control of light with light. (a) Mode
selection between long- and short-range surface plasmon polaritons depending on
the relative phase difference of the incident beams, [19]. (b) Laser oscillator (top):
a gain medium embedded in an optical cavity emits outgoing coherent waves with
defined phase and spatial pattern at frequency ω0 . Coherent perfect absorber (middle): when the gain medium is replaced by an absorber, incoming waves with a
certain phase and spatial pattern are fully absorbed. Bottom: Typical behaviour of
the total intensity reflection coefficient versus frequency in a simple two-port photonic device, comprising a slab of lossy material (like Si) of thickness α embedded
in a fibre or waveguide (inset), excited at the two input sides. Red and blue lines
show the spectral reflection curves for coherent input waves with controlled phase
difference ∆ϕ (∆ϕ = 0, blue curve; ∆ϕ = π, red curve). The dashed black line
depicts the spectral reflection curve for incoherent input waves, [20].

Coherent control may also be employed in an interferometric configuration to achieve
a broad range of intriguing phenomena. In recent theoretical and experimental studies,
coherent counter-propagating beams have been employed to control the mode coupling
3
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in a dielectric waveguide with plasmonic nanostructures [21] and the selectivity between
long- and short-range surface plasmon modes with variable excitation efficiency [19],
see Fig. 1.2 a. In the same context, Coherent Perfect Absorption (CPA), also referred
to as time-reversed lasing, has been demonstrated in the configuration of two counterpropagating beams impinging on a silicon cavity, as described in Fig. 1.2 b. In particular,
when the gain medium of a laser cavity is replaced by an equivalent absorbing medium
and the incoming coherent waves comprise the time-reversed outgoing optical fields of
a laser mode, the total input energy is perfectly absorbed, [20, 22–24]. Several groups
have conducted further investigation of the CPA principle with implementations employing different absorbers across the electromagnetic spectrum like the ones presented
in [25–27]. The fundamental principle adopted throughout the research explorations of
this thesis lies in this area.

1.2

Coherent control of light with light in metasurfaces

Amongst the interferometric coherent control approaches lies the discipline of coherent
control of light with light without nonlinearity via the modulation of the expression of
metasurface functionalities [28]. Coherent control of light with light in metasurfaces
brings the flexibility of nonlinearity-free coherent control together with the diverse capabilities of metamaterial structures and is the underpinning principle of all theoretical
studies and experimental demonstrations in this thesis.

1.2.1

Metamaterials and metasurfaces

For almost two decades in the limelight, the field of metamaterials has made significant
contributions to the evolution of microwave and photonics technology. Metamaterials
are best defined as artificial media with unusual properties resulting from structuring
on a size-scale smaller than the wavelength of the external stimulus [29]. Hence, the
sub-wavelength scale building blocks are scatter-free and the metamaterial structure is
perceived by the impinging wave as an effectively homogeneous medium that can be
macroscopically described by the effective electromagnetic parameters of permittivity
and permeability. The metamaterial building block, so called meta-molecule, can be
properly tailored in size, shape and constituent materials and therefore constitutes the
tuning parameter which gives rise to extraordinary functionalities not readily attainable
4
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in natural materials. Their exotic properties fuelled the inspiration for the term metamaterials which is etymologically resolved as meta-materials, where meta- (= µτ ά) is
the Greek word standing for beyond (i.e. beyond-materials).

Figure 1.3: Split ring resonator metamaterial. (a) Equivalent LC circuit.
(b) Negative index metamaterial formed by split ring resonators and wires [30].
In a more elaborate description, meta-molecules comprise sub-wavelength scale resonating unit cells, most frequently arranged in crystal-like ensembles, i.e. metamaterials.
The overall performance of the resulting medium is dominated by the meta-molecule’s
resonator response. At microwave frequencies, the building block structure can be conceived as an equivalent LC circuit. For instance, the split ring resonator which was used
to construct the first negative refractive index metamaterial [30, 31] shown in Fig. 1.3 b,
is associated with an inductance (L) and a capacitance (C) corresponding to the loop
and the gap part of the design, respectively. Thus, the resonant frequency is given by
the formula ω =

√1 .
LC

Moreover, geometric resonances are enabled when wire compo-

nents of the unit cell design have lengths equal to a multiple of λ/2, where λ is the
wavelength of light. Therefore, variations of the unit cell geometry parameters and constituent materials [32], as well as the coupling to neighbouring meta-molecules [33] are
translated into tuning mechanisms for the metamaterial design. This approach holds up
to near-infrared frequencies. When entering the visible part of the spectrum, induced
currents are replaced by plasmons (i.e. collective oscillations of the electron density)
[34], which requires more elaborate metamaterial design.
Historically, the occurrence of extraordinary medium response was predicted by
Veselago in 1968 [35] under the hypothesis of a substance with simultaneous negative
permeability and permittivity that results in negative refraction. However, it was not
5
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until 1999 that the existence of such media became realistic, when Pendry et al. described an array of split ring resonators exhibiting negative permeability associated with
the system’s magnetic resonance [36]. A combination of split ring resonators with arrays of metallic rods that were previously proven to exhibit negative permittivity [37, 38]
materialized Veselago’s prediction of such a medium [39]. Such media gave rise to the
field of metamaterials as we know it today and in early research attempts resulted in
the demonstration of the ‘perfect lens’ that beats the diffraction limit [40, 41] and transformation optics metamaterials for bending light around corners [41, 42], which are
undoubtedly two of the most prestigious demonstrations to date.

Figure 1.4: Three-dimensional and two-dimensional metamaterials.
(a) Truly 3D split ring resonator (top and bottom left), fishnet (top right) and
chiral (bottom right) nanostructures [43]. (b) Planar (2D) metamaterials: gradient
metasurfaces (top and bottom left) and metasurface holograms (top and bottom
right) [44].

In principle, metamaterials can be engineered to cover a vast range of applications across the electromagnetic spectrum. Following the improvement of fabrication
techniques, metamaterial structure designs were properly tailored to meet the subwavelength size requirement at visible wavelenghts [45, 46], while taking into account
the large losses of metals at optical frequencies [47–49].
Ever since, various implementations of metamaterial concepts were presented either
in the form of three-dimensional (3D) bulk configurations [43] or as planar metamaterials of deep sub-wavelength thickness, also known as metasurfaces or 2D metamaterials
6
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[44, 50], see Fig. 1.4. Chiral metamaterials have paved another way to negative refraction and led to numerous fascinating properties, such as giant optical activity and directionally asymmetric transmission [51–53]. Moreover, symmetry breaking approaches to
the famous split ring resonator structure have introduced trapped-mode resonances [54]
leading to extrinsic-chirality-induced optical activity [55, 56], the metamaterial analogue
of electromagnetically induced transparency [57, 58] and the metamaterial version of a
lasing spaser for coherent radiation generation [59]. Epsilon-near-zero metamaterials
permit light to propagate through them without accumulating phase [60]. Following
the expression of the generalized version of Snell’s law, phase discontinuities along the
interface between two media impose light bending [61, 62]. This discovery inspired
the realization of gradient metasurfaces for broadband highly-efficient anomalous reflectors [63], polarization beam splitters and polarisation-independent beam-steering
components [64]. Phase discontinuities on metasurfaces were also exploited to translate
propagating waves to surface waves [65] as well as to create flat focusing mirrors [66],
lenses [67, 68], holograms [69] and wavefront shaping platforms [70–72]. Metasurfaces
have also provided the ultrathin and chip-compatible analogue of bulk metamaterials
with hyperbolic dispersion [50], invisibility [73], enhanced light-matter interactions [74],
perfect absorption [75] and wave-vector selectivity [76]. It should be noted that for both
3D and 2D metamaterials, the hindering parameter for efficient designs is the loss of
metals at visible and telecommunications wavelengths. Several research groups have focused on searching better candidate materials for metasurface and metamaterial designs
[77–80].

Despite their fascinating nature and potential, metamaterial and metasurface properties are normally static since they are usually designed to operate in a specific wavelength regime delivering a particular functionality. This limitation has given rise to the
broad research area of tunable and switchable metamaterials which have led to the establishment of metadevices (i.e. metamaterial-based devices) that respond to thermal,
electric, magnetic or optical control signals which induce changes in their optical properties [84]. In recent years, a range of diverse realizations of metadevices has been reported
based on different types of reconfiguration mechanisms. Structural reconfiguration of the
shape and/or arrangement of meta-molecules enables tunable electromagnetic responses
[81, 85–90]. Hybridization of metamaterials with semiconductors [91, 92], ferroelectrics
[93], graphene [94, 95], superconductors [96, 97], phase change materials [82, 98–101] or
7
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Figure 1.5: Reconfigurable metadevices. (a) Random-access electrothermal actuation of individually reconfigurable nanowires (artist’s impression) [81].
(b) Artistic impression of a metamaterial-chalcogenide hybrid device. The metamaterial absorption resonance is spectrally tuned by electro-optical switching between
amorphous and crystalline chalcogenide forms [82]. (c) Photonic fishnet metamaterials (artist’s impression) infiltrated with nematic liquid crystal. Optical properties
are tuned by an electric field [83].

liquid crystals [83, 102] reinforces dynamical tuning via induced changes in the properties
of the medium accompanying the metamaterial and its interaction with the metamaterial, hence altering the metadevice functionality, see Fig. 1.5.
In the hunt of ultrafast energy-efficient and compact systems, metamaterials, metasurfaces and metadevices are amongst the candidates that could revolutionize telecommunications and photonics networks.

1.2.2

Coherent control of the expression of metasurface functionalities

The concept of coherent control of the expression of metasurface functionalities was born
as the mechanism that merges all-optical coherent control schemes with the diverse potential of metasurfaces to provide a vast range of functionalities that can be dynamically
switched with light.
The interaction of two coherent co-polarized counter-propagating waves of arbitrarily low power on a film of sub-wavelength thickness can provide ultrafast control over
the sample’s excitation without nonlinearity [28]. Under the condition of deep subwavelength thickness, a film solely interacts with the electric field of a normally incident
plane wave because its interaction with the magnetic field is prohibited by the fact that
in-plane magnetic dipole modes are not supported in truly planar structures. This allows control over the expression of the film’s functionality from complete suppression to
8
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Figure 1.6: Thin film translation between (a) anti-nodes and (b) nodes
of a standing wave that is formed by the counter-propagating beams A and B.
The relative phase difference between the two beams at the thin film position is 0
in a and π in b. In both figures the black lines represent the electric field envelope
of the standing wave.

enhancement. The light-matter interaction is controlled by effective translation of the
sample between electric nodes (suppressed functionality expression) and anti-nodes (enhanced functionality expression) of the standing wave formed by the counter-propagating
coherent waves, see Fig. 1.6.
Light-with-light coherent control of thin films is a simple, yet rather intriguing platform that can host all sorts of functionalities and can lead to numerous applications.
Since metasurfaces (i.e. planar or 2D metamaterials of deep sub-wavelength thickness
that may be approximated by a single layer) have enabled the design of almost arbitrary
landscapes of static optical properties, dynamic temporal and spatial control over metasurface properties has become the next big challenge. Coherent control of the expression
of thin film properties, as defined here, paves the way for further exploration of metasurface functionalities based on their dynamic all-optical reconfiguration in a standing
wave.
Recently, experimental and theoretical work based on this principle has successfully employed a metasurface which absorbs 50% of a travelling wave. In the coherent energy standing wave regime, where two co-polarized coherent counter-propagating
beams illuminate the sample, the metasurface absorption can be modulated from 0%
(coherent perfect transparency) to 100% (coherent perfect absorption) of incident light
at standing wave electric field nodes and anti-nodes, respectively [27, 28, 106]. The
9
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Figure 1.7: Coherent control of the expression of metasurface functionalities. (a) Coherent excitation of different resonance modes through selective
coupling to even and odd parity multipoles via excitation of symmetric metamaterial modes at electric field anti-nodes and anti-symmetric modes at magnetic field
anti-nodes, respectively [103]. (b) Schematic illustration of coherent control of a
V-shaped slot antenna metasurface using coherent signal and control x-polarized
beams with a phase difference α which controls the efficiency of normal and anomalous transmission [104]. (c) Energy (left) and polarization standing wave (right)
schematics showing in each case the envelope of electric energy density and the
evolution of the local polarization state. The standing waves are formed by two
counter-propagating co-linearly (left) and orthogonally polarized (right) waves [105].

all-optical processing potential of this paradigm inspired further research on the energy
and speed limitations of the technique. In particular, coherent control of metasurface
absorption was experimentally proven to be compatible with quantum regime intensities [107] and operable with up to 100 THz modulation bandwidth [108, 109]. The
femtosecond-second-scale response time of plasmonic metamaterials under the coherent
control scheme is similar to the response time of ultrafast nonlinear optical processes
10
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such as the optical Kerr effect or two photon absorption which are however associated
with a decreased magnitude of nonlinearity [110]. Consequently, coherent control of
metasurface absorption, which does not rely on intrinsic material nonlinearities, is an
inherently ultra-fast, energy-efficient, all-optical technique. The principle underpins all
theoretical and experimental demonstrations of this thesis and will by described in detail
in Chapter 2.
Apart from absorption, the expression of any other metasurface functionality can be
coherently controlled in the standing wave regime. Coherent excitation-selective spectroscopy exploits the separate excitation of metasurface electric and magnetic dipole
resonances as well as hidden high-order photonic excitations at different standing wave
positions which cannot be achieved in the travelling wave regime where different resonances are simultaneously excited [103, 111], see Fig. 1.7 a. For gradient metasurfaces
where reflected and transmitted waves follow the modified Snell’s law, coherent control
has facilitated the control over energy distribution between normal and anomalous output beams by controlling the intensity or phase of one of the coherent input beams [104],
see Fig. 1.7 b. Manifestations of optical activity and optical anisotropy [112, 113] in planar metamaterials can also be continously controlled by effectively varying the sample’s
position relative to the standing wave. Further possibilities are opened, if an ultrathin
anisotropic metasurface is translated across a polarisation standing wave created by two
counter-propagating coherent waves of orthogonal polarizations [105]. In a polarization
standing wave, energy densities are constant whereas local polarization oscillates along
the wave axis and absorption of an anisotropic sample depends on both its position and
orientation within the polarization standing wave, see Fig. 1.7 c.

1.3

Motivation for coherent control of light with light in
two dimensions with metasurfaces

The ever increasing demand for all-optical data processing has introduced the need for
efficient control of light with light. However, the conventional way of achieving such
functionality requires power consuming nonlinearities in the visible and near-infrared
part of the spectrum. As described in the previous section, incorporating nano-scale
thickness metamaterials into an environment of coherent light interactions allows the
11
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modulation of light with light without nonlinearity. Thus, ultra-fast linear light-bylight modulation on absorptive plasmonic metasurfaces can be achieved with arbitrarily
low intensities. This thesis focuses on exploiting this phenomenon in order to further
investigate and explore the all-optical processing functionalities that can be achieved on
this basis.
In an effort to take advantage of the inherent parallelism of photonics, a major goal
is to illustrate the ability to excite a plasmonic metamaterial structure in a spatially
addressable manner under the coherent control scheme in a proof-of-principle experiment. In particular, a spatially modulated wavefront of one beam can constructively
or destructively interfere with a coherent counter-propagating beam on a metamaterial, thus resulting in a spatially distributed total enhancement or elimination of Joule
losses, respectively. This expansion of coherent control of metasurface absorption from
0 to 2 spatial dimensions can provide a platform for all-optical, ultrafast and energyefficient green solutions for parallel information and data processing in coherent future
telecommunications and photonic networks.
Following a detailed theoretical study of the underpinning principle and the employed metasurface functionality, the main goal is to create an experimental platform
for two-dimensional coherent control of light with light on metasurfaces. This enables
proof-of-principle demonstrations of all-optical logical operations, optical channel demultiplexing, image processing, pattern recognition and dynamic focusing. As opposed
to previous established solutions in each of these applications, the proposed technique is
free from slow and energy-hungry nonlinearities and does not depend on expensive and
computationally intense algorithms and post-processing schemes. It can therefore comprise a prime candidate solution in the hunt for ultrafast and energy efficient solutions
for the next era of coherent photonic technologies.

1.4

Outline of this thesis

In Chapter 2, the theory and experimental methods of coherent control of metasurface
absorption will be presented. In particular, a mathematical description of the approach
will be provided and followed by numerical modelling methods and results for sample design as well as for metasurface behaviour under spatially varying illumination.
Regarding experimental methods, the fabrication techniques used for the metasurface
12
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and the two-dimensional profile masks will be described along with the optical imaging
interferometer that was built to demonstrate two-dimensional coherent control.
Chapter 3 introduces all-optical logic based on coherent perfect absorption by
demonstrating a set of all-optical logical functions in two dimensions (XOR, XNOR,
AND, OR). Subsequently, the method will be translated into a metamaterial-based
multichannel logic element performing logical functions between intensity- and phasemodulated channels as well as a spatial demultiplexing scheme for coherent telecommunications systems.
In Chapter 4, the all-optical computation capability of the experimental platform
will be shifted towards all-optical image processing via a formalism of set operations
between images which leads to the demonstration of all-optical hardware-based image
processing, image and pattern recognition and analysis free from heavy computational
post-processing schemes.
The diversity of potential applications of two-dimentional light-by-light coherent
control will be further expanded in Chapter 5, where all-optical dynamic focusing of light
will be presented. Specifically, the attainable all-optical functionalities of controlling the
focal intensity, depth and diameter of a lens as well as the effective switching between
a lens and a clear aperture without moving parts will be theoretically analysed and
experimentally demonstrated. Additionally, continuous control over the properties of
the focal spot (intensity depth and diameter) and dynamic switching of the focal distance
will be theoretically presented.
Finally, in Chapter 6 the main conclusions of this work will be derived and the contributions of two-dimensional coherent control to the field of metadevices and photonics
will be outlined. Lastly, future outlook, prospect and ideas for this project will also be
discussed.
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Theory and methods of coherent
control of light with light
The objective of this project is to evolve the research on dynamic control of the expression of metasurface functionalities within a coherent light-by-light control environment.
The ambition towards this direction is to demonstrate the ability to spatially address
a metasurface that has already been proven to provide for 0 - 100% absorption when
coherently controlled under spatially uniform excitation. This chapter establishes the
fundamental theory of coherent control of thin film absorption and presents a theoretical
study on the most suitable meta-molecule design with respect to the overall coherent response of the metasurface under spatially uniform coherent illumination. Subsequently,
the performance of the most suitable design is theoretically investigated under spatially
addressable (non-uniform) coherent illumination. A complete description of techniques
and methods for the experimental realization of two-dimensional coherent control is also
presented here.

2.1

Mathematical description of coherent control of the
expression of thin film absorption

In the configuration of Fig. 1.6 describing coherent control of a functional thin film, two
co-linearly polarized coherent counter-propagating beams A and B establish a standing
wave. The interaction of the thin sample with light depends on the sample’s position
within the standing wave. This light-matter interaction can be generally described by
15
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the Hamiltonian in the first-order spatial dispersion approximation [114]:

Hint

#»
1 ˆ∂ A 1 dq̂ il
#»
= d
− (
− ceilk m̂k )∇l Ai
c ∂t
c dt

(2.1)

In this equation i, l, k are the Cartesian coordinates and eilk the Levi-Civita permutation
#»
symbol for three dimensions. A is the vector potential of the electromagnetic field,
ˆ q̂, m̂ represent the electric dipole, electric quadrupole and magnetic dipole moments,
d,
respectively, c is the speed of light and t represents time [114]. Assuming y-polarized
coherent counter-propagating beams A and B of frequency ω and equal amplitudes
propagating along the z-axis, the vector-potential, the magnetic and electric field vectors
of the established standing wave are given by:
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where A0 is the amplitude of the vector potential and k the wave number. Substituting
Eq. 2.2 to Eq. 2.1 yields
yz

1 dq̂
ˆ
− m̂x )sin(kz)sin(ωt)]
Hint = −2kA0 [dcos(kz)cos(ωt)
−(
c dt

(2.5)

This Hamiltonian provides a detailed description of the interaction of the standing wave
with the thin sample assuming negligible contribution from higher order multipoles.
Specifically, for the sample positioned at standing wave electric nodes (minima of the
electric field) shown in Fig. 1.6 b, where cos(kz) = 0, the light-matter interaction is
restricted to the electric quadrupole and magnetic dipole interactions with the energy
stored in the magnetic field maxima. On the contrary, at standing wave magnetic nodes
(electric field anti-nodes shown in Fig. 1.6 a), where sin(kz) = 0, solely the electric dipole
interaction is possible. Therefore, in order to perform a full analytical description of
the limiting cases of Fig. 1.6, one should calculate the individual electric dipole, electric
quadrupole and magnetic dipole mode contributions to the response of the sample that
is to be employed in the coherent control configuration.
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However, for the purposes of this thesis, only single layer samples of deep subwavelength thickness are considered. The in-plane electric quadrupole and magnetic
dipole modes of Eq. 2.5 are not supported in truly planar structures when excited at
normal incidence. Therefore, the contribution of these modes in the case of a film
of non-zero, yet deep sub-wavelength thickness, is minuscule compared to the effects
arising from coupling to the electric dipole excitation. So, the second term of Eq. 2.5
can be eliminated from this analysis for simplification purposes, while always keeping
in mind that in the case of electric nodes, this term will be minuscule but non-zero.
Consequently, the simplified Hamiltonian for samples of deep sub-wavelength thickness
reads:
ˆ
Hint = −2kA0 dcos(kz)cos(ωt)

(2.6)

Having explored the nature of the thin film excitation, the standing wave description is
derived based on the electric field of input beams A and B in Fig. 1.6. In the coherent control configuration in energy standing waves, the coherent counter-propagating
input beams are co-linearly polarized and normally incident to the film (assuming ypolarization and employing complex conjugate notation for this description):
# »
EA = EA e−i(ωt−kz−∆ϕ) ŷ

and

# »
EB = EB e−i(ωt+kz) ŷ

(2.7)

where EA , EB stand for the amplitude of the electric field for each beam and ∆ϕ is
the relative beam phase difference which throughout this work is prescribed by varying
the phase of beam A. The real-valued electric fields of beam A and B are given by the
# »
# »
real parts of EA and EB . On a certain plane across the standing wave, say z = 0, the
#» # » # »
time-averaged energy density stored in the electric field E = EA + EB of the standing
wave reads:
o # » # » # » # »
o #» #»∗
hE E i = h(EA + EB )(EA + EB )∗ i =
2
2
Z T
Z T
Z T
o
# » # »∗
# » # »∗
# »# »
Re{
EA EA dt +
EB EB dt + 2
EA EB ∗ dt)} =
2T
0
0
0
o
(EA 2 + EB 2 + 2EA EB cos(∆ϕ))
2

(2.8)

where o is the permittivity of free space and T is the period of the oscillating field.
In order to investigate what happens across the standing wave electric nodes and
anti-nodes and how the film functionality comes into play, it is instructive to consider
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Figure 2.1: Four-port device representation of coherent control of thin
films. A thin film (brown) is illuminated by two coherent counter-propagating
beams A and B. Beams C and D are the two resulting output beams, [106, 115].

the thin film coherent control scheme as a four-port device which describes the system
taking into account both excitation beams and thin film properties [106, 115].
This is illustrated in Fig. 2.1 with two input beams A and B, two output beams
C and D and a thin film. Assuming no phase advance is accumulated within the film
due to its vanishing thickness, it can be considered that the film scatters equally in the
forward and backward direction. Additionally, assuming that the film is illuminated by
an eigenpolarization, it may be described by a single complex scattering amplitude s(λ)
# »
that is wavelength dependent. For a single incident beam, say EA , the reflected field
# »
is given by s(λ)EA and the transmitted field is given by the superposition of scattered
# »
and incident waves (s(λ) + 1)EA . It is therefore evident that the output beams C and
D are related to the input beams A and B via the scattering matrix expression [115]:

 


# »
# »
ED
s(λ)
s(λ) + 1
EA

 


# » =
# »
EC
EB
s(λ) + 1
s(λ)

(2.9)

# »
# »
where EA and EB are given by Eq. 2.7. For single beam illumination conditions (EA = 0
or EB = 0), Eq. 2.9 still holds and correctly describes the thin film response. For simultaneous excitation by the coherent counter-propagating and normally incident beams A
#» #»
and B, the per output channel intensity can by extracted by I = E E ∗ and Eq. 2.9:

# »# »
# »
# »
# »# »
ID = ED ED ∗ = |s(λ)|2 |EA |2 + |s(λ) + 1|2 |EB |2 + 2Re (s(λ) + 1)s∗ (λ)EA EB ∗

= |s(λ)|2 EA 2 + |s(λ) + 1|2 EB 2 + 2Re (s(λ) + 1)s∗ (λ) EA EB cos(∆ϕ)
(2.10)
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# »# »
# »
# »
# » # »
IC = EC EC ∗ = |s(λ) + 1|2 |EA |2 + |s(λ)|2 |EB |2 + 2Re (s(λ) + 1)s∗ (λ)EA ∗ EB

= |s(λ) + 1|2 EA 2 + |s(λ)|2 EB 2 + 2Re (s(λ) + 1)s∗ (λ) EA EB cos(∆ϕ)
(2.11)
For ∆ϕ = (2N + 1)π and EA = EB = E0 , which corresponds to placing the thin
film at a standing wave node formed by counter-propagating anti-phase input beams of
equal amplitudes, Eqs. 2.9 - 2.11 yield:
# » # »
ED = EB ,

# » # »
EC = EA

ID = IC = E0 2

and

(2.12)

The simple result of Eq. 2.12 has a rather fascinating physical meaning for the theory
of coherent control of the functionalities of vanishingly thin films which arises from the
restriction to electric light-matter interaction in films of deep sub-wavelength thickness.
The resulting effect is called coherent perfect transparency. In particular, under the
aforementioned conditions, a thin film that may be approximated by a single layer —
regardless of its optical functionality and without any dependence on its scattering characteristics (s(λ)) — will be effectively switched off and therefore completely transparent
to the impinging light at electric field nodes of the standing wave. Coherent perfect
transparency constitutes an important state of coherent control because it enables effective all-optical elimination of any planar thin film functionality (e.g. absorption,
refraction, optical activity) solely based on the substantially sub-wavelength thickness
of the sample and simple interference effects.
On the contrary, at standing wave anti-nodes where ∆ϕ = 2N π and for equal input
amplitudes EA = EB = E0 , Eqs. 2.9 - 2.11 reduce to:
# » # »
ED = EC = (2s(λ) + 1)E0

and

ID = IC = |2s(λ) + 1|2 E0 2

(2.13)

Eq. 2.13 describes the wavelength-dependent light-matter interaction as a function of
the film’s scattering coefficient at standing wave electric field anti-nodes for equal input
amplitudes. Close observation of Eq. 2.13 reveals another intriguing state of the fourport device which occurs when s(λ) = −0.5 and results in:
# » # »
ED = EC = 0

and

ID = IC = 0

(2.14)

This is the condition of coherent perfect absorption under which the total input light
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intensity is absorbed by the thin film. Interestingly, s(λ) = −0.5 corresponds to the
maximum achievable absorption level in a vanishingly thin film [116, 117] and along with
the condition of equal scattering in the forward and backward directions provides the
description of the ideal thin absorber, see Appendix A. Thus, for an ideal thin absorber
employed in the coherent control configuration described above, the level of absorption
in the system can be tuned all-optically from 0% to 100%, i.e. between coherent perfect
transparency and coherent perfect absorption, respectively.
Following the mathematical description of coherent control of ideal thin absorbers,
which is the physical mechanism underpinning all demonstrations throughout this thesis,
the characteristics and specifications of such a system should be underlined. Firstly,
careful observation of Eq. 2.9 reveals that the four-port device is inherently nonlinear,
since varying the amplitude of a single input does not imply equal scaling of the output
port amplitudes. This counter-intuitive result suggests that despite the linear response of
the thin film, nonlinearity is still accessible through the coherent control configuration.
More importantly, such nonlinear behaviour is free from slow and energy demanding
nonlinearities of nonlinear materials. In particular, the bandwidth of coherent control
of absorption in thin films has been proven to solely depend on the de-phasing speed
of the film’s absorption mechanism [108, 109] and therefore 10s of THz bandwidth can
be achieved. Lastly, coherent control of absorption does not depend on one photon
modulating another and is therefore compatible with arbitrarily low intensities, down to
the single photon regime [107]. These characteristics make coherent control of thin film
absorption a powerful tool for ultrafast, energy-efficient, all-optical modulation for future
coherent photonic networks and its potential applications will be explored throughout
this thesis.

2.2

Numerical modelling of coherent perfect absorption

Following the theoretical description of coherent control of thin films and the definition
of the ideal thin absorber, this section is focused on the selection and design of the
appropriate sample that will serve as a suitable ideal thin absorber for spatially uniform
and spatially addressable coherent control of absorption in the near-infrared, where the
experiments of this project will be conducted.
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2.2.1

A metasurface for coherent perfect absorption

An absorber of deep sub-wavelength thickness for coherent perfect absorption should
ideally exhibit the maximum possible level of 50% travelling wave absorption and symmetric splitting of the remaining energy between reflected and transmitted beams, see
Appendix A. This cannot be met by conventional unstructured metallic thin films, which
tend to be highly transparent or highly reflective. This renders metasurfaces a unique
option for creating ideal thin absorbers that can be tuned and optimized to operate in
any required wavelength range. Although metasurfaces are designed and employed as
ideal thin absorbers for the purposes of this thesis, they can in principle be engineered to
deliver any other property, such as refraction, birefringence, optical activity, as explained
in Chapter 1.
The Asymmetrically Split Ring (ASR) geometry has been chosen as the metamaterial building block for the realization of the ideal thin absorber in this thesis. This
structure was chosen because it supports excitation modes that result in an absorption
resonance accompanied by equal transmission and reflection coefficients that can be
translated throughout the electromagnetic spectrum [32]. Moreover, it was successfully
employed in the initial demonstration of coherent perfect absorption with metamaterials
[28]. The structure can be realized either as metallic ASRs fabricated on a dielectric
substrate, see inset of Fig. 2.2 a, or as a complementary structure of ASR slits perforated in a metal film, inset of Fig. 2.2 c. For such structures, symmetry breaking was
proven to excite a Fano-type resonance [54, 118–120] within a narrow frequency range,
see Fig. 2.2 a, where the external stimulus induces anti-symmetric currents along the
arcs of the split-ring (II) as shown in Fig. 2.2 b. This excitation mode creates an array
of magnetic dipoles oscillating perpendicular to the metamaterial plane, which cannot
couple directly to free space as magnetic dipoles cannot radiate in their oscillation direction and as destructive interference prevents the array of sub-wavelength periodicity
from radiating in any other direction. This sharp resonance is accompanied by the other
two resonances (I, III) depicted in Fig. 2.2 b arising from in-phase current oscillations
along the arcs of the split-rings. This overall response is also pronounced as a broad resonance in the absorption spectrum, Fig. 2.2 a (bottom). A similar response is obtained
in the optical part of the spectrum, where the geometry of the ASR is downscaled for the
visible or near-infrared, see Fig. 2.2 c - d. It should be noted that the optical spectral
behaviour of complementary structures (i.e. ASRs realized as metallic wires or as slits),
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Figure 2.2: Asymmetrically Split Ring metamaterial. (a) Normal incidence
spectra: experiment (solid line) and theory (filled circles) at microwave frequencies
for an array of metallic asymmetrically split rings, theory for symmetrically split
rings (empty circles). (b) x-component of the instantaneous current distribution
corresponding to resonant features in panel a. (c) Simulated normal incidence
visible to near-infrared spectral response for asymmetric split ring apertures in a
gold film. (d) Simulated normalized Hz component of the field distribution at
resonant wavelengths of panel c. [54].

as the ones depicted in the insets of Fig. 2.2 a and c, corresponds to complementary
reflectivity and transmittance responses. In complementary structures underpinned by
Babinet’s principle [121], different polarizations are used in order to excite modes corresponding to complementary spectral features [122]. In the metallic ASR structure, as
explained in [54], the incident light must be polarized perpendicular to the structure’s
line of symmetry for the trapped-mode resonance to be excited. Therefore, in the case
of the ASR slit structure, the incident polarization must coincide with the symmetry
axis of the structure. As a result, the trapped-modes are best captured in different field
components, see Fig. 2.2 b and d.
Based on the detailed description of the ASR metamaterial modes, the requirements for the realization of an ideal thin absorber and the targeted wavelength for the
experimental demonstrations of this thesis, the theoretical study targeted the design and
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optimization of an ASR array perforated in a thin gold film. As will be explained below,
it is essential to create a sample that is fully symmetric in the direction of propagation
of the counter-propagating beams in the coherent control environment. Therefore, the
complementary ASR array is a better choice for this case as it does not require a substrate and can be realized by slits in a metal film. Gold is noble metal that has relatively
low dissipation factor and good electrical properties at the near-infrared and is therefore
one of the best plasmonic metals. Moreover, it has been widely used for the fabrication
of plasmonic metamaterials because it is easy to handle experimentally. Therefore, the
ASR structures are designed and fabricated in gold.
A dedicated theoretical study has been performed to determine the proper ASR
sample specifications and to test the resulting metamaterial in a coherent control environment. The metamaterial’s geometrical parameters were tuned in order to place the
absorption resonance at the wavelength of interest, i.e. 785 nm based on the CW laser
employed in the experimental setup, and to achieve the 50% single-beam absorption
peak as required for optimal performance. In this study of the gold ASR metasurface
design, the size of the unit cell, the gold thickness and the slit width were adjusted
systematically and several substrates were considered. In the first step of the design,
the unit cell of the free-standing gold ASR array described in [28] was scaled down to
achieve an absorption resonance at 785 nm. Subsequently, the gold thickness was tuned
in steps of 5 nm in order to find the optimum thickness that provides the maximum
absorption and is still deeply sub-wavelength. In the last step of the tuning of the
absorption resonance, the slit width was varied in order to attain the 50% absorption
resonance at 785 nm under the fabrication restrictions imposed by the focused ion beam
milling process (i.e. a slit width smaller than 30 nm is difficult to achieve). The use
of substrates was also considered since it is significantly easier to fabricate substratesupported ASR structures and similar tuning steps were followed for the design of the
optimum structure for each substrate.
The spectral and coherent control simulations were conducted via the Comsol Multiphysics Finite Element Method (FEM) 3D solver. The 3D model that was employed
throughout simulation and design analysis consisted of the metasurface unit cell design
sitting between two 2-wavelength-long air blocks (of unit cell sized footprint) on the
top and bottom of the unit cell structure, see Fig. 2.3. Periodic boundary conditions
were prescribed in all lateral unit cell and air block surfaces for the simulation of an
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Figure 2.3: Computational model for the study of ASR samples. 3D
COMSOL model for a free-standing gold ASR unit cell design positioned between
2-λ-long air blocks. The excitation is applied on surface boundaries B1 and B2.
Periodic boundary (PB) conditions are applied to all lateral unit cell and air block
boundaries for the simulation of an infinite array.

infinite metamaterial array. Normal incidence plane wave excitation of electric polarization parallel to the ASR symmetry axis (y-axis for all models) as well as the variation
of the relative beam phase difference (∆ϕ) for the purposes of coherent control simulations were applied on the end surface boundaries of the 3D model (B1 and B2) for all
following cases. In all coherent control simulations the normally incident co-polarized
plane wave excitations (beams A and B) applied on both end surface boundaries have
equal amplitudes. Fig. 2.3 corresponds to the modelling of a free-standing gold ASR
array. However, additional geometry blocks of appropriate thickness were added on the
bottom of the metasurface unit cell for the modelling of metasurface arrays supported
by a substrate. In all cases, the excitation boundaries (A and B) were two wavelengths
away from each side of the metasurface unit cell.
The ideally symmetric case (no substrate on either side) is to be realized by an ASR
periodic array perforated in a free-standing gold film, for which the design parameters
are captured in Fig. 2.4 a. For single beam illumination, an absorption peak of 48.4%
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Figure 2.4: Free-standing ASR gold sample design. (a) Geometry of the
metasurface unit cell. The gold thickness is 60 nm. (b) Reflection (R), transmission
(T) and absorption (A) of the metamaterial for normal incidence illumination with
a single beam. (c) Light-by-light coherent control configuration. (d) Light-by-light
modulated output intensities as a function of the relative beam phase difference
∆ϕ: S1 - Output intensity integrated along B1 . S2 - Output intensity integrated
along B2 , S - combined output intensity, A - total absorption. S1 , S2 , S and A are
normalized to the total input intensity.
was achieved for a 60 nm thick gold sample at 785 nm wavelength, Fig. 2.4 b. It is noted
that the metasurface thickness corresponds to λ/13 at the design wavelength, which is in
accordance to the theoretical requirement of deep sub-wavelength thickness. The quality
factor Q of this absorption resonance, defined as the resonance frequency divided by the
resonance’s Full Width Half Maximum (FWHM), equals 13. This is a typical value for
ASR metasurfaces operating in the visible to near-infrared spectral range.
The same model was used to simulate the metamaterial’s response under illumination by two coherent co-polarized counter-propagating plane waves A and B at normal
incidence, when the phase of excitation beam A and thus the relative beam phase difference at the metamaterial position (∆ϕ) varies from 0 to 2π. As depicted in Fig. 2.4 c,
the non-absorbed output power in this model is distributed over Channels I and II. In
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Channel I, the integral of the output power S1 along boundary B1 is composed of the
reflected beam A and the transmitted beam B. Similarly, S2 accounts for the transmitted beam A and the reflected beam B integrated along B2 . Moreover, the range over
which the total output intensity S = S1 + S2 or total absorption A = 1 − S fluctuate
can be defined as the Figure Of Merit (FOM) in this coherent control approach. For
the free-standing sample the FOM is derived from Fig. 2.4 d, where A spreads over 195.6%, hence the FOM equals 94.6%. The somewhat reduced range of total absorption
modulation with respect to the ideal case described in the theoretical analysis of the
Section 2.1 arises from the finite sample thickness which results in non-zero coupling of
the sample modes with the magnetic field, hence non-zero minimum absorption. Moreover, the absorption peak of the single beam spectrum being slightly lower than the
ideal 50% (48.4%) results in less than 100% maximum total absorption. The extensive
parametric simulations conducted for the unit cell design proved that obtaining a 50%
absorption peak can be quite challenging at the wavelength of interest. Nonetheless, the
final modulation range remains very close to the ideal limits.
It is noted that maxima and minima of S1 and S2 are observed for slightly different
relative phase differences of the impinging beams in Fig. 2.4 d. This phase shift results
from the imperfect performance of the simulated structure and S1 and S2 would coincide
for an ideal thin absorber as explained below. For the symmetric case of Fig. 2.4 c, both
beam A and B are polarized parallel to the ASR symmetry axis (i.e. y-axis for the
employed Comsol model orientation), their amplitudes are equal to E0 and the sample
reflectivity and transmissivity in terms of fields are r(λ) = s(λ) and t(λ) = s(λ) + 1 for
either side of illumination. Hence, the total scattered fields of Eq. 2.9 can be alternatively
written as:
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(2.15)

at a certain plane across the standing wave, say z = 0. This field form imposes that
for ∆ϕ = N π, the per channel output intensities will be equal, ID = IC , and therefore
S1 = S2 , independently of the nature of the complex transmission t(λ) and reflection
r(λ) coefficients.
However, based on Eq. 2.15, except for trivial cases of t(λ) = 0 or r(λ) = 0, for
arbitrary relative beam phase differences (excluding ∆ϕ = N π), the channel output
intensities can only be equal if the complex scattering coefficient is real and therefore
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Figure 2.5: ASR gold sample design on silica substrate. (a) Geometry of
the metasurface unit cell. The gold thickness is 50 nm. Silica thickness is 170 µm.
(b) Reflection (R), transmission (T) and absorption (A) of the metamaterial for normal incidence illumination with a single beam impinging on silica (solid lines) and on
Au (dashed lines). (c) Light-by-light coherent control configuration. (d) Light-bylight modulated output intensities as a function of the relative beam phase difference
∆ϕ: S1 - Output intensity integrated along B1 . S2 - Output intensity integrated
along B2 , S - combined output intensity, A - total absorption. S1 , S2 , S and A are
normalized to the total input intensity.

the complex transmission and reflection coefficients are both real. Hence, in the case of
non-zero imaginary part of the complex reflection and transmission coefficients, the per
channel output intensity will be different for phase differences that are not multiples of
π. This physically corresponds to any deviation from the ideal thin absorber, which may
be introduced by the non-zero sample thickness and less than 50% absorption level and
results in the symmetry of the system to be translated to a symmetry between channel
output intensities in terms of the relative phase difference which can be described as:
S1 (π − ∆ϕ) = S2 (π + ∆ϕ)
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Figure 2.6: ASR gold sample design on Si3 N4 substrate. (a) Geometry
of the metasurface unit cell. The gold thickness is 50 nm. Si3 N4 thickness is
50 nm. (b) Reflection (R), transmission (T) and absorption (A) of the metamaterial
for normal incidence illumination with a single beam impinging on Si3 N4 (solid
lines) and on Au (dashed lines). (c) Light-by-light coherent control configuration.
(d) Light-by-light modulated output intensities as a function of the relative beam
phase difference (∆ϕ): S1 - Output intensity integrated along B1 . S2 - Output
intensity integrated along B2 , S - combined output intensity, A - total absorption.
S1 , S2 , S and A are normalized to the total input intensity.

Thus, this analysis explains all features depicted in Fig. 2.4 d. In practice, it
is remarkably easier to fabricate a sample supported by a silica or Si3 N4 substrate.
Therefore, the previous simulations have been repeated for these cases in order to have
a complete library of possible designs for future fabrications. As denoted in Fig. 2.5 b, for
a 50 nm thick gold sample on a silica cover slip of 170 µm thickness (realized by adjusting
the refractive index of the bottom air block in Fig. 2.3), the single beam reflection and
absorption spectra differ for the two directions of incidence (A: 53.5%/35.9% for light
impinging on the silica/Au side of the sample) due to the asymmetry introduced by the
substrate along the propagation axis. Therefore, the light-by-light control configuration
(Fig. 2.5 c) reveals an asymmetry in the modulation of the two output channels. In
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Figure 2.7: Comparison of coherent control responses for ASR samples on
silica and Si3 N4 substrates. Silica (solid lines), Si3 N4 (dashed lines). The graph is
composed of Fig. 2.5 and Fig. 2.6 results.

particular, the total intensity of the incident beams is unevenly distributed between
the two output channels. As a result, maxima and minima of the total absorption lie
within a range of 3.9-88.9% (FOM=85%) of the total input intensity. Similar yet more
pronounced asymmetries in the optical characteristics are observed for an optimized
50 nm gold ASR sample on a 50 nm thick Si3 N4 membrane (realized by adding a 50 nmthick block of appropriate refractive index in the bottom of the metasurface unit cell in
Fig. 2.3), see Fig. 2.6.
Finally, Fig. 2.7 reveals the minuscule difference between the on-silica and the onSi3 N4 samples in terms of total absorption. The FOM differs only by about 3%. At
the same time, a less pronounced difference between the separate output channels is
observed in the case of silica substrate.
In conclusion, an optimised library of possible samples has been created for the
implementation of an ASR metamaterial for coherent control of absorption of light by
light. Feasible samples can be fabricated on silica or Si3 N4 substrates without introducing dramatic deterioration (10% FOM deterioration) of the coherent control behaviour
with respect to the ideal symmetric case. In the following section, the response of
the ASR free-standing gold sample will be investigated under the spatially addressable
coherent control scheme.
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2.2.2

Metasurface response under spatially varying illumination

Figure 2.8: Spatially addressable coherent control concept. Coherent perfect absorber illuminated by a structured intensity profile of either beam A (a) or
beam B (b) or instead a uniform intensity profile with structured phase of either
beam A (c) or beam B (d). Simultaneous coherent illumination of the metasurface by either patterns a and b or patterns c and d yield the same pattern (e),
except for a difference in intensity subject to single beam reflection, transmission
and absorption levels which is not depicted in this conceptual figure.

The coherent control platform as discussed so far leads to modulation of light with light
where temporal control is accessed through the translation of the standing wave position
with respect to the thin film. A whole new level of functionality would be achieved by
simultaneous control over the expression of sample properties in space. Such a possibility
would demonstrate a fully dynamic all-optical process. This can be achieved by applying
spatially varying intensity and/or phase profiles to the counter-propagating coherent
wavefronts. For instance, as illustrated in Fig. 2.8 a, the ASR array can be illuminated
with an image which is encoded in the intensity profile of beam A. In order to coherently
absorb only the bottom right circle of this image on the metasurface, the intensity profile
of the counter-propagating coherent beam B needs to be properly tailored as depicted in
Fig. 2.8 b for in-phase beams A and B. The interaction of these two profiles results in the
deletion (coherent perfect absorption) of this part of beam A, as depicted in Fig. 2.8 e. A
similar outcome can be attained for the case of a uniform phase and intensity profile for
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beam A (Fig. 2.8 c) and a prescribed spatially varying phase profile (uniform intensity
across wavefront) for beam B (Fig. 2.8 d), so that coherent perfect absorption occurs
only on the metasurface area which beams A and B reach in phase.
The spatially addressable approach raises the question of how accurately a phase or
intensity non-uniformity can be resolved by the metasurface. In other words, how sharp
are the transitions that can be achieved between metasurface areas where the spatially
varying illuminating profiles are supposed to exhibit maximum and zero absorption? Is
the inter-meta-molecular coupling within the array a limiting factor in this system? The
full computational analysis of this problem would require modelling of a large metamaterial array which would be excited by spatially varying wavefronts. Unfortunately, such
simulation demands excessive computational resources (memory and time). Therefore,
rows and columns of meta-molecules will be modelled seperately to investigate the array
performance under spatially addressable coherent control.
The computational analysis focuses on the construction of a model that best describes an ASR metasurface area, within which the excitation of coherent absorption
passes from maximum to zero (i.e. the counter-propagating wavefront profiles should
form a standing wave anti-node and node in adjacent areas of the array). In order to
decrease the necessary number of degrees of freedom for the FEM 3D analysis with
Comsol, two main axes of possible spatial transitions between maximum and minimum
absorption are considered with respect to the array orientation. In this way, the array
size must be constrained to finite size only along the excitation transition axis, in order
to apply the excitation profile, while periodic boundary conditions can be maintained
in the other direction, see Fig. 2.9 a and b. This simplification leads to a considerably
reduced model size. The specifics of the model are presented in Fig. 2.9 c.
The chosen finite size of the array corresponds to 12 meta-molecules, see Fig. 2.9 a
and b. This is the minimum number of meta-molecules needed to maintain the spectral
response and avoid the spectral collapse of resonances that occurs for small array sizes
in any direction, [123]. In Fig. 2.9 d, the calculated spectral response of the 12×∞ array
is plotted on top of the infinite array spectrum and validates the spectral consistency of
both semi-finite (dots) and infinite models (continuous line).
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Figure 2.9: Computational model for spatially addressable coherent control. The response of 12 × ∞ gold ASR aperture arrays oriented as illustrated in
(a) and (b) is simulated by applying periodic boundary conditions to the top and
bottom boundaries of these horizontally finite arrays. The pink line annotates the
transition between areas excited by different illumination phase and/or intensity
profiles. (c) 3D model for array a. Boundaries A, B, C, D one wavelength (λ) away
from the array are used to apply different excitations from either side. Periodic
boundary conditions are prescribed to all front and rear boundaries. Scattering
boundaries (SB) are prescribed 2λ away from the left and right ends of the array
in order to eliminate any unwanted reflections. (d) Single beam spectral response
of the investigated ASR design in terms of reflectivity (R), transmission (T) and
absorption (A). Lines correspond to simulations of an infinite array simulated as a
single meta-molecule with periodic boundary conditions applied to all lateral boundaries (as shown in Fig. 2.4). Dots represent the spectral response as calculated by
the model of panel c for single beam uniform illumination.
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Figure 2.10: ASR array under uniform single beam excitation. (a) Total
Wtot , electric We and magnetic Wm field energy densities normalized to the maximum total energy density and plotted on the same colour scale. (b) Electric field
amplitude and x, y, z electric field components normalized to the maximum electric
field amplitude plotted on the same colour scale. (c) Magnetic field amplitude and
x, y, z magnetic field components normalized to the maximum magnetic field amplitude plotted on the same colour scale. All distributions are plotted 5 nm away
from the array.

Fig. 2.9 c illustrates the 3D model geometry for the array orientation shown by
Fig. 2.9 a. Excitation boundaries stand a wavelength away from the array to guarantee
plane wave excitation. By separate definition of field distributions on boundaries A
and B as well as C and D, the excitation differentiation from either side of lines αβ
and γδ, respectively, is achieved. In the following cases, the linearly polarized light
is always polarized along the meta-molecules symmetry axis, (y-axis of Fig. 2.9 c for
the semi-finite array of Fig. 2.9 a and x-axis for the one of Fig. 2.9 b. The field and
energy distributions in the near-field of the array under single beam uniform illumination
prescribed across boundaries A and B are given in Fig. 2.10. The comparison of the
field and energy density distributions leads to the conclusion that the analysis can be
based on the electric field amplitude Enorm and energy density We , since the magnetic
field contribution is minuscule in the near field of the ASR array.
All necessary information on the inter-meta-molecular coupling and the excited
modes lies in the array’s near-field under coherent excitation and therefore the nearfield is plotted in all cases on a plane 5 nm away from the array. In the first case to
be considered, E = 0 along both boundaries A and C and Ey = 1, Ey = 1ei∆ϕ along
boundaries B and D, respectively, see Fig. 2.11 a. As expected, across excited areas, for
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∆ϕ = 0, the energy density close to the array is the quadruple of the energy density
for single beam excitation. For ∆ϕ = π, the array is not excited (E-field amplitude and
energy density close to 0). Based on the maps of E-field amplitude in the near-field,
a strict and cautious estimate would account for two neighbouring meta-molecules (on
the left of the pink dashed line) being weakly excited (with the furthest meta-molecule
being almost negligibly excited) through coupling to the illuminated part of the array.
Even if this weak excitation is considered to contribute to the overall performance, the
area covered by 2 meta-molecules is close to the diffraction limit of the optical system
(defined as 0.61 NλA , where NA is the numerical aperture of the system’s optics and is
equal to 0.8) and any underlying coupling effect will be rather difficult to resolve.
Moreover, the energy coupling is minuscule, left column of Fig. 2.11 a. If the
resolution of the imaging system was sufficient to detect the effect from meta-molecules
excited through coupling, the ASR array design optimization could further reduce the
coupling (e.g. by increasing the inter-meta-molecular spacing). Identical conclusions
are derived for the array response under spatially varying phase profiles, as shown in
Fig. 2.11 b. This time, Ey = 1 along boundaries A, B and C, whereas Ey = 1ei∆ϕ along
boundary D.
For the consistency of the analysis, the array response for the case of the transition line being perpendicular to the ASR symmetry axis (array orientation shown in
Fig. 2.9 b) must also be considered. Respective results are presented in Fig. 2.12. For
this case, two orientations of the ASR are considered as shown in Fig. 2.12 a, c and
b, d to account for any differences that may occur when either the “I” or “C”-shaped
slit part of the excited ASRs faces the pink dashed line. Once again, any inter-metamolecular coupling is limited to a maximum of two neighbouring meta-molecules, which
is not problematic or restrictive for our experiments as explained above.
It must be underlined that a further investigation has been conducted to reveal any
possible differences when the line αβ of Fig. 2.9 d is translated across the array in steps
smaller than the unit cell size to account for different positions within the unit cell.
However, the total maximum coupling observed in all cases corresponds to two
meta-molecules (the furthest of which is almost negligibly excited).
Taking all the above into consideration, the conclusion is that the selected ASR
design has a rather satisfactory performance under the spatially addressable coherent
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scheme and its effect on the spatial resolution of such a system is minor as compared to
the diffraction limit. Therefore, this design is adopted for the experimental implementation that will be demonstrated in the following chapters. A dedicated study on the
overall spatial resolution limitations of the experimental platform will be presented in
Chapter 4.

Figure 2.11: ASR array under spatially varying excitation: Excitation
transition boundary line parallel to the array’s symmetry axis. In all
graphs the resulting We (left) and Enorm (right) under the excitation profile are
depicted conceptually in the 1st row (annotations according to Fig. 2.9 c). The
near-field under single beam excitation is presented in the 2nd row and coherent
in-phase and out-of-phase excitation with two beams are shown in the 3rd and
4th rows, respectively. In case of in-phase excitation, We quadruples and Enorm
doubles. (a) Spatially varying intensity. (b) Spatially varying phase. In all figures
the pink dashed line corresponds to line αβ of Fig. 2.9 c. All We distributions are
normalized to the maximum We resulting from illumination with a single beam and
plotted on the same colour scale. Enorm results are normalized to the maximum
Enorm resulting from illumination with a single beam and plotted on the same colour
scale. All distributions are plotted 5 nm away from the array.
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Figure 2.12: ASR array under spatially varying excitation: Excitation
transition boundary line perpendicular to the array’s symmetry axis. In
all graphs the resulting We (left) and Enorm (right) under the excitation profile are
depicted in the 1st row. The near-field under single beam excitation is presented
in the 2nd row and coherent in-phase and out-of phase excitation are shown in the
3rd and 4th rows, respectively. For in-phase excitation We quadruples and Enorm
doubles. (a) - (b) Spatially varying intensity. (c) - (d) Spatially varying phase.
In all figures the pink dashed line corresponds to line αβ of Fig. 2.9 c. All We
distributions are normalized to the maximum We resulting from illumination with
a single beam and plotted on the same colour scale. Enorm results are normalized
to the maximum Enorm resulting from illumination with a single beam and plotted
on the same colour scale. All distributions are plotted 5 nm away from the array.
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2.3

Fabrication of metamaterials and masks

2.3.1

Metasurface nanofabrication and characterization

The development of nanofabrication technologies over the last two decades enabled the
flourishing research of metamaterials and metasurfaces with creative designs that stretch
the feature size down to sub-wavelength dimensions across a vast spectral range.
For the purpose of two-dimensional coherent control the Asymmetrically Split Ring
array design was chosen to access the necessary absorption resonance at the wavelength
of interest (785 nm) as explained in Section 2.2. According to the elaborate simulations
that were conducted to finalize the sample design, the symmetry requirements of coherent control revealed the necessity for a truly free-standing gold metasurface sample
for optimum system performance. J. Valente (former Nanophotonics and Metamaterials
group member) has recently developed a nanofabrication technique for creating truly
free-standing gold metasurfaces with ASR designs for the needs of the experiments of
this thesis and fabricated the sample to be used as the ideal thin absorber in experiments. The process involves thin film deposition, etching and focused ion beam milling
(FIB) and will be described in detail in this section.

Figure 2.13: Fabrication process for free-standing gold Asymmetrically
Split Ring array. (a) Commercially available Si3 N4 membrane. (b) Resistive thermal evaporation of gold on the membrane (artistic impression). (c) Si3 N4 membrane
substrate removal by reactive ion etching (bottom: schematic diagram of the end result cross-section. top: SEM image depicting the free-standing gold and Si3 N4 parts
of the sample). (d) Focused Ga+ ion beam milling of the metasurface nanostructure
(artistic impression).

The nanofabrication process is initiated with deposition of a thin (60 nm) gold
film on a commercially available Si3 N4 membrane (50 nm thick) using resistive thermal
evaporation, see Fig. 2.13. Gold deposition occurs in high vacuum in order to reduce the
number of particle collisions as the evaporated particles travel towards the substrate,
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hence providing increased purity of the final films. Gold pellets contained in tungsten
crucibles are electrothermally heated up to the melting point of gold by applied current.
Optimization of deposition parameters, such as pressure, temperature and evaporation
rate can further improve the quality of the final gold thin films (i.e. roughness, high
uniformity). For this thesis, the resistive thermal evaporation was conducted in high
vacuum (2 × 10−6 mbar) with gold pellets (99.99%) at evaporation rates of 0.10 nm/s.
For the end result of a truly free-standing gold sample, Reactive Ion Etching (RIE)
was employed to remove the supporting Si3 N4 substrate after the resistive thermal evaporation of the thin gold film. RIE is a dry etching technique which occurs in an ion
plasma environment and enables the easy and gentle removal of material without affecting neighbouring materials (gold in this case). High-energy ions from a chemically
reactive plasma generated by an electromagnetic field in vacuum interact with Si3 N4 and
the induced chemical reaction results in the removal of Si3 N4 . Gas pressure is maintained between 10−3 to 10−1 mbar and the frequency of the applied RF electromagnetic
field is typically set to 13.56 MHz applied at a few hundred Watts. For this particular
process the precursor gases are CHF3 and Ar with fluxes 2 sccm (sccm = standard
cubic centimetres per minute) and 10 sccm, respectively and RF power is about 80 W.
With these settings, gold remains intact and the Si3 N4 substrate of 50 nm thickness is
removed in approximately 10 minutes. At the end of the etching step (Fig. 2.13 c), the
resulting free-standing gold film is ready to be perforated with the desired metasurface
profile by focused ion beam milling.
The milling process is performed in the FEI Helios 600 NanoLab instrument. Focused ion beam milling is conducted in a vacuum chamber where pressure is maintained
below 10−7 mbar. Liquid Ga is extracted from a liquid source by electric field induction
upon high voltage. Ions of Ga are then accelerated and form an ion beam of typical
energy between 10 and 30 keV for the milling process. The beam profile is shaped by an
aperture and subsequently condensed by an electrostatic lens and corrected for astigmatism by an octopole. Variation of the beam current between 1 pA and 22 nA is achieved
by a variable aperture. The beam current defines the resolution of the FIB milling. A
blanking deflector and aperture are used to blank the beam during fabrication. Another
octopole performs the raster scanning of the beam over the sample in a user-defined
pattern and a second electrostatic lens focuses the beam to a fine spot enabling resolution in the sub-5-nm range. Material removal from the sample is achieved by physical
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sputtering induced by the FIB through a series of collisions of the incident ions with
the solid target (Fig. 2.13 d). The milling is carried out in a repetitive scanning manner
and can create a vast range of surface topologies via control of the scanning pattern,
location and ion dosage. In this work a focused 30 keV Ga+ ion beam of less than 5 nm
diameter can create features less than 30 nm in size.
The FIB system is supplemented by a scanning electron microscope (SEM) system
that has the same focal spot and facilitates imaging of the sample area to be processed
by the FIB as well as monitoring of the FIB milling in real time. SEM imaging is the
tool for initial characterization of the fabricated metasurface samples.
For the spectral characterization of metasurfaces, a CRAIC micro-spectro-photometer
is used to measure the optical properties of the fabricated samples. For such measurements, initial reference spectra corresponding to 0% and 100% reflectivity and transmission are acquired followed by reflection and transmission spectrum acquisition for either
side of the sample under linearly polarized broadband light illumination generated by a
Halogen lamp.
For the purposes of two-dimensional control of light with light, a free-standing gold
sample was perforated with a 100 µm × 100 µm array of ASR meta-molecules based
on the design specifications of the previous section. The sample was fabricated by J.
Valente. An SEM image and the measured sample spectrum are presented in Fig. 2.14.
For illumination of the front and back sides of the sample, measurements indicate almost identical properties (averaging the front and back side response for each case):
35% absorption, 37% transmission and 28% reflection at 785 nm. Quantitative deviations including the shifting and broadening of the spectral resonance, are attributed
to fabrication deficiencies of the newly developed procedure for creating free-standing
gold metasurfaces. Nonetheless, the sample response at the wavelength of interest is
considered sufficient for the experimental needs of this thesis which focuses on the design, operation and characterization of the metadevice and its applications, rather than
the optimization of the free-standing metasurface fabrication scheme. Deviations from
the theoretical description of coherent control due to the less than ideal single beam
absorption level will be discussed in each experimental chapter in order to appropriately
describe each individual application.
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Figure 2.14: Fabricated free-standing gold Asymmetrically Split Ring
metasurface. (a) SEM image of the fabricated 100 µm × 100 µm ASR array.
(b) Enlarged view of the central part of the fabricated metasurface annotated by
the yellow square in a. (c) Enlarged view of a unit cell of the fabricated metasurface annotated by the yellow square in b. (d) Measured spectral response of the
fabricated sample for illumination from the front (solid lines) and rear side (dashed
lines) of the metasurface.

2.3.2

Mask fabrication

Throughout the experimental demonstrations of this thesis, coherent control is implemented in a spatially addressable way via counter-propagating beams with binary profiles of structured intensity. For this purpose, intensity masks of different types were
fabricated for the distinct applications that are presented in the following chapters.
For two-dimensional profiles with coarse features (down to 0.9 mm aperture diameters) of low complexity, a milling machine was used to drill apertures of various diameters
on purpose-designed 1 mm thick aluminium mask templates. The optical setup where
the masks will be used is constructed on a 30 mm cage system as will be explained in
Section 2.4. Therefore, mask templates included 30 mm cage system compatible mount
features, see Fig. 2.15 a and b, in order to be properly positioned at prescribed positions
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Figure 2.15: Binary intensity masks fabricated with mechanical milling.
(a) Mask template design and dimensions. Features around points A and B are
properly tailored for mounting on a 30 mm cage system resulting in the alignment
of the centre C of the mask with the optical axis of the cage system. (b) Fabricated
aluminium mask template. (c) Fabricated aluminium mask template with 1.5 mm
aperture drilled in the centre of the mask. (d) Mask mounting mechanism to avoid
tilting with respect to the optical axis of the cage. Mount 1 (30 mm cage compatible 1” clear aperture plate) is fixed on the cage to determine the positioning of the
mask across the optical path. Mount 2 (30 mm cage compatible 1” clear aperture
plate) is pressed against the mask to restrict any mask movement or tilt throughout experiments. Fabricated masks are presented before being painted black for
illustration purposes.

along the cage-supported part of the optical system and aligned with the system’s optical
axis. Depending on the binary profile to be imposed, apertures of prescribed diameter
were drilled in the aluminium mask templates, Fig. 2.15 c. Subsequently, the masks
were painted black to avoid any unwanted reflections. The minimum achievable feature
with this technique corresponds to a 0.9 mm diameter aperture. Finally, when mounted
on the cage system, the masks were placed between two 30 mm cage compatible 1” clear
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Figure 2.16: Binary intensity masks fabricated with photo-lithography.
(a) Commercially produced custom photo-mask including designs for experimental
demonstrations of this thesis. Metal features of the photo-mask prevent the exposure of sample areas to be removed during “lift-off”. (b) Optical microscope images
of selected fabricated photolithography mask examples: i - Fresnel Zone plate pattern, ii - circular dot pattern, iii - binary satellite image of Arctic and Greenland
areas. Gray areas correspond to chromium and black areas to glass (c) Mask mounting mechanism: i - 1” mount to be mounted on a 30 mm cage plate with the rear
mask surface protected by a rubber ring, ii - Square mask of 1” diagonal positioned
on the protective rubber ring, iii - top mask surface protected by the second rubber
ring and the retaining ring. (d) Mask and kinematic mounting mechanism assembly
in the optical system.

aperture plates to avoid tilting with respect to the optical axis, Fig. 2.15 d.
For complex binary intensity profiles of higher resolution (smaller features than the
mechanical drilling minimum feature of 0.9 mm), binary chromium on silica masks were
fabricated by photo-lithography. 18 mm × 18 mm silica cover slips of 120 - 170 µm
thickness and high flatness quality were prepared for the photolithography process. The
cover slip preparation involved solvent cleaning to remove any residues and dust from the
surface through subsequent sonic baths of acetone, isopropanole and de-ionized water
followed by blow-drying process. Positive photo-resist (Microposit S1813) was then spincoated on the sample. The photo-resist thickness is dictated by its viscosity and the
spin coating rotation speed and is a critical parameter for achieving good resolution
and efficient material removal. The resist thickness must be larger than the deposited
material thickness to efficiently separate features to be removed from desired features
on the final sample during lift-off and sufficiently small in order not to compromise the
achievable resolution. For the demonstrations presented in this thesis, the metal film
thickness is set to 120 nm (unless stated otherwise) to ensure minimum transmission
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through the opaque areas of the fabricated masks and the minimum feature is 22 µm
throughout the employed designs. For these requirements the spin-coating occurred at
a rotation speed of 4500 rpm (rotations per minute) which corresponds to a thickness
of 1-2 µm for the used photo-resist. The resist-coated samples were then heated to
110◦ C for 60 s and exposed to UV light through a photo-mask which included the
negatives of the desired binary intensity profiles for the experimental demonstrations,
see Fig. 2.16 a. After exposure, the sample was sunk into a developer bath for 50 s to
remove the exposed photo-resist and then washed and dried. In the next step, 120 nm of
chromium were deposited on the sample with electron beam evaporation. This physical
vapour deposition technique occurs in vacuum (less than 1 ×10−6 mbar) where an intense
electron beam is generated from a filament and directed via electromagnetic fields to
a source crucible including the material (in this case chromium) to be vaporized due
to heating via energy transfer and deposited on the sample. The last step of the mask
fabrication process is known as “lift-off”. During this stage, the samples are treated in
sonic baths with acetone resulting in the removal of the unexposed photo-resist with the
metal on top which corresponds to the transparent features of the binary designs. The
resulting binary mask profiles are examined with an optical microscope, see Fig. 2.16 b.
Finally, the mechanism for mounting the fabricated masks on the cage system of the
optical setup is shown in Fig. 2.16 c and d. The square (1” diagonal) mask samples
are mounted on a 1” mount compatible with the 30 mm cage system’s 1” plates. Two
clear aperture rubber rings are protecting the front and rear surfaces of the masks which
are fixed in the 1” mount with retaining rings. This technique guarantees the accurate
positioning of the mask in positions determined by the 1” cage plates and limits tilting
of the mask with respect to the optical axis.
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2.4

Optical imaging interferometer for two-dimensional coherent control of absorption of light

Figure 2.17: Optical setup for two-dimensional coherent control. (a)
Schematic illustration of optical system components. (b) Photograph of the experimental configuration. VLC: Variable Liquid Crystal, HWP: Half-Wave Plate, LED:
Light Emitting Diode, CCD: Charge Coupled Device.

The spatially addressable coherent control experimental platform consists of a standingwave interferometer with integrated imaging parts in both interferometer arms. As
explained in Section 2.2.2, excitation profiles propagating in either arm can be of varying phase and/or intensity across the wavefront cross-sections. The imaging parts of the
interferometer project any distributed excitation profile from the rear focal plane of the
imaging system on the thin film or metasurface (front focal plane of the imaging system) from either side. In this way, the interference pattern on the metamaterial plane
is spatially modified, accordingly. For the experimentally demonstrated applications
of two-dimensional coherent control, the intensity of counter-propagating wavefronts is
spatially structured by binary masks which partially block the incident beam wavefronts. Consequently, coherent perfect absorption or transparency occurs solely over the
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Figure 2.18: Metasurface sample mounting assembly. (a) Side view, (b) top
view and (c) zoomed-in side view photographs of the sample holder mounting assembly in the optical system illustrating the sample holder designed to fit between
the tight objective foci (1 mm working distance) causing minimum disruption to
the cage system of the optical step. The sample holder is mounted on an x-, y- and
z-translation cube to facilitate accurate positioning of the metasurface with respect
to the foci of both objectives. Bulk aluminium trails were designed to fix the translation cube position on the optical bench. (d) @Front and (e) rear view photograph
of the sample holder designed to accommodate the square 5 mm × 5 mm membrane
frame supporting the metasurface sample.

metamaterial areas that correspond to non-zero intensity profiles transmitted through
the masks from both sides simultaneously.
The experimental setup is depicted in Fig. 2.17. Walking through the setup, a
fibre collimator expands the output of a fibre-coupled CW laser diode module operating
at 785 nm (in some experimental demonstrations a fibre Bragg grating temperature
stabilized laser with a central wavelength of 790 nm and 0.01 nm linewidth is used
instead and will be explicitly mentioned in the relevant experimental descriptions). A
cubic polariser imposes the desired polarization across the system which is chosen to
be parallel to the ASR meta-molecule’s symmetry axis on the sample. The beam is
then evenly split by a 50:50 beam splitter into beams A and B, which propagate along
different paths. The path lengths of the interferometer are precisely matched via a
delay line created along the path of beam A. The delay line consists of two mirrors in a
retro-reflector configuration mounted on a z-axis manual translation stage which is used
to ensure the path lengths match within the 600 µm coherence length of the 785 nm
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laser (for the 790 nm laser the coherence length is larger than the overall length of the
experimental configuration and no further path length matching is required via the delay
line when the optical setup is operated with this source). The variation of the relative
phase difference ∆ϕ between the two beams is introduced by a Variable Liquid Crystal
(VLC) retarder located along the path of beam A. In the same path, the combination
of a Half-Wave Plate (HWP) with a polarizing beam-splitting cube comprises a variable
attenuator used to compensate for any intensity mismatch between the beams.
Up to this point, the system description matches the general description of any
standing wave interferometer. The essential addition that is made in the standing wave
interferometer used here is the introduction of imaging configurations in the system
to impose the two-dimensional mask profiles onto the metasurface without disrupting
the sensitive operation of the interferometer. Two identical imaging configurations are
employed in either arm of the interferometer to project a mask plane profile on the
metasurface from either side with suitable de-magnification ratios. Each imaging system
consists of a tube lens (L1 for the path of beam A and L2 for the path of beam B
in Fig. 2.17) and a 50× infinity-corrected objective of 0.8 numerical aperture (NA)
and 4 mm focal length (1 mm working distance). The binary masks that impose the
structured intensity profiles are placed at the rear focal plane of the tube lens of each
path and the metasurface plane is equidistant from both objectives (based on their
focal length). The distance from the pupil entrance of each objective to the tube lens
is not affecting the performance of the imaging system in an infinity-corrected system
(aberrations are introduced when this distance becomes significantly larger than the tube
lens focal length). The de-magnification ratio of such imaging system is defined by the
ratio of the objective focal length to the tube lens focal length (e.g. 100× demagnification
for 400 mm tube lens focal length). Different magnifications are used throughout the
experimental demonstrations, hence tube lens focal lengths will be given separately for
each case. The overall coherent response is projected via the combination of the objective
of beam path B and the tube lens L3 , which has a fixed focal length of 200 mm (resulting
in 50× magnification), on a Charge Coupled Device (CCD) sensor and monitored in real
time (the specifications of the CCD will be given separately for each demonstration as
different sensors have been used). At this point it should be underlined that x, y
and z-axis alignment should be preserved across the system in order to preserve the
coherent operation and standing wave formation throughout the system. Moreover,
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simultaneous focusing of all imaging systems is required without disruption of the desired
magnification ratios. In order to comply with these rather challenging restrictions,
kinematic mounts are used in conjunction with the system’s objectives as well as the
metasurface sample holder and the binary masks.
Finally, a 735 nm Light Emitting Diode (LED) is used to illuminate the sample
during imaging of the sample surface onto the CCD to ensure operation on the structured
sample area. In order to avoid alignment and stability issues, the imaging and focusing
parts of the system have been assembled in a cage configuration and enclosed in a box.
It should be noted that a special sample holder was designed and fabricated with a
milling machine for mounting the metasurface between the tight foci of the objectives,
with minimum disruption of the cage system while still compatible with x-, y- and ztranslation capability (sample holder mounted on an x-, y- and z-translation cube), see
Fig. 2.18.

2.5

Summary

In this Chapter, the theoretical framework of coherently controlled thin films and metasurface functionalities has been defined and the mathematical description of metasurface
coherent absorption has been presented. The theoretical model has been complemented
by a detailed 3D simulation study to identify the ideal metasurface absorber realized
by a free-standing gold film perforated with an array of Asymmetrically Split Ring
slits. Subsequently, the numerical analysis of coherent control of absorption has been
expanded in two spatial dimensions. The optimized metasurface absorber was examined under spatially varying illumination and simulations revealed that any induced
inter-meta-molecular coupling effects do not exceed the diffraction limit of the optical system and therefore do not compromise the resolution of the spatially addressable
coherent control scheme. In the second part of the Chapter, the methods that were
employed throughout experimental demonstrations were described, including metasurface nanofabrication, characterization, mask fabrication techniques as well as a detailed
description of the optical system that was built and used for all major experimental
demonstrations throughout this thesis.
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Chapter 3

All-optical logic and
demultiplexing based on coherent
perfect absorption
The work in this Chapter has been partially published in [124, 125] and Figs. 1-3 of [124]
and Figs. 1,3-5 of [125] are reproduced here.

3.1

Introduction

Encoding, transmitting and processing information in the spatial domain is anticipated
to be the next breakthrough in the hunt for technologies that will overcome the forthcoming capacity crunch [126, 127]. However, in order to harvest the inherent spatial
parallelism of photonics technologies, new data processing schemes based on all-optical
wavefront control are required.
Virtually every optical system relies on control over light propagation by modifying
the phase or intensity across a beam of light. Lenses, prisms, gratings and transformation optics devices [128] such as optical cloaks [129–131] all redirect light by engineering
the spatial distribution of optical constants in two or three dimensions. Recently, several research groups demonstrated that the propagation direction of light can also be
controlled by phase gradient metasurfaces, where spatially varying resonators on an interface scatter with different phases [61, 63, 70, 71, 132–135]. While these are powerful
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solutions for static wavefront control, they cannot offer dynamic control over light propagation. Established solutions for dynamic wavefront control are either electro-optical
spatial light modulators based on liquid crystals or digital micromirror devices [136–
138], or all-optical devices based on holographic operations in nonlinear photorefractive
media, which rely on microsecond- to second-scale nonlinear light-matter interactions in
a volume medium [136, 139, 140].
This work introduces a fundamentally different approach to dynamic control of the
wavefront of light with light that establishes a platform for all-optical logical computations and parallel signal processing for coherent photonic networks. The underpinning
principle is based on coherent light-matter interaction and offers radical advantages. As
explained in Chapter 2, manifestations of optical phenomena in traveling and standing
waves are different: a thin film or metasurface may be placed at an electric field node
or anti-node of the standing wave formed by counter-propagating coherent light beams,
resulting in suppression or enhancement of the electric light-matter interaction, respectively (Fig. 1.6). This approach has been shown to allow modulation of intensity [28],
propagation direction [104] and polarization [113] of light with high contrast, at THz
bandwidth [108, 109] and with arbitrarily low intensity levels down to single photons
[107].
The proof-of-principle demonstrations of this Chapter expand the principle of control of coherent interaction of optical beams on highly absorbing plasmonic metasurfaces
to two spatial dimensions, thus establishing the framework for metamaterial-based ultrafast all-optical logic in two dimensions. Two-dimensional all-optical logical operations
(AND, XOR, XNOR, OR) are performed experimentally and potential applications related to multichannel logic schemes for telecommunications are explored. In fact, the
presented platform is an elementary version of an optical computer that has the main
characteristics of a Turing machine. It takes data (two-dimensional signal profile) from
one optical input and processes it using instructions (rules) taken from the second optical input (two-dimensional control profile). The metasurface acts as the processor
that performs elementary logical functions. The optical data processor operates in an
analogue, rather than a discrete, digital fashion. Moreover, this computer operates in
the parallel regime handling the entire two-dimensional inputs at once. The approach
is compatible with arbitrarily low intensity levels and with 100 THz bandwidth, thus
promising new applications in space division multiplexing, adaptive optics, 2D binary
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optical data processing, and reconfigurable optical devices.

3.2

All-optical logical operations in two dimensions

In the hunt for next-generation ultra-fast and energy-efficient data processing schemes,
all-optical components have long been considered to be the obvious replacements of
semiconductor-based electronics which suffer from increased interconnection delays and
large heat generation. The key element to realize any optical function is the optical
logic gate. Over the years, several optical logic gate configurations have been reported
based on nonlinear optical elements [141], second-harmonic generation and parametric
downconversion processes [142], semiconductor optical amplifiers [143], photonic crystals
[144–146], interferometric architectures [147] and nano-scale plasmonic waveguides [148].
Most of these approaches involve slow and energy-demanding nonlinearities, lack multifunctional operation and are usually targeting a single data channel at a time. Here,
the full potential of optical spatial parallelism is explored via wavefront control on a
plasmonic metasurface leading to all-optical logic that is reconfigurable with light and in principle - compatible with arbitrarily low intensities and ultrafast response times.
All-optical wavefront control is demonstrated by projecting two-dimensional signal
profiles of modulated intensity onto opposite sides of an absorbing plasmonic metasurface
using coherent light. By modulating the relative phase (∆ϕ) of the two beams, control
of absorption of light, hence control of the wavefront, is achieved with spatial resolution.
On this basis, Boolean logic operations can be performed in two dimensions.
Based on the theoretical description of coherent control of the expression of thin
film absorption in Chapter 2, destructive interference of coherent counter-propagating
electromagnetic waves of equal intensity will cancel the electric field interacting with a
metasurface placed at a node of the standing wave. In contrast, constructive interference doubles the electric field interacting with a metasurface placed at an anti-node in
comparison to illumination with a single beam. While absorption in metasurfaces illuminated by a single wave is limited to 50%, the interaction of two coherent waves allows
absorption to be controlled continuously from 0% to 100% by changing the position of
the metasurface relative to the standing wave.
At this point it is worth considering the interaction of coherent light waves on
beam splitters, see Fig. 3.1. In general, beam splitters may be either lossless or lossy
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Figure 3.1: Interaction of coherent beams on lossless and lossy beamsplitters. The output intensities IC and ID depend on the relative beam phase
difference ∆ϕ between the equal intensity input beams IA = IB = 1 on the beam
#»
splitter (BS), where the intensity Ii corresponding to the electric field Ei is defined
# » # »∗
as Ei Ei . The lossless beam splitter provides 50% transmission and reflection of a
single impinging beam, while for the lossy beam splitter, in the “ideal” case providing 50% single beam absorption and 25% single beam transmission and reflection
each is considered.

and are fundamental components of many systems in both classical and quantum optics.
Considering illumination by a single beam of light, the limiting case of an ideal lossless
beam splitter is defined as an interface having 50% transmission and 50% reflection, and
the limiting case of an ideal lossy beam splitter as an interface having 25% transmission,
25% reflection, and 50% absorption which is equivalent to the description of a ideal thin
absorber given in Appendix A. It is important to underline the role of beam splitters
in optics and to consider the distinction between lossless and lossy beam splitters in
optical networks. Beam splitters are fundamental components of photonic systems,
allowing optical information merging in a strictly defined fashion. In quantum optics,
beam splitters serve as key components for linear optical quantum computing [149]
and combine single photons into exotic N00N states [150]. Recently, exotic properties
of lossy beam splitters, such as apparent nonlinear absorption [151], have attracted
the attention of the nanophotonics community [107, 152]. As illustrated by Fig. 3.1,
the interaction of two counter-propagating coherent beams of equal intensity on an
“ideal” lossy beam splitter results in two output beams of equal intensity, as described
in Chapter 2. In this case, the thin lossy beam splitter is realized by an absorptive
metasurface. In contrast, a lossless beam splitter divides the power unevenly between
the output channels. Therefore, the power in a given channel of a coherent optical
network can double with every interaction on a lossless beam splitter. Such exponential
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Figure 3.2: Two-dimensional control of absorption of light with light.
Two-dimensional profiles A and B projected by coherent light onto an absorbing
metasurface result in (a) selection (enhanced transmission) or (b) deletion (complete absorption) of intersecting wavefront areas, depending on the phase difference
between intersecting beams.

growth that can concentrate the power of all input channels in a single output channel
and cause equipment overload is impossible in a coherent network based on the “ideal”
lossy beam splitter, for which the power in any output channel cannot exceed the single
channel input power.
In this Chapter, the optical data processing capability of coherent control of an
ideal thin absorber (or “ideal” lossy beam splitter), also known as coherent perfect
absorber, realized by a metasurface is explored in the classical regime to access spatially
selective modulation of absorption from 0% to 100%. The translation of the concept in
two dimensions aiming at the demonstration of parallel all-optical logic is graphically
illustrated in Fig. 3.2. In this representation, the structured intensity profiles of beams
A and B carry the simple shapes of a square and a circle which partially overlap when
projected on either side of the metasurface. Across areas of spatial overlap, beams A
and B coherently interact with the metasurface and their relative phase difference ∆ϕ
defines the level of coherent absorption exhibited by the intersecting wavefront areas
from 0% to 100% leading to their unperturbed and enhanced transmission relative to
the non-intersecting areas (Fig. 3.2 a), or their complete deletion from the outgoing
wavefront (Fig. 3.2 b), respectively.
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More specifically, the outgoing wavefront intensity levels across overlapping areas
of beams A and B are given by Eqs. 2.10 - 2.11 for s(λ) = −0.5:
IC = ID = (IA + IB − 2

p
IA IB cos ∆ϕ)/4,

(3.1)

# »# »
where Ii = Ei Ei∗ . While absorption of 100% for ∆ϕ = 0 and 0% for ∆ϕ = π requires
IA = IB , tolerance towards input intensity differences is large, e.g., if one input intensity
is twice as large as the other the absorption levels only change marginally to 97% and 3%,
respectively. Consequently, the overlapping wavefront area output intensities depend on
whether beams A and B are switched on or off, for given phases ∆ϕ, which enables
all-optical input-output relations that are analogous to Boolean logic operations.
For ∆ϕ = π this corresponds to the truth table of the logical operation A AND B,
with an intensity threshold between 0.25 and 1 separating logical “0” and logical “1”:
Table 3.1: Logical operation A AND B based on Eq. 3.1.
Input Intensities

Output intensities
(for ∆ϕ = π)

IA

IB

IC = ID

1

1

1

1

0

0.25

0

1

0.25

0

0

0

Similarly, ∆ϕ = 0 corresponds to the truth table of A XOR B (or NOT A if IB =
1 is fixed) with an intensity threshold between 0 and 0.25:
Table 3.2: Logical operation A XOR B based on Eq. 3.1.
Input Intensities

Output intensities
(for ∆ϕ = 0)

IA

IB

IC = ID

1

1

0

1

0

0.25

0

1

0.25

0

0

0
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And finally, ∆ϕ = ±π/3 corresponds to A OR B with an intensity threshold between
0 and 0.25:
Table 3.3: Logical operation A OR B based on Eq. 3.1.
Input Intensities

Output intensities
(for ∆ϕ = ±π/3)

IA

IB

IC = ID

1

1

0.25

1

0

0.25

0

1

0.25

0

0

0

Ideal performance requires a metasurface of deeply sub-wavelength thickness that
absorbs 50% of a single beam illuminating the structure. The fabricated 60-nm-thick
free-standing gold metasurface with a split ring aperture unit cell which comprises the
thin absorber employed throughout experimental demonstrations (see Fig. 2.14) provides
an absorption resonance near the experimental wavelength of 785 nm provided by a fibrecoupled CW laser module. The laser output power is 6.7 mW and is attenuated to a
few µW to avoid detector saturation. The nanostructure has an almost identical optical
response for illumination of its front and rear sides and absorbs around 33% of a single
illuminating beam, see Fig. 2.14.
The optical imaging interferometer presented in Fig. 2.17 hosts the first metasurfacebased experimental demonstrations of all-optical Boolean logic operations reported here.
The relative beam phase difference of the incoming counter-propagating beams is temporally controlled by a VLC and the resulting coherent effects are monitored by imaging
the metasurface plane on a CCD camera (Photometrics Evolve 512) in the path of output beam C that is formed by transmission of beam A and reflection of beam B. It is
noted that less-than-ideal absorption in the sample reduces the achievable level of coherent absorption and results in a difference between intensity levels in the output beams
[113]. The small difference between experimental transmission and reflection levels is
compensated for by adjusting the input intensities.
For the fundamental proof-of-principle demonstration of Boolean logic as described
by Tables 3.1 - 3.3, the simple binary intensity profiles illustrated in Fig. 3.3 were chosen.
Two circular apertures of 1.5 mm diameter were mechanically drilled in purpose-designed
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Figure 3.3: Binary intensity mask designs for all-optical coherent
Boolean logic demonstrations. Intensity mask designs for structuring the profile of beams A and B which are subsequently projected onto the metasurface from
either side.

cage-compatible aluminium mask templates based on the mask fabrication technique
described in Section 2.3. The centres of the apertures designed for structuring the
intensity profiles of beam A and beam B were 0.8 mm apart in the horizontal direction
(0.4 mm to the left and right of the centre of the mask, respectively). In this way,
the partially overlapping circular intensity profiles of beams A and B, create a Vennlike pattern on the metasurface plane (parts of the metasurface area are illuminated by
beam A only, beam B only and beam A and B concurrently) that is used to examine
the Boolean logic operation capability of the experimental platform. The fabricated
masks are positioned on the prescribed mask planes of Fig. 2.17 and are projected on
the metasurface with 100× demagnification ratio provided by the combination of a 50×
infinity-corrected objective with a 400 mm focal length tube lens on either side.
Fig. 3.4 illustrates the experimental results for two-dimensional control of light
with light on the metasurface for the simplest possible case of two partially overlapping illuminating circular beams, A and B (Fig. 3.4 a and b), realized by imaging the
intensity profiles imposed by the two fabricated metallic masks described in Fig. 3.3
onto opposite sides of the metasurface. Across areas of overlapping illuminating beams,
the detected intensity depends dramatically on the relative phase difference between
the incident waves. Noting that intensities of incoherent beams would simply add up,
the results reveal that illumination with a second coherent illuminating beam leads to
a range of output intensities from four-fold increase to almost complete suppression.
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Figure 3.4: Two-dimensional all-optical coherent logical operations. Images of the metasurface illuminated by (a) beam A only, (b) beam B only, and
(c - e) both beams A and B. Different relative phases of beams A and B correspond
to different logical operations: (c) A AND B, (d) A XOR B, (e) A OR B. Graphs
show the intensity cross-section along the corresponding dashed blue line. Intensity
levels are shown on the same grayscale for all images and on the same vertical scale
for all graphs.

The coherently enhanced output intensity (Fig. 3.4 c) corresponds to a reduced lightmatter interaction and thus reduced absorption at the standing wave’s electric node.
On the other hand, changing the phase of one illuminating beam by π translates the
standing wave, placing the metasurface at an electric anti-node, where almost complete
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suppression of the detected output intensity occurs as a result of enhanced light-matter
interaction and therefore enhanced absorption (Fig. 3.4 d). Intermediate phases can
in principle lead to the full range of intermediate intensities, e.g. the A OR B operation (Fig. 3.4 e). This is the first experimental proof of metasurface-based all-optical
two-dimensional logical computations. Taking into account the compatibility of the underpinning principle with arbitrarily low intensities [107] and ultrafast response times
[108, 109], the introduced platform could comprise a prime candidate for all-optical data
and channel processing for telecommunications coherent networks as will be explained
in the following sections.

3.3

Towards multichannel logic for telecommunications

The exponential growth of telecommunications bandwidth will require next generation
optical networks, where multiple spatial information channels will be transmitted in
parallel. Research advances in the field of multi-core and multi-mode fiber design and
fabrication have flourished over the past few years, providing numerous efficient routes
to data transfer in spatially multiplexed channels [153–156]. To exploit the full potential
and capacity increase that spatial optical parallelism could provide, fast and scalable
multichannel solutions for processing of parallel optical data channels are needed. Established electronic solutions have high energy requirements and complexity as they require
conversion between optical and electronic signals, while all-optical techniques enabled
by photorefraction are slow. Recently, several metamaterial-based approaches to dynamic spatial control over optical signals have emerged [157–159], including all-optical
ones [160], which create interesting possibilities. Current approaches for demultiplexing spatially multiplexed channels are based on free-space platforms with bulk optics
[161], laser-engraved light guiding cores [162, 163], tapered claddings [164], integrated
photonic platforms [165, 166] and super-symmetric mode converters [167].
Here, an alternative metasurface-based approach is introduced for separating parallel spatially multiplexed channels that could work with single photons [107] and 100 THz
bandwidth [108, 109]. All-optical logical operations between pairs of simulated spatially
multiplexed information channels are experimentally demonstrated using the coherent
interaction of light with light on a plasmonic metamaterial. The approach translates
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the potential of all-optical logical operations in two dimensions (presented in the previous section) to the manipulation of spatially multiplexed channels which are suitable
for fiber implementation and thus promise ultrafast, low-power solutions for all-optical
parallel data processing across coherent photonic and telecommunication networks.
In the proposed approach, spatially selective absorption of light is applied to simple
representations of spatially multiplexed signals in free-space, demonstrating all-optical
Boolean logic operations between such information channels. Essentially, the paradigm
of all-optical Boolean logic in the form of Venn patterns (as introduced in the previous
section) is employed to enable manipulation of signals with spatially encoded information. In contrast to nonlinear techniques in general, this approach is linear and
therefore does not have fundamental minimum intensity requirements. Moreover, the
scheme could be implemented in a multi-core fiber network and extended to additional
degrees of control since interaction of coherent waves on metamaterials also allows the
polarization [113] and propagation direction [104] of optical signals to be modulated at
single-photon intensity levels [107].

3.3.1

Logical operations between intensity- and phase-modulated channels

All-optical logical operations result from combining coherent optical channels on the absorbing plasmonic metasurface and externally controlling their relative phase difference
in order to influence how signals in the data channels modulate the absorption characteristics of the metasurface absorber. The description of modulated absorption must take
into account the phase difference between the interacting channels as well as any phase
modulation used to encode information within the channels, as information is usually
encoded in the phase of telecommunications channels. Thus, the total phase difference
ϕtotal that controls metasurface absorption is the sum of the externally imposed channel
phase difference ∆ϕ and — depending on the digital modulation scheme — any phase
difference ϕdata between the interacting data bits from each channel, ϕtotal = ∆ϕ+ϕdata .
Therefore, Eq. 3.1 becomes:
IC = ID = (IA + IB − 2
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Table 3.4: Logical operations between equal intensity phase-modulated data
streams A and B (IA = IB = 1) according to Eq. 3.2
Input states
A
+
+
-

B
+
+
-

Output intensities IC = ID
∆ϕ = 0
∆ϕ = π
A XOR B
A XNOR B
0
1
1
0
1
0
0
1

If both interacting channel waves are in phase on the absorber (ϕtotal = 0), constructive
interference of electric field leads to absorption of the bit. In contrast, a phase difference
ϕtotal = π between the channel waves results in destructive interference that renders the
absorber transparent for the bit.
Consider a pair of interacting channels A and B that carry different coherent data
streams using binary phase-shift keying (PSK). We denote the binary states that have
the same intensity and a phase difference of π by “+” and “-”. In-phase interaction
of both phase-modulated data streams on the absorber (∆ϕ = 0) will result in lossless transmission of opposite bits (ϕdata = π) which will destructively interfere on the
metasurface (ϕtotal = π) and absorption for identical bits (ϕdata = 0), which interfere
constructively on the metasurface (ϕtotal = 0). The result is an intensity-modulated
channel corresponding to A XOR B, where high intensity corresponds to a logical “1”
and low intensity corresponds to a logical “0”, see Table 3.4. The inverse logical operation can be realized by applying a constant phase shift of ∆ϕ = π between channels,
which eliminates the absorption of identical bits, while opposite bits are absorbed as
the phase shift will result in their in-phase interaction with the absorber. The result is
an intensity-modulated data stream A XNOR B. Furthermore, the inverse and identity
operations can be realized by using the unmodulated carrier as channel B (e.g. corresponding to a fixed “+” state, see first and third row of Table 3.4) and setting the phase
shift between channels A and B to be either ∆ϕ = 0 or π, resulting in conversion of the
phase-modulated data stream A into an intensity-modulated data stream NOT A or A,
respectively.
Similarly, elementary coherent logical operations can also be realized between coherent intensity-modulated channels [115]. In this case, the phase difference ϕtotal between
waves interacting on the metasurface is the phase ∆ϕ that is externally imposed between
the channels, ϕtotal = ∆ϕ (as ϕdata = 0 in all cases), and sets the logical operation to be
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Table 3.5: Logical operations between in-phase (ϕdata = 0) intensity-modulated
data streams A and B according to Eq. 3.2
Input states
A=IA
1
1
0
0

B=IB
1
0
1
0

Output intensities IC = ID
∆ϕ = π
∆ϕ = 0
∆ϕ = ±π/3
A AND B A XOR B
A OR B
1
0
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0
0
0

performed. When the input channel intensities are both zero, the output channel will of
course also be zero, while for absorber illumination by a single input channel of intensity
1, the detected intensity will be 0.25 for an ideal planar absorber which will transmit as
well as reflect 25% of the incident intensity. However, for simultaneous illumination by
both input channels, the detected channel intensity will be strongly phase-dependent,
due to perfect absorption for ∆ϕ = 0 , transparency for ∆ϕ = π and partial absorption
at intermediate phases. By selecting the correct external phase, a range of logical operations can be achieved. The resulting output channel intensities are listed in Table 3.5 and
correspond to logical operations A XOR B when ∆ϕ is chosen to be 0 and the threshold
is chosen to be a value between 0 and 0.25, A AND B (∆ϕ = π, threshold > 0.25) and
A OR B (∆ϕ = π/3, threshold < 0.25), where the suitably chosen threshold intensity
separates the logical “1” and “0” states. The multichannel logic for intensity-modulated
channels is identical to the description of all-optical logic given in the previous section
and Table 3.5 essentially summarizes Tables 3.1 - 3.3. Real applications may require
a further 4× amplification step following the XOR and OR operations to restore the
original signal level and to avoid different threshold intensities. An inversion, NOT A,
for an intensity-modulated channel A can also be realized for ∆ϕ = 0 by keeping the
B-channel switched on.

3.3.2

Logic and demultiplexing with spatially multiplexed channels

In this proof-of-principle experimental demonstration simple binary intensity profiles
are employed to simulate spatially multiplexed signals. A signal is considered to be
composed of 5 spatially separated circular intensity lobes that could represent separate
information channels running along a multi-core fiber, see Fig. 3.5 a. These are combined with a second set of optical channels on the metamaterial, i.e. Fig. 3.5 b - d,
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Figure 3.5: Binary intensity masks for spatially multiplexed channel signals. Fabricated 30 mm cage-compatible aluminium mask templates with drilled
apertures of 0.9 mm diameter. (a) Mask for structuring the intensity of beam A
to form 5 identical spatially separated channels. The intensity profile of beam B is
shaped in order to address 4 different channel combinations corresponding to (b) 1
central, (c) 3 horizontal, (d) 3 vertical and (e) 4 peripheral channels of beam A.
For all cases the aperture centre to centre distance in the horizontal and vertical
directions is 1.3 mm. All masks were fabricated with mechanical milling and drilling
as described in Section 2.3 and subsequently painted black to avoid unwanted reflections (presented here before painting for illustration purposes).

to demonstrate selective logical operations on different combinations of the signal’s information channels. Spatial information channels resembling those of multi-core fibers
are represented by apertures made by drilling holes of 0.9 mm diameter in 1 mm-thick
aluminium specially made mask templates as described in Section 2.3. The masks are
positioned on the back focal plane of the imaging optics in the paths of beam A and
beam B, aligned, and imaged onto both sides of the metasurface in the experimental
setup shown by Fig. 2.17 with the specifications defined in Section 3.2.
Fig. 3.6 illustrates logical operations for 1 out of 5 spatial channels of beam A
(Fig. 3.6 a) with 1 channel of beam B corresponding to the central lobe (Fig. 3.6 b).
Setting the total relative phase difference ϕtotal = π the spatially addressable central
channel lobe is transmitted unaffected to the system output (Fig. 3.6 c) as this case
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corresponds to coherent perfect transparency of the metasurface due to destructive interference of the incident waves. In the formulation of multichannel logic as described
by Tables 3.4 and 3.5, the case ϕtotal = π corresponds to transmission of opposite phasemodulated bits in an XOR operation, transmission of equal phase-modulated bits in an
XNOR operation and transmission of intensity-modulated bits in an operation 1 AND
1, for appropriately set channel phases. In contrast, when ϕtotal = 0 the central lobe will
exhibit enhanced absorption (coherent perfect absorption case of the underpinning principle) and will be deleted from the system output (Fig. 3.6 d). The case of (ϕtotal = 0)
corresponds to absorption of equal phase-modulated bits in an XOR operation, absorption of opposite phase-modulated bits in an XNOR operation and absorption of
intensity-modulated bits in an operation 1 XOR 1, for appropriately set channel phases.
In comparison to the peripheral channels that were not addressed, the detected intensity
of the central channel is approximately four-fold increased in the metasurface’s transparent state and negligible in its absorbing state (Fig. 3.6 e). Logical operations on the
central channel do not affect the peripheral channels.
Fig. 3.7 shows — for the same set of 5 A-channels (first column) — how different
combinations of B-channels (second column) can be used to perform the same logical
operations (third and fourth columns) on corresponding combinations of information
channels (panels a - c). No evidence of cross-talk between neighbouring channels has
been observed, indicating that the spatial channels are sufficiently well separated to
ensure that logical operations between pairs of A- and B-channels are not affected by
their neighbours.
In this proof-of-principle demonstration, B-channels are selected with an intensity
mask and their phase is modulated by the same phase modulator. In applications, it
would be desirable to control the phase of each B-channel independently. This would
allow prescription of different logical operations to each pair of data channels, which
could then be switched dynamically. Independent phase control over each B-channel
would also enable spatial demultiplexing of arbitrary combinations of information channels. To achieve this, information channels containing the same data stream would be
combined on the absorbing thin film, where a constant phase difference ∆ϕ = π would
be applied to eliminate absorption of wanted information channels, while a phase difference of ∆ϕ = 0 would be set for the unwanted channels, resulting in their complete
absorption.
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Figure 3.6: Coherent logic with the central channel. Images of the metasurface illuminated by (a) a 5-channel signal as beam A (beam B blocked), (b) the
central channel as beam B (beam A blocked), (c) beams A and B with destructive interference on the metasurface corresponding to logical operations + XOR -,
- XOR +, + XNOR +, - XNOR - of Table 3.4 and 1 AND 1 of Table 3.5 for the
central channel, (d) beams A and B with constructive interference on the metasurface corresponding to logical operations + XOR +, - XOR -, + XNOR -, - XNOR +
of Table 3.4 and 1 XOR 1 of Table 3.5 for the central channel. (e) Intensity crosssections along the coloured dashed lines of images a - d. All images show intensity
on the same grayscale.

It is important to consider the fundamental energy costs associated with the logical
operations and demultiplexing applications discussed above. Spatial demultiplexing and
logical operations that convert phase-modulated data into intensity-modulated data —
XOR, XNOR, NOT and identity, see Table 3.4 – exploit coherent perfect transparency
to achieve a logical “1” and coherent perfect absorption to achieve a logical “0”, with
about 17 dB contrast in the presented experiments. There are no unwanted losses in
this case. The energy costs associated with logical operations on intensity-modulated
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Figure 3.7: All-optical multichannel logic operations. Images of a metasurface illuminated by a 5-channel signal as beam A (first column) and beams B
(second column) corresponding to (a) the horizontal, (b) vertical and (c) peripheral
channels. The third and fourth columns correspond to destructive (coherent transparency) and constructive (coherent absorption) interference of beams A and B on
the metasurface, respectively. For phase-modulated optical signals (Table 3.4), the
third (fourth) column corresponds to the XOR operation between opposite (same)
phase states in the selected channels. For intensity-modulated signals (Table 3.5),
the third column corresponds to the AND operation, while the fourth column corresponds to the XOR operation. The relative mask alignment is adjusted for each
pair of beams A and B. An intensity reduction towards the outer edge of the channel
patterns is caused by the Gaussian intensity profile of the beams illuminating the
masks. All images show intensity on the same grayscale and the last column shows
intensity cross-sections along the dashed lines in the images of the same row using
corresponding colours.

data — as shown by Table 3.5 – are less favorable. The XOR and NOT operations
achieve 11 dB experimental contrast, while the contrast of the OR operation is only
limited by background noise. However, XOR, NOT and OR suffer from 6 dB loss
arising from partial absorption of a single input channel. These losses could be reduced
to 3 dB by combining the identical output channels C and D and fully compensated by
amplification. The AND operation yields a logical “1” (theoretically without any loss)
based on coherent perfect transparency, however, imperfect absorption of a single light
beam limits the intensity contrast between the “0” and “1” states to 6 dB. The solution
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of channel recombination and signal regeneration/amplification becomes crucial in the
case of a signal processing network of many interconnected logic gates where universal
intensity thresholds for logical “0” and “1” must apply throughout the network.
Looking towards implementation of logical operations and demultiplexing in real
telecommunications systems, it is noted that the spectral position of the metamaterial’s
bands of operation (absorption bands) approximately scales with the size of its unit
cell and with the refractive index of the metamaterial’s environment. The fabricated
metasurface has absorption bands around 875 nm and 1850 nm wavelength. Thus, a
20% smaller metamaterial structure may be expected to come close to the ideal 50%
absorption in the telecommunications band around 1550 nm wavelength, while the existing metamaterial design surrounded by glass (at the interface between two optical
fibers) should perform well in the 1310 nm telecommunications band. It is anticipated
that any implementations would either involve metamaterial fabrication on optical fiber
end faces or encapsulated units with fiber connectors containing lenses that image the
fiber output onto a metamaterial. The simulated optical channels investigated here
have a diameter of about 9 µm on the metamaterial, which is comparable to typical
optical fiber cores. The channel pitch of about 13 µm would need to be increased for
typical multi-core fibers that have a core pitch of several 10s of µm. Absence of crosstalk between realistically sized channels with comparatively small spacing indicates that
cross-talk between channels will not be an issue for coherent all-optical data processing
in multi-core fiber systems. The channels remain well-separated with clearly defined
edges, indicating absence of long-range coupling between the split ring apertures of the
plasmonic metamaterial. Cross-talk between even more closely packed channels or overlapping channels, as is the case in spatial mode multiplexing encoding schemes could
be explored in future work. It is however expected, as explained in Section 2.2.2, that
cross-talk issues may only arise if the distance of neighbouring channels is close to the
diffraction limit of the employed imaging system or smaller than the cautiously estimated spatial resolution restriction from inter-meta-molecular coupling, which for this
case is equal to two unit cells (700 nm).
The step from single-channel to multichannel logical operations as reported here
is non-trivial and technically demanding. Single-channel logical operations can be realized through interaction of two counter-propagating coherent plane waves on a small
absorber. In contrast, our implementation of multichannel logical operations engages
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waves with a continuous spectrum of wave vectors for imaging of multiple channels onto
a much larger metasurface area. As coherent absorption is controlled by the phase difference between A- and B-channels, phase distortions across all channels must be avoided.
This requires flatness within 10s of nm and homogeneity of the plasmonic absorber and
of all optical components across the area occupied by all channels, as well as precise
alignment.

3.4

Summary

In this Chapter, the interaction of coherent waves with spatially modulated wavefronts
was exploited in order to control the light-matter interaction on a lossy metasurface
and thus perform elementary all-optical computations. Constructive interference at the
metasurface led to enhanced light-matter interaction and therefore absorption, while
destructive interference suppressed the interaction of light with absorbing matter. The
metasurface essentially constitutes a functional lossy beam-splitter that can be reconfigured all-optically with spatial resolution.
In the constructed experimental platform, all-optical logical operations AND, XOR,
OR were performed between partially overlapping, circular, counter-propagating coherent beams. These demonstrations essentially provide a representation of all-optical logic
in terms of Venn-diagram set theory and constitute an all-optical version of a Turing
machine.
On this basis, the coherent interaction of light with light on a lossy metasurface
was used for dynamic selection and deletion of spatially distinct optical data channels,
as well as elementary multichannel all-optical data processing. The demonstrated alloptical operations were applied to multiple channels leading to up to 17 dB experimental
contrast between logical “1” and “0” for phase-modulated input channels and 6-11 dB
experimental contrast for intensity-modulated input channels. The speed at which different logical operations can be set and channels selected is in principle determined by
the response time of commercial phase modulators (10s of GHz). It has been shown in
[108, 109] for similar arrays of asymmetrically split ring apertures in gold that the speed
of the underlying coherent interaction is limited by the plasmon relaxation time to about
10 fs, which is about 3 orders of magnitude faster than telecommunications data rates
that are on the order of 10s of Gbit/s per channel. Furthermore, the coherent effect is
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compatible with arbitrarily low intensities [107]. The presented selective transmission
or deletion of modes from multimode signals promises solutions for mode selection in
spatial mode multiplexing for higher bandwidth optical telecommunications. Therefore,
coherent control of light with light has potential applications in space division multiplexing and elementary all-optical data processing in coherent information networks.
For example, the XOR operation is a vital component of many all-optical cryptography
schemes [168, 169]. However, since the translation between the states of coherent perfect
transparency and coherent perfect absorption requires phase stability, it may be challenging to apply to large-scale fibre networks, therefore the approach is more applicable
to local systems and possibly on-chip integrated photonics implementations. Moreover,
in order to go beyond simple single-step logical functions, cascading of multiple coherent
all-optical logical operations will need to be explored. For this, the output of one logical
operation will have to serve as the input of the next, which may require intermediate
signal regeneration/amplification. The practical potential of the presented scheme is
further reinforced by the fact that two-dimensional coherent control could provide a
solution for spatially-resolved dynamic control over the expression of many properties of
metasurfaces and thin films of sub-wavelength thickness, e.g. to control intensity [28],
propagation direction [104] and polarization [113] of electromagnetic waves throughout
the electromagnetic spectrum.
With femtosecond-scale response times, large optical contrast and quantum-level
energy requirements, two-dimensional control of light with light has potential applications ranging from tuneable, reconfigurable and adaptive optical devices, as well as
coherent image and video processing to massively parallel modulation and processing
of optical data and all-optical computing. Such applications will be explored in the
following Chapters.
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All-optical image processing and
pattern recognition
The work in this Chapter has been partially published in [124, 170] and Fig. 4 of [124]
and Figs. 1-3 of [170] are reproduced here.

4.1

Introduction

The ability to control the wavefront of light is fundamental to focusing and redistribution
of light, enabling many applications from imaging to spectroscopy. Wave interaction on
highly nonlinear photorefractive materials is essentially the only established technology
allowing the dynamic control of the wavefront of a light beam with another beam of
light, but it is slow and requires large optical power.
All-optical wavefront manipulation constitutes an inherently parallel optical technique and could efficiently address recognition, comparison and analysis of large patterns
or images which are computationally intensive tasks as they rely on sequential electronic
data processing. Therefore, the inherent parallelism of photonic systems has long been
considered to be the route towards fast and energy efficient, real-time pattern recognition and image processing systems with reduced computational costs as compared to
purely electronic solutions. Optical Fourier techniques and spatial light modulators,
have been widely employed in image processing schemes intended for medical imaging
[138, 171]. However, the ultimate potential of photonic systems is revealed when alloptical logic computations come into play [115, 124, 125, 143, 147]. All-optical pattern
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recognition schemes have been realized with different types of optical correlators based
on photorefractive polymers [172], semiconductor optical amplifiers [173], delay lines
and phase shifter designs [174]. Photorefraction [175], phase-conjugation [176], second
harmonic generation [177], vapour atomic transitions with 4-wave mixing [178], spatial
dispersers [179] and reservoir computing [180] systems have served as the basis of reliable
all-optical image processors. Nevertheless, the impact of these approaches is limited by
complexity as well as fundamental speed restrictions and energy requirements due to
the nonlinearities involved.
Two-dimensional control of a light beam with another beam of light has been
achieved experimentally on a metasurface for the first time within the context of this
thesis and presented in Chapter 3. Under this scheme, the absorption level introduced by a plasmonic metasurface is coherently controlled with spatial resolution. The
technique can in principle operate in the quantum regime [107] with up to 100 THz
bandwidth [108, 109]. The computational potential of this technique was revealed in
Chapter 3 through the experimental realization of Boolean logic operations between
counter-propagating beams carrying simply structured intensity profiles. The successful
demonstrations of the technique acted as an inspiration to explore how efficiently this
scheme can be applied to complex two-dimensional profiles targeting all-optical processing, analysis and recognition of images and patterns. In this Chapter, new routes
to image and pattern analysis, processing and recognition are explored based on the
new technology for two-dimensional control of light with light exploiting the coherent
interaction of optical beams on highly absorbing plasmonic metasurfaces.
In particular, binary image analysis and pattern recognition are experimentally
demonstrated based on the spatially resolved linear interaction of light with light on
a plasmonic absorbing planar metamaterial. The International Year of Light logo is
chosen for an initial demonstration of the image processing capability of the existing
experimental platform. In the following experiments, similarities and differences between
binary dot patterns are recognized and satellite images analyzed by projecting reference
and test images onto opposite sides of the absorbing metasurface using coherent light.
Quantitative measurements of image agreement and disagreement, and indeed of any
set operation between the images, can be performed by imaging the metasurface plane
onto a photodetector. This way, the relationship between any pair of binary images
(containing a large amount of optical data) may be reduced all-optically to a total of
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3 characteristic power values of electronic data. Furthermore, imaging onto a CCD
camera reveals maps of similarities and differences. Lastly, the spatial resolution of the
presented image processing platform is experimentally explored with the use of a sector
star pattern. In contrast to methods based on slow and energy demanding nonlinearities
and electronics, the proposed approach is based on linear optics and therefore it is,
in principle, ultrafast with up to 100 THz bandwidth [108, 109] and compatible with
arbitrarily low intensities down to single photons [107].

4.2

All-optical image processing

Recently, metamaterial and metasurface research has started to increasingly focus on
analogue signal and image manipulation on a hardware level [181]. Metamaterial-based
imagers have been reported for frequency-indexed computational imaging [182], acoustic sub-wavelength edge detection [183], aberration-free imaging [184] and Terahertz
compressive imaging [185]. However, research on all-optical, software-free analysis and
processing of images in the optical to near-infrared regime with metamaterials is still
at its infancy. In this section, the first paradigm of metasurface-based image processing
and manipulation is presented based on two-dimensional control of coherent absorption.
As discussed in Chapter 3, the coherently controlled interaction of partially overlapping beams A and B on the metasurface strongly resembles the associated Venn
diagrams of set theory, see Fig. 3.4. In the experimental configuration of Fig. 2.17,
variation of the relative beam phase difference between beams A and B via the phase
retarding component (VLC) results in the performance of logical operations AND, XOR
and OR across the intersecting areas of the incoming intensity-structured wavefronts of
beams A and B. Thus, coherent control provides an all-optical way of performing logical
operations, which may be applied to arbitrary combinations of images.
For the initial demonstration of all-optical image processing, the international Year
of Light logo was imprinted on a photolithography-fabricated chromium-on-glass mask
as explained in Section 2.3 and projected onto the metasurface using beam A by positioning the fabricated mask at the rear focal plane of the imaging optics of beam path
A, see Fig. 2.17. Aiming to manipulate the central sun of the logo, a similar mask
was fabricated for the path of beam B. Using the same experimental system setting as
described in Section 3.2 (785 nm CW fibre-coupled laser module with 6.7 mW output
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Figure 4.1: Coherent image processing. Images of the metasurface illuminated
by (a) the International Year of Light logo (beam A) and (b) its central sun (beam
B). Coherent (c) selection and (d) deletion of the sun within the logo for different
relative phases of beam A and B corresponding to electric field nodes and anti-nodes
of the standing wave, respectively.

power attenuated to a few µW, Photometrics Evolve 512 CCD camera and 100× demagnification realized by the combination of 50× objective with a 400 mm tube lens), image
processing was attempted by two-dimensional control of metasurface absorption. This
is illustrated by Fig. 4.1. Panels a and b depict the detected logo of the International
Year of Light (beam A) and the sun that forms its center under single beam illumination, respectively. For simultaneous projection of both patterns onto the metasurface,
reduced absorption near the electric field node of the standing wave results in four-fold
enhancement or selection (recognition) of the logo’s central sun, which both images have
in common (panel c). On the other hand, a π phase shift of one illuminating beam shifts
the standing wave, placing the metasurface at an electric anti-node, where the sun is
strongly absorbed and therefore deleted from the logo, leaving just the flags that are
present in only one image (panel d). In this way, two-dimensional coherent control of
light with light provides an all-optical method for image processing.
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4.3

Set operations between images

The image processing demonstrations of Fig. 4.1 acted as an inspiration for establishing
a concise formulation for the introduced image processing platform and exploring the
potential computational functionalities that the technique may provide.
For this analysis two binary patterns, A and B, are considered to be projected
by coherent light onto opposite sides of a thin film with intensity transmission and
reflection coefficients, T and R. The intensities of the illuminating light beams, IA and
IB , are chosen such that the transmitted beam A and the reflected beam B have the
same intensity for single beam illumination, Isgl = T IA = RIB . Across areas of pattern
overlap, constructive or destructive interference of the transmitted beam A and reflected
beam B will lead to addition or cancellation of the corresponding fields depending on the
phase difference between the illuminating light beams, where doubled field amplitudes
correspond to an intensity of 4Isgl while field cancellation implies vanishing intensity. It
follows that the similarity of two patterns can be quantified by measuring the phasedependent overall power of the output beam with a photodetector. For binary reference
and test images, A and B, with illuminated areas SA and SB , respectively, similarities
and differences can be characterized by the area SA∩B that is illuminated by both images
(agreement) and the area of SA⊕B that is illuminated by only one image (disagreement).
The area of disagreement will lead to detection of phase-independent power Isgl SA⊕B .
In contrast, coherent interaction of light with light in areas illuminated from opposite
sides yields detection of a phase-dependent power 4Isgl SA∩B cos2 2θ , where θ is the phase
difference between the transmitted beam A and the reflected beam B. Therefore, the
detected power is
P (θ) = Isgl (SA⊕B + 4SA∩B cos2 2θ ),

(4.1)

where θ is proporational to the relative beam phase difference ∆ϕ of the input beams
A and B. It is convenient to normalize the detected output power by 4PA,sgl , where
PA,sgl = Isgl SA is the total detected output power when the metamaterial is illuminated
by the reference image only. The normalized output power P̃ (θ) =
P̃ (θ) =

SA⊕B
4SA

+

SA∩B
SA

cos2

θ
2

P (θ)
4PA,sgl

is
(4.2)

Normalized in this way, the size of various characteristic areas of the images relative
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Table 4.1: Set operations between images A and B based on photodetector measurements of maximum and minimum power, Pmax and Pmin , normalized by the
reference power 4PA,sgl (normalized power P̃max and P̃min , their average P̃avg and
difference ∆P̃ ).
Area [SA ]
SA
SB
SA + SB
SA∩B
SA∪B
SA⊕B
SA\B
SB\A

Power measurement
1
4P̃avg − 1
4P̃avg
∆P̃
4P̃avg − ∆P̃
4P̃min
1 − ∆P̃
4P̃avg − 1 − ∆P̃

to the area SA of the reference image can be easily determined with a photodetector
by measuring only the maximum P̃max and minimum P̃min of the phase-dependent total
power of one output beam. This is illustrated by Table 4.1 where P̃avg = (P̃max + P̃min )/2
and ∆P̃ = P̃max − P̃min . In particular, the sum of the illuminated areas A and B
corresponds to the average power, the differences between the binary images are given
by the minimum power and the overlap between the images corresponds to the phasedependent power fluctuations.
While the above holds for any thin film with intensity transmission and reflection
coefficients, T and R, it is interesting to consider the limiting cases of the ideal lossless
beam splitter (T = R = 50%) and the ideal thin absorber (T = R = 25%). For coherent
illumination with co-polarized counter-propagating light beams, IA = IB , the lossless
beam splitter will split the incident intensity unevenly between the output beams, while
the lossy beam splitter will split the incident intensity between absorption and two
identical output beams. In the lossless case, coherent transparency at the standing wave
node implies that the phase θ is related to the phase difference ∆ϕ between the waves
incident on the beam splitter by θ = ∆ϕ ± π/2. In the lossy case, vanishing intensity
implies coherent perfect absorption which occurs when the ideal thin absorber is placed
at an electric field anti-node of the standing wave formed by the incident waves, while the
maximum output intensity corresponds to coherent perfect transparency occurring when
ideal thin absorber is placed at a node where interaction with the wave is eliminated.
For such a coherent perfect absorber, the phase θ is related to the phase difference ∆ϕ
between the incident waves on the beam splitter by θ = ∆ϕ + π.
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Figure 4.2: All-optical metasurface-based pattern recognition concept.
For the limiting case of a metasurface that is an ideal thin absorber, standing wave
translation between nodes (a) and anti-nodes (b) leads to similarity detection due
to vanishing absorption and difference detection due to coherent perfect absorption,
respectively, as illustrated by the insets.

4.4

Pattern recognition

The qualitative image processing of Section 4.2 along with the quantitative analysis of
set operations between images with a simple photodetector of Section 4.3 were exploited
to create the first all-optical platform for pattern recognition that does not involve slow
and energy-demanding non-linearities or computationally intensive algorithms and postprocessing schemes. In Fig. 4.2, the concepts of all-optical metasurface-based logic and
two-dimensional wavefront control are brought together to highlight the similarities and
differences between structured beams A and B which are composed of 2-dot vertically
and horizontally arranged patterns. The single dot that is common between the two
patterns is highlighted at nodes and deleted at anti-nodes, thus revealing the similarities
(Fig. 4.2 a) and differences (Fig. 4.2 b) of patterns A and B based on coherent perfect
transparency and coherent perfect absorption, respectively.
For the experimental realization of pattern recognition, patterns of 8 dots occupying
8 out of 16 positions in a 4 × 4 grid were designed and fabricated with photolithography
resulting in the chromium-on-glass binary masks shown in Fig. 4.3. The pattern recognition strategy aims to experimentally compare a target pattern (Fig. 4.3 a) with a set
of test patterns (Fig. 4.3 b - f) in order to qualitatively and quantitatively measure the
degree of pattern agreement and identify the target pattern amongst the patterns under
test. To this end, test patterns include patterns with increasing number of matching dots
starting from 0 matching dots (Fig. 4.3 b) up to 8 out of 8 matching dots (Fig. 4.3 f)
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Figure 4.3: Photolithography-fabricated binary masks for pattern recognition. Optical microscope images of (a) target pattern and (b) - (f ) test pattern
masks. In each pattern 8 dots of 175 µm diameter are arranged in a 4 × 4 grid
of 350 µm horizontal and vertical centre-to-centre spacing. Gray areas represent
chromium-covered (opaque) mask areas and darker areas correspond to glass. Patters under test are horizontally inverted on the masks with respect to the target
pattern in order to be projected on the metasurface with the correct orientation.

in steps of 2 (Fig. 4.3 c - e). It should be noted that for the counter-propagating beams
A and B the prescribed binary intensity profiles should be horizontally inverted with
respect to each other on the mask plane in order to be projected on the metasurface
with matching orientation. Across all patterns, the dot diameter is constant and equal
to 175 µm and the horizontal and vertical centre-to-centre dot spacing is 350 µm on the
mask.
The reported proof-of-principle pattern recognition experiment is performed in the
experimental platform of Fig. 2.17. The coherent source is a 790 nm fibre Bragg grating
temperature-stabilised CW laser with 2 mW output power. The employed metasurface
(see Fig. 2.14) has a broad absorption peak around 875 nm near the experimental wavelength of 790 nm for which 34% of a single incident beam gets absorbed. Thus, it is
much closer to the limiting case of an ideal thin absorber than the case of a lossless beam
splitter. Throughout all optical experiments, the metasurface was illuminated by linearly polarized light with the electric field oriented parallel to the symmetry axis of the
split rings. Binary masks are positioned on the back focal plane of the imaging optics
(50× infinity-corrected objective with 300 mm focal length tube lens resulting in 75×
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demagnification ratio from the mask plane to the metasurface plane) in beams A and
B, aligned via rotation and kinematic mounts, and imaged onto both sides of the metamaterial. Alignment of target and test masks must be better than their characteristic
feature size to ensure that the target and test patterns overlap on the metasurface and
misalignments are easily noticeable on the camera image. Moreover, flatness and alignment of the metasurface with respect to beams A and B is also critically important to
ensure a constant phase difference between beams A and B across the metasurface and
misalignments are apparent as interference fringes on the camera image, which serves as
a valuable alignment tool. While the approach will work at any intensity below damage
thresholds, the laser light is attenuated to few µW to avoid detector saturation. The
laser beam is split and propagates along paths A and B of matched lengths, forming
a standing wave where the metasurface is illuminated from both sides. The resulting
coherent effects are controlled by varying the relative beam phase difference via a liquid
crystal phase retarder (VLC) and detected in the output beam formed by the transmitted beam A and the reflected beam B by imaging the metamaterial onto a CCD camera
(Photometrics Evolve 512 CCD camera). The input beam intensities were chosen such
that the single beam transmission of beam A and reflection of beam B have the same
intensity.
Fig. 4.4 illustrates binary pattern recognition for patterns of bright dots occupying
8 positions in a 4 × 4 grid. These may be thought of as, for example, spatially multiplexed optical data, lottery tickets or multiple choice answer sheets. A target pattern
(data, winning ticket or answer sheet) is compared with test patterns with zero, 25%,
50%, 75% and full agreement (row 1) by projection onto the metasurface as described
above. Across areas of pattern mismatch there is no coherent interaction and therefore
the detected intensity Isgl is constant. In contrast, across areas of pattern agreement,
coherent interaction between beams A and B on the planar metamaterial causes the
detected intensity to oscillate between 4Isgl (row 2, θ = 0) and 0 (row 3, θ = π) as
a function of the phase difference between beams A and B on the metasurface. As a
result, areas of agreement are highlighted in row 2, while they are deleted in row 3, thus
revealing areas of agreement (similarities) and disagreement (differences), respectively.
Direct quantitative comparison of the images is most easily achieved by detecting
the total power of the output beam with a photodetector. Here, the CCD is used
as an effective photodetector by integrating the total power in each acquired image.
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Figure 4.4: Qualitative all-optical pattern recognition. A target pattern is
compared to a set of test patterns. Row 1 shows images of all patterns as captured
by the CCD for single beam illumination. All test patterns are compared with
the target pattern by projection onto opposite sides of the planar metamaterial
using coherent light, revealing similarities (row 2) and differences (row 3) for phase
differences between transmitted reference light and reflected test light for θ = 0 and
π, respectively.
The necessary power measurements are (i) the output power when the metamaterial
is illuminated by the reference image only PA,sgl , as well as (ii) the maximum Pmax
and (iii) minimum Pmin output power for simultaneous metasurface illumination by
reference and test images. The latter are normalized by 4PA,sgl which yields P̃max and
P̃min as described above, see Fig. 4.5. Theory predicts that the phase-dependent power
fluctuation ∆P̃ = P̃max − P̃min should correspond to the fraction of the reference pattern
that overlaps with the test pattern, and indeed it is found that ∆P̃ increases with pattern
agreement. The measured ∆P̃ = 0 for 0% pattern agreement increasing to ∆P̃ = 0.8 for
100% pattern agreement, which is slightly less than the theoretical value of 1.0 due to
experimental imperfections including about 1% residual transmission through nominally
opaque mask areas, pattern misalignment, noise and background signals.
4P̃min should correspond to the area where the reference and test patterns do not
overlap and for 0% pattern agreement experiments correctly predict that the area of
disagreement is twice as large as the illuminated area of the reference pattern. P̃min
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Figure 4.5: Quantitative all-optical pattern recognition. Maxima and minima of the measured (triangles) and expected (lines) total detected power normalized by 4× the total target pattern image power, P̃ . The agreement between test
and target patterns corresponds to the normalized power fluctuation, ∆P̃ (double
arrows). Graph insets depict the qualitative pattern recognition result of Fig. 4.4
for each case.
decreases monotonously with increasing pattern overlap reaching 0.1 — slightly more
than the theoretical value of zero — for complete pattern agreement. Thus, the power
measurements are consistent with theory and provide quantitative measurements of
the level of image agreement and disagreement with about 80% of the theoretically
predicted contrast (double arrows in Fig. 4.5). The experimental imperfections may
be most easily taken into account by introducing an instrumental contrast correction
factor f , e.g. P̃corr = f (P̃exp − 0.5) + 0.5. The ideal case corresponds to f = 1.0 and
the contrast correction factor for this setup takes a value of about 1.2 here and about
1.1 with higher contrast masks in the case discussed in the following section for which
the chromium thickness was increased from 120 nm to 130 nm to improve opacity of
chromium-covered mask areas.

4.5

Image analysis

In order to illustrate the image analysis capabilities of the method, ice coverage evolution
in the Arctic and Greenland region is experimentally analyzed. Binary designs based on
satellite images available from the National Snow and Ice Data Center (USA) [186] were
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Figure 4.6: Photolithography-fabricated binary Arctic and Greenland ice
extent evolution masks for the period of 1982 to 2012. Optical microscope
images of binary masks representing September ice coverage based on satellite images taken 10 years apart [186]. (a) 1982 reference ice extent mask (for beam A) and
(b)-(e) 1982 - 2012 ice extent masks for beam B. Gray areas represent chromiumcovered (130 nm thick) opaque mask areas and darker areas correspond to glass.
Test images are horizontally inverted on the masks with respect to the reference
image in order to be projected on the metasurface with the correct orientation.
Each satellite image was converted to a binary pattern of 100 × 100 square pixels
of 22 µm × 22 µm each on the mask plane. Circular alignment marks were created
on each mask during photolithography for alignment purposes (not shown).

created and fabricated on chromium-on-glass masks with photolithography, see Fig. 4.6.
As previously stated, the images under test are horizontally inverted in order to match
the orientation of the target image when projected on the metasurface. The images
were taken one decade apart around the annual ice cover minimum which occurs in
September from 1982 until 2012. Experiments are performed in the same experimental
configuration that was used for pattern recognition (see Section 4.4) where all satellite
images (test images B) are compared to the initial ice cover of 1982 (reference image
A), see Fig. 4.7 a. Coherent interaction of the test and reference satellite images (row 1)
on the metasurface clearly shows the regions where the ice cover remained unchanged
(row 2) and the regions where the ice cover changed (row 3, mostly due to melting)
for different phases of the illuminating beams. Using the CCD camera as an effective
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Figure 4.7: Image analysis of Arctic and Greenland ice extent evolution from 1982 to 2012. (a) Binary masks representing September ice coverage
based on satellite images taken 10 years apart [186] as seen by the CCD camera
for single beam illumination (row 1). Comparison to the initial 1982 ice cover by
projection of the test and reference masks onto opposite sides of the metasurface
using coherent light, revealing similarities (row 2) and differences (row 3) for phase
differences between transmitted reference light and reflected test light of θ = 0 and
π, respectively. (b) Measured normalized power P̃max (green, θ = 0) and P̃min (red,
θ = π), where ∆P̃ = P̃max − P̃min (arrows) corresponds to the fraction of ice cover
that remained unchanged and 4P̃min corresponds to the fraction of ice cover change
(growth or melting). The power has been determined by integrating the intensity
across the corresponding image.
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photodetector, image power is integrated to determine the maximum and minimum of
the phase-dependent normalized total power, P̃max and P̃min , as described above, see
Fig. 4.7 b. The phase-dependent power fluctuation ∆P̃ corresponds to the area of ice
cover that remained unchanged, indicating that the ice cover of 1982 remained largely
intact until 1992 and that substantial melting took place thereafter. However, the power
fluctuation alone does not indicate growth of ice in areas that were not covered in 1982.
A much more detailed analysis becomes possible when taking both P̃max and P̃min into
account to calculate the areas where the ice cover remained, melted and grew based on
Table 4.1. Relative to the initial ice cover of 1982 (SA ), the total ice cover of a test
image SB is given by 4P̃avg − 1 and consists of the ice cover that remained unchanged
SA∩B given by ∆P̃ and the ice cover SB\A that grew since 1982 given by 4P̃avg − 1 − ∆P̃ .
The ice cover SA\B that melted since 1982 is given by 1 − ∆P̃ . Fig. 4.8 shows the correct
theory values for remaining, grown and melted ice cover in comparison to the optical
experiments. Experiments correctly reproduce the general ice cover evolution indicating
that the total ice cover remains roughly constant until 1992 and then reduces by about
20% per decade. However, without applying an instrumental contrast correction factor,
the areas of ice growth and ice melting are somewhat overestimated. If a contrast
correction factor of f = 1.1 is applied to compensate for an experimental contrast of
90% rather than 100%, then the experiments reproduce the areas of ice cover that
remained, melted and grew accurately.

4.6

Study on the spatial resolution of the experimental
optical imaging interferometer

All experimental demonstrations throughout this thesis are underpinned by coherent
control of metasurface absorption. The speed and power limitations of the principle have been recently explored [107–109] revealing its potential to reach THz bandwidths and quantum regime intensities. The exploitation of the principle for all-optical
two-dimensional profile manipulation has been theoretically and experimentally demonstrated for the first time in Chapters 2 - 4. The application of the technique for pattern
recognition and analysis of images (Sections 4.4 and 4.5) invokes the need to investigate
the spatial resolution limitations of the experimental platform, i.e. to determine the
smallest feature size that can be addressed experimentally under the two-dimensional
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Figure 4.8: Comparison of theoretical and experimental image analysis
of Arctic and Greenland ice extent evolution from 1982 to 2012. Exact
theoretical and experimentally determined areas of molten 1−∆P̃ , grown 4P̃avg −1−
∆P̃ and remaining ∆P̃ ice cover relative to the original ice cover without (f = 1.0)
and with (f = 1.1) contrast correction.

coherent control scheme.
In an experimental configuration that includes conventional imaging optics, the
minimum-size feature that can be resolved is governed by the theoretical diffraction
limit of the system. This is established by the Rayleigh criterion which defines the
minimum separation distance between two spatially resolved point sources [187]:

∆l = 0.61

λ
,
NA

(4.3)

where λ is the wavelength of light and N A is the numerical aperture of the lenses,
i.e. the angle range within which the lenses can emit or accept light. For the employed
experimental system (Fig. 2.17), the numerical aperture is limited to N A = 0.8 by
the infinity-corrected objectives included in either interferometer arm which are used
to project the two-dimensional profiles of beam A and B on the metasurface from either side. It should be noted that although tube lens focal lengths are varied between
experimental demonstrations, both infinity-corrected objectives are permanent parts of
the configuration and therefore define the numerical aperture for all experiments. Subsequently, depending on the laser in use, the theoretical diffraction-limited resolution
for the constructed optical system is ∆l = 598.6 nm for λ = 785 nm when the CW
fibre-coupled diode laser is employed and ∆l = 602.4 nm for λ = 790 nm when the CW
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fibre Bragg grating laser is used.
Another theoretical limitation to the spatial resolution of a realistic system arises
from the Nyquist sampling theorem [188] based on which the pixel size of the employed detector should be no more than half the size of the smallest feature to be
resolved. In the experimental demonstrations presented so far, the Evolve 512 Photometrics camera was used to monitor the system output. The sensor of this camera is comprised of 16 µm × 16 µm pixels arranged in a 512 × 512 array. For this
camera, the minimum resolvable feature based on the Nyquist sampling theorem is
32 µm × 32 µm on the sensor plane. The permanent system optics that image the
metasurface plane on the camera sensor result in 50× magnification ratio between the
two planes. Therefore, the minimum feature size to be resolved by the Photometrics
camera is equivalent to a 640 nm × 640 nm feature on the metasurface. This size is
slightly larger than the diffraction-limited resolution (∆l) defined above for either experimental wavelength. In order to eliminate this detector-related limitation, a CCD
camera with 4.65 µm × 4.65 µm pixels is used for the spatial resolution experiments of
this section. For this camera, the minimum resolvable feature on the metasurface plane
is 186 nm × 186 nm in size according to the Nyquist theorem which is well below the
diffraction-limited spot size for either experimental wavelength.
In the theory of coherent control of metasurface absorption, the metasurface sample is considered to be a uniform film of deep sub-wavelength thickness since all nanostructure dimensions are smaller than the wavelength of light. However, in the case
of two-dimensional coherent control, any inter-meta-molecular coupling induced across
metasurface areas by alternating bright and dark features of the impinging spatially
structured profile could result in an additional limitation to the system’s spatial resolution. This case was theoretically investigated in Section 2.2.2 by simulating a semiinfinite array with different orientations of the optimized metasurface design under spatially varying illumination with one and two coherent input beams. In all cases, the
inter-meta-molecular coupling resulted in the excitation of up to two meta-molecules
(the furthest of which was almost negligibly excited) beyond a pre-defined transition
line separating illuminated and non-illuminated metasurface areas. In terms of spatial
resolution, this could be translated cautiously to a minimum separation length between
bright features of the structured illuminating profiles equal to the length of two unit
cells. The unit cell pitch of the metasurface is 350 nm × 350 nm resulting in a minimum
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bright feature separation of 700 nm across the structured illuminating beam profiles.

Figure 4.9: Photolithography-fabricated masks for spatial resolution experiment. Optical microscope images of the binary (a) beam A mask corresponding to a 2 mm diameter clear aperture and the (b) beam B mask carrying the sector
star profile (central panel) of 2 mm outer diameter. Left and right panels provide
zoomed views of the annotated areas of the central panel. Gray areas represent
chromium-covered (130 nm thick) opaque mask areas and darker areas correspond
to transparent glass.

In practice, experimental performance may be further compromised by aberrations
introduced by any imperfections of the optics of the experimental setup and any deficiencies or non-uniformities of the fabricated metasurface. Therefore, it makes sense to
experimentally investigate the achievable spatial resolution of the constructed optical
platform. In the context of image processing as presented in Sections 4.2 - 4.5, this can
be realized by employing an image mask including features that stretch the system’s
theoretically predicted spatial resolution limit. A broadly accepted spatial resolution
test for optical systems is based on the projection and imaging of a sector star design by
the tested system. Fig. 4.9 b shows a sector star design on a photolithography-fabricated
chromium-on-glass mask. The design is formed by alternating bright and dark bars of
identical dimensions that become thinner and more closely packed towards the centre
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of the design. All bars have equal width at a particular radial distance from the centre
of the design. Each bar has a width that is well above the theoretical limit of spatial
resolution along the outer perimeter of the sector star and gradually reduces towards the
center reaching sub-diffraction-limited widths near the inner perimeter of the design. As
a result, the outer part of the sector star is clearly resolved by the system optics showing
sharp bright and dark bars in the acquired image. Closer to the centre of the design,
the contrast between bright and dark bars deteriorates significantly. At a particular
radial distance r from the centre of the design, bright and dark bars become indistinguishable. This radial distance provides a direct measure of the spatial resolution, as it
is directly proportional to the width w(r) of a pair of bright and dark bars at a given
radial distance:
w(r) = 2rsin(

2π
),
N

(4.4)

where N is the number of bars. For the minimum radius that is clearly resolved, w(r) is
the size of the minimum feature that can be clearly resolved by the optical configuration
and therefore determines the system’s spatial resolution limit. Consequently, a simple
measurement of r in a sector star image that is experimentally acquired is sufficient for
the determination of spatial resolution.
Having defined the spatial resolution limitations according to theory, a sector star
experiment is performed to test the existing platform. This experiment is conducted
with the 790 nm fibre Bragg grating laser, a 400 mm tube lens with a 50× infinitycorrected objective (with N A = 0.8) in either interferometer arm resulting in 100×
demagnification of beam A and B profiles when projected on the metasurface and a
camera with 4.65 µm × 4.65 µm pixel pitch in the configuration of Fig. 2.17. For this
combination, the theoretical minimum feature is limited to 604 nm by diffraction, to
186 nm by the Nyquist sampling theorem and to about 700 nm by inter-meta-molecular
coupling in the nanostructure as predicted by simulations. Taking all the above into
consideration, the minimum bar width in the centre of the sector star design should
be smaller than 700 nm when projected on the metasurface. For the employed sector
star N = 36 bars are included in the design, see Fig. 4.9 b. The inner and outer
diameters of the sector star are equal to 114.6 µm and 2 mm, respectively. Therefore,
the inner bar width is 10 µm and the outer bar width is 175.5 µm, which correspond
to 100 nm and 1.755 µm, respectively, when projected on the metasurface. Separate
experiments were conducted in order to acquire images of the sector star when projected
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Figure 4.10: Spatial resolution of the system for metasurface illumination
by a single beam. Images acquired in the absence of beam A when the sector
star profile is projected on (a) unstructured gold of 60 nm thickness supported by
Si3 N4 , (b) free-standing unstructured gold of 60 nm thickness and (c) free-standing
structured gold of the metasurface. Green circles of radius r annotate the circle
outside which dark and bright bars are distinguishable in each case. Different colour
scales are used in order to better depict any qualitative discrepancies between the
images.

on the metasurface in the absence of beam A and in the presence of structured beam A
transmitted through the clear aperture mask of Fig. 4.9 a.
In order to investigate any existing compromise of the system’s spatial resolution
arising from system aberrations, fabrication deficiencies and metasurface nanostructuring, the sector star mask was illuminated by beam B and projected on different sample
areas which were imaged by the CCD camera in the absence of beam A, see Fig. 4.10.
Initially, the imaging performance of the system was tested by projecting the sector
star on an unstructured gold area that is supported by Si3 N4 (panel a). This test eliminates any effects that may be introduced by any roughness or flatness imperfections
caused by the removal of Si3 N4 or the nanostructuring process. Following the method
described above for the definition of the minimum resolved feature size w(r), a green
circle is plotted on top of the acquired sector star image in order to annotate the radial position r outside which the bright and dark bars can be clearly distinguished.
For the definition of this radial distance, horizontal and vertical intensity cross-sections
of the acquired intensity image were plotted in Matlab. Simple observation of these
cross-sections led to the definition of the radial distance beyond which the bright and
dark features are indistinguishable, corresponding to almost flat lines in the intensity
cross-sections. In Fig. 4.10 a, this measurement yields r = 2.6µm which is translated
to w(r) = 903 nm. This spatial resolution deterioration (as compared to the theoretical
prediction of 602.4 nm) is most likely related to unavoidable focusing and aberration
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deficiencies introduced by the system’s optics components and is also qualitatively noticeable in the intensity map of Fig. 4.10 a in the form of slightly curved bar edges. The
quality of the image of the sector star seems to deteriorate slightly further when it is projected on free-standing unstructured gold, see Fig. 4.10 b, which is probably associated
with surface flatness and roughness issues induced by the removal of Si3 N4 . Nevertheless, the measured spatial resolution remains unaffected and equal to w(r) = 903 nm.
Fig. 4.10 c depicts the sector star image for projection on the metasurface area. Once
again the measurement yields w(r) = 903 nm which reveals that nanostructuring does
not induce any significant further compromise of the system’s spatial resolution. This
does not contradict the theoretical prediction that the metamaterial structure reduces
the contrast between features spaced by less than 700 nm. Thus, the spatial resolution
of the experimental setup is not limited by inter-meta-molecular coupling. It is limited
by aberrations and free-standing gold roughness and flatness. The experimental results
do not allow more specific conclusions on how inter-meta-molecular coupling affects the
overall spatial resolution.
Lastly, the system’s spatial resolution is tested for the case of coherent interaction
of beams A and B on the metasurface. Beam A is passing through the clear aperture
mask of Fig. 4.9 a, resulting in a uniformly illuminated disk of diameter equal to the
outer diameter of the sector star (row 1 of Fig. 4.11). Beam B is carrying the sector star
profile (row 2 Fig. 4.11) that is identical to the one used in Fig. 4.10. The limiting cases
of coherent interaction between beams A and B when the metasurface coincides with a
standing wave node or antinode are shown in rows 3 and 4 of Fig. 4.11, respectively.
Fig. 4.11 b provides a zoomed view of Fig. 4.11 a, enabling clearer observation of any
differences between rows 2, 3 and 4. Interestingly, in all three cases the sector star bars
become distinguishable beyond r = 2.6 µm suggesting that the spatial resolution limit is
still w(r) = 903 nm for the coherent case. Imperfect coherent transmission or absorption
across parts of beam B cannot be directly associated to the system’s spatial resolution
as it could be resulting from intensity or phase mismatch across the wavefront or a local
defect on the metasurface.
Conclusively, the system’s spatial resolution is limited to w(r) = 903 nm on the
metasurface plane, which is only 203 nm larger than what is theoretically predicted.
Although this experiment was conducted to explore the experimental limitations of
pattern recognition and image processing as presented in this Chapter, its conclusions
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Figure 4.11: Spatial resolution of the system for simultaneous metasurface illumination by two coherent beams. (a) Illumination of the metasurface
with beam A structured by a clear aperture mask (row 1) and beam B structured
by the sector star mask (row 2) results in the coherent intensity enhancement of the
bright bars of beam B at standing wave electric nodes (row 3) and their coherent
absorption at standing wave anti-nodes (row 4). Column (b) provides zoomed views
of the areas annotated with blue dashed lines in column a. Green circles of radius r
annotate the radius outside which dark and bright bars are distinguishable in each
case. All images are plotted on the same colorscale.
apply to all experimental demonstrations that are conducted in the constructed optical
imaging interferometer of Fig. 2.17. Even when using the larger pixel pitch sensor of
the Evolve 512 camera, the spatial resolution limit of w(r) = 903 nm still applies since
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it is larger than the two-pixel limitation imposed by the Nyquist theorem. Therefore,
w(r) = 903 nm which is mainly originating from system aberrations, sample flatness
and roughness imperfections, can be considered as a universal limitation to the spatial
resolution of the measurements for all experimental demonstrations of this thesis.

4.7

Summary

In summary, all-optical image processing, binary pattern recognition and image analysis
based on projecting pairs of images onto opposite sides of a planar metamaterial absorber
using coherent light are presented. In contrast to nonlinear methods, the linear technique
reported here does not have minimum intensity requirements and the underlying optical
effect is known to operate on the femtosecond timescale. In terms of spatial resolution,
image and pattern features down to 903 nm (1.14λ) in size can be resolved at the
wavelength of 790 nm based on the presented sector star experimental test.
The presented pattern and image processing and recognition techniques enable both
real-time mapping of similarities and differences between images using a CCD camera
and quantitative analysis of the relationship between pairs of images with a photodetector. Binary images containing a large amount of optical data can be compared alloptically and their relationship can be quantified by 3 power values of electronic data
that allow the area of image overlap, areas contained in one or the other image and
any other set operation to be determined. Demonstrations include addressing of spatial
features of the International Year of Light logo, binary pattern recognition for patterns
of bright dots occupying 8 positions in a 4 × 4 grid and image analysis to determine the
ice cover evolution in the Arctic and Greenland region based on satellite images. The
introduced scheme is a hardware-based platform where image analysis and recognition
is achieved with minor post-processing. Hence, this solution provides an alternative
to computationally intensive pattern recognition and image analysis algorithms while
circumventing the trade-off between speed and intensity requirements of previously established all-optical techniques that involve nonlinearities. Such a configuration could
in principle be implemented in any imaging system that operates with coherent illumination and the speed and power requirements would be solely restricted by the response
of the employed phase modulator and detector, since the underpinning coherent absorption effect could achieve bandwidths as high as 100 THz and operation in the quantum
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regime.
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Chapter 5

All-optical dynamic focusing of
light with a plasmonic
metasurface
The work in this Chapter has been submitted for publication in [189] and is currently in
press. Figs. 1-6 and Figs. S1-S6 of [189] are reproduced here.

5.1

Introduction

Vision, microscopy, imaging, optical data projection and storage depend on focusing of
light and the versatility of related technologies requires solutions that enable dynamic
control over focusing properties. A light beam is focused by spatially varying its amplitude or phase distribution across the beam. Conventional convex lenses rely on the
optical thickness of materials such as glass to introduce suitable phase delays, while
Fresnel zone plates block light or introduce phase differences at certain radial distances
from their centre in order to achieve constructive interference at the focus. Dynamic
focusing is then realized by moving several solid lenses relative to each other [190],
by elastic deformation [191], by varying curvature and optical thickness of microfluidic
lenses [192, 192, 193] or via all-optical prescription of planar lens profiles on liquid crystal
samples [194]. Moreover, spatial light modulators have been widely employed to vary the
spatial intensity or phase profile of lenses [185, 195, 196]. Such techniques are based on
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Figure 5.1: Dynamic optical focusing with a metamaterial absorber of
substantially sub-wavelength thickness. A focused signal beam A produces focal
spot 1 (a). A coherent structured control beam can modify signal beam A by
controlling absorption on a metamaterial absorber, producing a modified focal spot
2 (b) or eliminating the focal spot altogether (c).

moving solid or liquid parts, or they rely on reorienting liquid crystal cells, making submillisecond response times difficult to achieve. While all-optical nonlinear self-focusing
[197–199] can be much faster, its inherent intensity dependence and minimum intensity
requirements are rarely practical.
As opposed to conventional dynamic focusing schemes, where control is accessed
via mechanically reconfigurable lenses, spatial light modulators or microfluidics, in this
Chapter dynamic control over optical focusing based on the linear interaction of light
with light without moving parts is reported both theoretically and experimentally, see
Fig. 5.1. The method for controlling optical focusing that is explored here exploits
the properties of all-optical two-dimensional coherent control of light with light based
on the theory introduced in Chapter 2. Spatially resolved coherent control of metasurface absorption allows continuous operation between the regimes of coherent perfect
transparency and coherent perfect absorption by effectively translating the metasurface
between nodes and anti-nodes of an optical standing wave, respectively. Hence, focusing
of light resulting from illumination of the plasmonic metasurface with a Fresnel zone
pattern (Fig. 5.1 a) can be controlled by another patterned beam projected on the same
metasurface (Fig. 5.1 b and c) using coherent light.
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In the demonstrations of this Chapter, two Fresnel zone plate patterns are imaged
onto opposite sides of a lossy metasurface. Alteration of the control zone pattern enables
dynamic control over intensity (“on” to “off”), depth (5 to 10 µm), diameter (700 to
940 nm) and focal distance (15 to 10.3 µm) of the focal spot as well as effective switching
between a lens and a diffracting aperture. The focusing characteristics may be controlled
continuously by modulating the phase of one illuminating beam. Switching can in theory
be ultrafast (up to 100 THz) [108, 109]. In practice, switching occurs as fast as the
control beam can be modulated, and electro-optical modulators can provide tens of
gigahertz modulation bandwidth, which is orders of magnitude faster than mechanical
and spatial light modulator technologies. Furthermore, the technique does not require
any optically nonlinear materials and has been proven compatible with arbitrarily low
intensities down to the single photon regime [107].
The presented scheme for all-optical dynamic focusing is essentially showing that
coherent control of the interaction of light with a metasurface in a standing wave can
effectively create a dynamically adjustable Fresnel zone plate. The following demonstrations prove that two-dimensional coherent control in metasurfaces can be useful in
tasks requiring manipulation of light localization in three dimensions using the example
of optical focusing.

5.2

Theoretical description of all-optical dynamic focusing based on two-dimensional coherent control of light
with light

Two-dimensional coherent control of light with light in absorbing metasurfaces is employed to dynamically tune the focusing properties of binary Fresnel zone plates. The
projection of Fresnel zone plates on either side of a metasurface by coherent counterpropagating beams results in the spatially resolved absorption of Fresnel zones from 0%
to 100% based on the theory of two-dimensional coherent control. Following the mathematical description of Chapter 2, the interaction of two incident counter-propagating
coherent light fields given by Eq. 2.7 with structured electric field amplitudes EA (x, y)
and EB (x, y), on a thin film with complex scattering coefficient s(λ) is described by
Eqs. 2.9 - 2.11. The effective thin film translation along the established standing wave is
imposed by varying the relative beam phase difference ∆ϕ = arg(EB )−arg(EA ). Across
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areas of spatial beam profile overlap, for an ideal thin absorber with scattering coefficient s(λ) = −0.5 (see Appendix A), illuminated by counter-propagating beams of equal
amplitude, Eqs. 2.9 - 2.11 yield EC = EA and ED = EB for ∆ϕ = π (i.e. EC = −ED )
and EC = ED = 0 for ∆ϕ = 0 which correspond to the states of coherent perfect transparency and coherent perfect absorption, respectively. Therefore, for a particular Fresnel
zone plate profile imposed on the profile of beam A, the profile of beam B can be patterned to address a desired number of zones in order to modify the focusing properties
via selective absorption or enhanced transmission of lens zones from 0% up to 100%, see
Fig. 5.1.
On this basis, for the exploration of suitable dynamic focusing paradigms several
Fresnel zone plate designs were considered and their individual and combinatorial coherent response was investigated. The Fresnel zone plate structures were designed and
optimized to meet the practical criteria of the experimental setup, i.e. Fresnel zones
had to have a spatially resolved width and the resulting zone plates had to have focal
distances, depths and diameters that can be efficiently scanned experimentally. In order to meet the practical criteria, the theoretical zone plate design was based on the
generalized Fresnel zone plate radii definition:
r
Rn =

(n + a)λf +

(n + a)2 λ2
,
4

(5.1)

where n is the zone order, λ is the design wavelength, f is the design focal length and
a is a reference phase that comes into play when an arbitrary length is added to all
zone paths to the focal spot and facilitates complex design criteria combinations [200].
This radii definition ensures that all incoming light passing through the transparent
Fresnel zone plate zones constructively interferes at a distance f in front of the zone
plate along its symmetry axis. It should be noted that for a = 0 the above formula yields
q
2 2
Rn = nλf + n 4λ which is the more widely known Fresnel zone plate radii definition.
For each Fresnel zone plate, the scalar angular spectrum method [201, 202] is employed
via a Matlab code in order to calculate the resulting light distribution when the zone
plate placed in the xy-plane at z = 0 is illuminated by a plane wave propagating along
z. Based on these calculations the full width at half maximum of the focal spot intensity
in the xy-plane at z = f as well as the full width at half maximum along the optical axis
were calculated for each case in order to examine compliance with the scanning range
capabilities of the available experimental components.
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Taking all the above into consideration, the targeted focal length was set to f =
15 µm, for an instrumental reference phase of a = −0.5 at the design wavelength of
λ = 790 nm. Table 5.1 provides the radii of the optimized design including 7 zones
for beam profile A as depicted in Fig. 5.2 a. For beam profile B, individual cases of
addressing the full zone plate structure to modulate focal intensity (Fig. 5.2 b), the
inner most zones of the plate to vary focal depth and diameter (Fig. 5.2 c), as well as an
inverted zone plate (Fig. 5.2 d) leading to switching between a lens and a transparent
lens-sized aperture were chosen to illustrate the potential of two-dimensional coherent
control for all-optical dynamic tuning of focusing. In the following sections theoretical
and experimental results will be presented for each individual case.

Figure 5.2: Fresnel zone plate designs for dynamic control of optical
focusing. (a) Beam A Fresnel zone plate pattern design including 7 individual
zones that can be coherently addressed by beam B Fresnel zone plates including
(b) a pattern that is identical to beam A zones, (c) a pattern that corresponds
to the three inner zones of beam A and (d) the inverted beam A zones. All zone
plate designs target the creation of a focal spot at f = 15 µm for a = −0.5 and
λ = 790 nm. Based on these parameters, zone radii R1 - R7 are calculated based
on Eq. 5.1 and provided in Table 5.1. Design radii are common for all designs.
Transmissive and opaque design zones are represented by red and black, respectively.
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Table 5.1: Fresnel zone plate design radii based on Eq. 5.1 for f = 15 µm, a = −0.5
and λ = 790 nm.
Fresnel zone plate design radii in µm

5.3

R1

R2

R3

R4

R5

R6

R7

2.44

4.26

5.53

6.58

7.52

8.36

9.14

Demonstration of all-optical dynamic focusing functionalities

5.3.1

All-optical setup for coherent control of focusing properties

For the experimental demonstrations of all-optical dynamic control over focal intensity,
depth and diameter the fabricated metasurface described in Fig. 2.14 is employed. For
this case the experimental wavelength is 790 nm, where the metasurface absorbs about
34% of a single illuminating beam and has almost the same spectral response when illuminated from its front and rear sides. Fresnel zone plates are imaged on the metasurface
from either side and their focusing properties are dynamically controlled. In order to
capture the Fresnel zone plate properties, the resulting intensity distributions of the
modified focal spots need to be imaged at various positions along the optical axis by the
system’s CCD camera. Therefore, the previously employed configuration of Fig. 2.17
needs to be modified accordingly, as illustrated in Fig. 5.3.
Throughout this work, incident light is linearly polarized with the electric field
parallel to the symmetry axis of the metasurface. Coherent control of focusing of light
with light is explored for Fresnel zone plate lenses manufactured by photolithography
from a 130-nm-thick chromium layer on a glass substrate, see Fig. 5.3 i - iv. The Fresnel
zone plate for beam A, see Fig. 5.3 i, is designed to create a focal spot at a focal distance
of 15 µm in front of the metasurface. Following the design of the Fresnel zone plate for
beam A, three Fresnel zone plates for beam B are fabricated corresponding to patterns
comprised of zones that are identical to beam A zones (Fig. 5.3 ii), the three inner zones
of beam A (Fig. 5.3 iii) and the inverse of beam A zones (Fig. 5.3 iv).
Pairs of zone plates are imaged onto opposite sides of the metasurface with 75×
demagnification (via a combination of a 300 mm focal length tube lens with a 50×
infinity-corrected objective of 4 mm focal length) using light from the same 790 nm
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Figure 5.3: Coherent control of optical focusing is achieved by imaging
Fresnel zone plates A and B onto opposite sides of a metasurface using coherent light
of 790 nm wavelength. The optical microscope images of the fabricated chromiumon-glass zone plate masks are depicted in insets i - iv. At the metasurface, the
images of the Fresnel zone plates A and B are demagnified 75× by a combination
of a 300 mm focal length lens and an infinity-corrected 1 mm working distance 50×
objective. Using the same objective combined with a 200 mm focal length lens,
the intensity distribution at different distances z from the metasurface is imaged
onto a CCD camera by translating the camera along the optical path. The image
sequence at the bottom shows intensity patterns recorded by the camera at different
distances z when identical zone plates A and B are imaged on the lossy metasurface
positioned near a node of the standing wave (∆ϕ = π) as in the third row of Fig. 5.5.
Here the intensity map taken at z = 15 µm depicts the focal hotspot created by the
Fresnel zone plates.

wavelength fiber-Bragg-grating-stabilized CW diode laser with 2 mW output power and
less than 0.01 nm line width. Dynamic control over focusing is achieved by modulating
the phase of light illuminating one zone plate with a liquid crystal phase modulator.
Focusing of light resulting from transmission of zone plate image A and reflection of
zone plate image B is characterized by imaging in front of the metasurface (object plane)
starting at z = 0 (metasurface plane) up to z = 25.5 µm in steps of 880 nm with a CCD
camera (Thorlabs DCU224M). Using an optical imaging system with 50× magnification
M to image the metasurface plane on the camera (combination of a 200 mm focal length
tube lens with a 50× infinity-corrected objective of 4 mm focal length), the longitudinal
magnification is defined by M 2 [203] and therefore scanning is achieved by moving the
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camera 63.8 mm along the wave propagation direction in 2.2 mm steps using a linear
z-axis translation stage. This scanning range is well beyond the focal length, which was
designed to be 15 µm in all cases.
The input beam intensities are chosen such that transmission of beam A and reflection of beam B have the same intensity when the zone plates are not present. The
different experimental data sets studying (i) identical Fresnel zone plates, (ii) zone plates
with a different number of rings and (iii) inverted zone plates use different camera exposure times to make optimal use of the camera’s dynamic range. Therefore, intensity
is shown in the same arbitrary units within each data set, but different data sets use
different arbitrary units in the following demonstrations.
Alongside experimentally acquired data sets, theoretical light distributions calculated based on the angular spectrum method [201, 202] are provided for all cases to validate experimental performance based on expected coherent and incoherent responses.
To aid comparison between experimental and theoretical intensity distributions, the arbitrary intensity units of the theoretical data sets are chosen such that the theoretical
focal peak intensity of Fresnel zone plate A matches that of the corresponding experimental data set.
In all cases, the focal diameter is determined as the full width half maximum of the
focal spot intensity in the xy-plane at z = 15 µm and the focal depth was determined as
the full width half maximum of the focal spot intensity along the optical axis (z-axis).

5.3.2

Control of focal intensity

Considering the simplest case of imaging identical Fresnel zone plates on opposite sides of
the ideal thin absorber or metasurface and following the analysis of Section 5.2, ∆ϕ = π
yields EC = −ED implying identical focusing behaviour of maximum intensity in both
directions, whereas ∆ϕ = 0 results in absorption of all light, EC = ED = 0.
Fig. 5.4 illustrates the theoretically predicted coherent control of focal intensity
with light, which results from imaging of identical Fresnel zone plates A and B onto
opposite sides of an ideal thin absorber with coherent light. Fig. 5.5 corresponds to the
experimentally measured coherent control of focal intensity. Fig. 5.6 includes the focal
spot depth and diameter graphs for both theoretical (Fig. 5.4) and experimental results
(Fig. 5.5). The projections of the individual zone plates onto the metasurface and the
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resulting focusing characteristics are shown by the first two rows in Figs. 5.4 - 5.6. Both
zone plates form similar focal spots with about 15 µm focal length, 4.4 µm focal depth
and 800 nm focal diameter which are in excellent agreement between theoretical and
experimental data sets for all cases, see Fig. 5.6.

Figure 5.4: Simulation results for controlling focal intensity by projecting
identical Fresnel zone plate patterns, A (row 1) and B (row 2) onto opposite sides of
the metasurface. Coherent interaction of patterns A and B on the metasurface leads
to high focal intensity for ∆ϕ = π (row 3), while ∆ϕ = 0 (row 4) leads to vanishing
focal intensity. (a) Simulated intensity on the metamaterial plane. (b) Simulated
light distribution at different distances z from the metasurface (yz-plane). The
pink dotted line indicates the optical axis along which the focal depth is defined.
(c) Simulated intensity distribution in the focal plane at z = 15 µm. Green dotted
lines indicate the intensity cross-sections used to determine the focal diameter. All
color scales show intensity.
Simultaneous projection of both lens patterns onto the metasurface does not affect
the focal depth and diameter within experimental accuracy, however, the focal intensity becomes strongly dependent on the phase difference of the illuminating beams, see
Figs. 5.4 - 5.6. Coherent interaction of lens pattern A with lens pattern B for ∆ϕ = π
(row 3) leads to a 4-fold intensity increase, while ∆ϕ = 0 (row 4) results in almost
complete absence of the focal spot. While simulations predict that the focal intensity
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should reduce to zero for ∆ϕ = 0, a residual intensity of about 7% of the peak intensity
is observed in experiments, corresponding to 1400% contrast between maximum and
minimum focal intensity. The residual intensity arises from experimental imperfections
related to the accuracy of phase control and alignment as well as metasurface flatness
and homogeneity. The focal intensity can be controlled continuously between these
extremes by varying ∆ϕ from 0 to π.

Figure 5.5: Experimental results for controlling focal intensity by projecting identical Fresnel zone plate patterns, A (row 1) and B (row 2) onto opposite
sides of the metasurface. Coherent interaction of patterns A and B on the metasurface leads to high focal intensity for ∆ϕ = π (row 3), while ∆ϕ = 0 (row 4) leads to
vanishing focal intensity. Column (a): Images of the metamaterial plane taken with
a camera. Column (b): Measured light distribution at different distances z from the
metasurface (yz-plane). The pink dotted line indicates the optical axis along which
the focal depth is defined. Column (c): Measured intensity distribution in the focal
plane at z = 15 µm. Green dotted lines indicate the intensity cross-sections used
to determine the focal diameter.
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Figure 5.6: Focal depth and diameter for identical Fresnel zone plate
patterns, A (row 1) and B (row 2) projected onto opposite sides of the metasurface.
Coherent interaction of patterns A and B on the metasurface leads to high focal
intensity for ∆ϕ = π (row 3), while ∆ϕ = 0 (row 4) leads to vanishing focal
intensity. Column (a): Calculated (black solid lines) and measured (pink lines with
data points) intensity distribution along the optical axis (indicated by pink dotted
lines in Figs. 5.4 and 5.5). Column (b): Calculated (black solid lines) and measured
(green lines with data points) radial intensity distribution in the focal plane at
z = 15 µm, obtained by averaging cross-sections along x and y (indicated by green
dotted lines in Figs. 5.4 and 5.5).

5.3.3

Control of focal depth and diameter

Figs. 5.7 - 5.9 illustrate coherent control of focal depth and diameter with light, which
results from imaging Fresnel zone plates with a different number of rings onto opposite
sides of the metasurface, where the smaller zone plate corresponds to the central part
of the larger one. The projections of the individual zone plates onto the metasurface
and the resulting focusing characteristics are shown by the first two rows in all three
figures and the arbitrary intensity units of the theoretical data set has been chosen such
that the theoretical focal peak intensity of Fresnel zone plate A matches that of the
corresponding experimental data set. The smaller 2-ring zone plate has an increased
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Figure 5.7: Simulation results for controlling focal depth and diameter
by projecting different Fresnel zone plate patterns, A (row 1) and B (row 2) onto
opposite sides of the metasurface. Coherent interaction of patterns A and B on
the metasurface leads to a short, high-intensity focus for ∆ϕ = π (row 3), while
∆ϕ = 0 (row 4) a dimmer, narrower Bessel-beam-like focus with a large focal depth.
(a) Simulated intensity on the metamaterial plane. (b) Simulated light distribution
at different distances z from the metasurface (yz-plane). The pink dotted line
indicates the optical axis along which the focal depth is defined. (c) Simulated
intensity distribution in the focal plane at z = 15 µm. Green dotted lines indicate
the intensity cross-sections used to determine the focal diameter. All color scales
show intensity.

focal depth and diameter compared to the 4-ring zone plate, see Fig. 5.9. Simultaneous
projection of both lens patterns onto the metasurface creates an effective zone plate,
where the phase ∆ϕ controls the contribution of the inner rings from 4-fold intensity
enhancement (∆ϕ = π, row 3 of Fig. 5.7 a and Fig. 5.8 a) to complete suppression
(∆ϕ = 0, row 4 of Fig. 5.7 b and Fig. 5.8 b) compared to the outer rings.
Enhancement of the inner rings yields similar focusing characteristics to the original
4-ring zone plate (see row 3 of Fig. 5.9) with a small increase in focal depth and diameter,
accompanied by about 2-fold focal spot intensity increase. In contrast, suppression of
the inner rings yields a dimmer focus resembling an optical needle [204] or a Bessel beam
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[205, 206], which has a very long focal depth of 10 µm and a small, sub-wavelength focal
diameter of only 700 nm (Fig. 5.9). Thus, variation of ∆ϕ from π to 0 allows the
focal depth to be controlled from 5-10 µm and the focal diameter that determines the
resolution to be controlled from 940-700 nm, corresponding to dynamic ranges of 100%
and 35%, respectively.

Figure 5.8: Experimental results for controlling focal depth and diameter
by projecting different Fresnel zone plate patterns, A (row 1) and B (row 2) onto
opposite sides of the metasurface. Coherent interaction of patterns A and B on
the metasurface leads to a short, high-intensity focus for ∆ϕ = π (row 3), while
∆ϕ = 0 (row 4) leads to a dimmer, narrower Bessel-beam-like focus with a large focal
depth. Column (a): Images of the metamaterial plane taken with a camera. Column
(b): Measured light distribution at different distances z from the metasurface (yzplane). The pink dotted line indicates the optical axis along which the focal depth
is defined. Column (c): Measured intensity distribution in the focal plane at z =
15 µm. Green dotted lines indicate the intensity cross-sections used to determine
the focal diameter. All color scales show intensity.
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Figure 5.9: Focal depth and diameter for different Fresnel zone plate
patterns, A (row 1) and B (row 2) projected onto opposite sides of the metasurface. Coherent interaction of patterns A and B on the metasurface leads to a short,
high-intensity focus for ∆ϕ = π (row 3), while ∆ϕ = 0 (row 4) leads to a dimmer,
narrower Bessel-beam-like focus with a large focal depth. Column (a): Calculated
(black solid lines) and measured (pink lines with data points) intensity distribution
along the optical axis (indicated by pink dotted lines in Figs. 5.7 and 5.8). Column (b): Calculated (black solid lines) and measured (green lines with data points)
radial intensity distribution in the focal plane at z = 15 µm, obtained by averaging
cross-sections along x and y (indicated by green dotted lines in Figs. 5.7 and 5.8).

5.3.4

Theoretical description of continuous control over focal properties

In Sections 5.3.2 and 5.3.3, the all-optical dynamic control of focusing intensity, focal
depth and diameter has been presented both theoretically and experimentally in the context of the states of coherent perfect transparency and coherent perfect absorption for
relative beam phase differences of π and 0, respectively. However, the presented scheme
can provide continuous control of the targeted focusing properties through continuous
phase alteration. Fig. 5.10 shows the modelled phase-dependence of focal intensity,
depth and diameter for identical zone plates (as in Figs. 5.4 - 5.6) and for zone plates
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with a different number of rings (as in Figs. 5.7 - 5.9), illustrating that phase modulation can indeed provide continuous control over focusing characteristics between the
experimentally observed extremes. A normalized intensity scale was used in Fig. 5.10
as explained in the figure caption.

Figure 5.10: Simulated phase-dependence of focal properties for interaction
of (a) identical Fresnel zone plate patterns (as in Figs. 5.4 - 5.6) and (b) Fresnel
zone plate patterns of different size (as in Figs. 5.7 - 5.9) on an ideal thin absorber.
The intensity is normalized by the focal intensity produced by lens pattern A alone.
Row 1 shows the intensity distribution for each zone plate pattern alone, rows 2 and
3 show the peak intensity and FWHM focal diameter at the nominal focal distance
of z = 15 µm, respectively. Row 4 shows the FWHM focal depth. All color scales
show intensity.

5.3.5

Effective switching between a lens and a diffracting aperture

Following the demonstrations of all-optical control of focal intensity, depth and diameter,
dynamic focusing may also be controlled by effectively removing the lens and replacing
it with a lens-sized clear aperture without moving parts. This is achieved by projecting
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inverted zone plate patterns onto the metasurface as illustrated by rows 1 and 2 in
Figs. 5.11 - 5.13. Depending on the phase difference between the projected inverse zone
plate patterns, their superposition on the metasurface forms an intensity distribution
corresponding to that of a homogeneously illuminated circular disk for ∆ϕ = π (row 3
in Figs. 5.11 - 5.13) or rings of equal intensity but opposite phase for ∆ϕ = 0 (row 4 in
Figs. 5.11 - 5.13).

Figure 5.11: Simulated results for turning a focusing zone plate into a
diffracting aperture by projecting inverted Fresnel zone plate patterns, A (row 1)
and B (row 2) onto opposite sides of the metasurface. Coherent addition of patterns
A and B on the metasurface results in the formation of an effective aperture for
∆ϕ = π (row 3), while an effective phase zone plate with a high intensity focal spot
results from ∆ϕ = 0 (row 4). (a) Simulated intensity on the metamaterial plane.
(b) Simulated light distribution at different distances z from the metasurface (yzplane). The pink dotted line indicates the optical axis along which the focal depth
is defined. (c) Simulated intensity distribution in the focal plane at z = 15 µm.
Green dotted lines indicate the intensity cross-sections used to determine the focal
diameter. All color scales show intensity.

To further clarify the underlying physics in this case it should be underlined that
the coherent addition of zone patterns A and B does not arise from the spatial overlap
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Figure 5.12: Experimental results for turning a focusing zone plate into a
diffracting aperture by projecting inverted Fresnel zone plate patterns, A (row 1)
and B (row 2) onto opposite sides of the metasurface. Coherent addition of patterns
A and B on the metasurface results in the formation of an effective aperture for
∆ϕ = π (row 3), while an effective phase zone plate with a high intensity focal spot
results from ∆ϕ = 0 (row 4). Column (a): Images of the metamaterial plane taken
with a camera. Column (b): Measured light distribution at different distances z
from the metasurface (yz-plane). The pink dotted line indicates the optical axis
along which the focal depth is defined. Column (c): Measured intensity distribution
in the focal plane at z = 15 µm. Green dotted lines indicated the intensity crosssections used to determine the focal diameter. All color scales show intensity.

of zones on the metasurface, since the patterns are inverted. However, for coherent
illumination, the resulting focusing behaviour in the system’s output still depends on
the relative phase difference of beams A and B since the focal spot creation by Fresnel
zone plate patterns is a purely interference-based effect. In particular, the resulting focal
spot is created by the transmission of structured zones of beam A and the reflection of
zones of beam B (with a π phase change). Therefore, for ∆ϕ = π all beam A and B light
zones are directed in-phase towards the output, which is equivalent to the formation of
a lens-sized aperture on the metasurface plane (row 3 in Figs. 5.11 - 5.13). On the
contrary, for ∆ϕ = 0 all the inverted plate pattern light zones are directed to the output
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Figure 5.13: Focal depth and diameter for inverted Fresnel zone plate
patterns, A (row 1) and B (row 2) projected onto opposite sides of the metasurface.
Coherent addition of patterns A and B on the metasurface results in the formation
of an effective aperture for ∆ϕ = π (row 3), while an effective phase zone plate with
a high intensity focal spot results from ∆ϕ = 0 (row 4). Column (a): Calculated
(black solid lines) and measured (pink lines with data points) intensity distribution
along the optical axis (indicated by pink dotted lines in Figs. 5.11 and 5.12). Column (b): Calculated (black solid lines) and measured (green lines with data points)
radial intensity distribution in the focal plane at z = 15 µm, obtained by averaging
cross-sections along x and y (indicated by green dotted lines in Figs. 5.11 and 5.12).

in anti-phase which is equivalent to the formation of a phase Fresnel zone plate on the
metasurface (row 4 in Figs. 5.11 - 5.13).
It is worth comparing the coherent effects that arise from gradual coherent control
of focal intensity as described in Section 5.3.2 with the coherent addition of inverted
zone plates, see Fig. 5.14. As illustrated by Figs. 5.4 - 5.6, projection of identical zone
plate patterns onto the metasurface allows control over the focal intensity in a way that
corresponds to gradually interchanging the lens with a perfect absorber. This changes
the intensity of the focal spot from “on” to “off” without affecting the structure of the
spatial light distribution. On the other hand, projection of inverted zone plates on the
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Figure 5.14: From a focusing zone plate to a diffracting aperture or
darkness. Interaction of (a) identical and (b) inverted Fresnel zone plate patterns
A and B on the metasurface (experimental results). When the transmitted lens
pattern A and the reflected lens pattern B are in phase (which results from antiphase impinging beams ∆ϕ = π), identical zone plates yield a bright focal spot
(c), while inverse zone plates add up to a diffracting circular aperture (d) and (h).
When the transmitted and reflected zone plate patterns are out-of-phase (arising
from ∆ϕ = 0), identical zone plates block almost all light (e) and (g), while inverted
zone plates focus (f ). Panels a - f show experimental results, while g - h show
simulations. For clarity, measured and simulated light propagation are shown on a
reduced intensity scale for the effective aperture and absorber cases. All color scales
show intensity.

metasurface as presented in Figs. 5.11 - 5.13 enables the effective transformation of an
intensity Fresnel zone plate into a lens-sized clear aperture or a Fresnel phase zone plate.
Comparison of the two cases reveals the creation of a similar focal spot from identical
zone plates when ∆ϕ = π (Fig. 5.14 c) and inverted zone plates when ∆ϕ = 0 (Fig. 5.14
f). However, Figs. 5.14 e, g and d, h clearly demonstrate different coherent behaviour
between the intensity distributions created by identical zone plates for ∆ϕ = 0 and
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inverted zone plates for ∆ϕ = π, respectively. It is clearly revealed numerically that
in the first case (Fig. 5.14 g), all light is absorbed, whereas in the latter (Fig. 5.14 h)
a lens is transformed into a lens-sized aperture illuminated by a plane wave, hence
turning the intensity distribution of a focal spot into an aperture diffraction pattern.
In the experimental measurements, the theoretically predicted 0 intensity in the “off”
state (∆ϕ = 0 for identical zone plates), is on the order of a few percent (as explained
above) as shown by Fig. 5.14 e using a different color scale for the low intensity light
distribution. This response is still distinct from the clear aperture state illustrated by
Fig. 5.14 d which has a different spatial intensity distribution that is consistent with the
theoretically predicted clear aperture diffraction pattern (Fig. 5.14 h).

5.3.6

Theoretical description of all-optical tuning of the focal distance

Figure 5.15: Fresnel zone plate designs for dynamic control of the focal
distance. (a) Beam A Fresnel zone plate pattern design including 7 individual
zones with radii given in Table 5.1. The shaded areas of beam A are coherently
addressed by beam B Fresnel zone plate (b) which consists of zones that partially
or fully overlap with beam A zones. Beam B zone radii are given in Table 5.2 and
were calculated via variation of radii and zone combinations based on the zone plate
in beam A in order to create distinctive focal lengths between nodes and anti-nodes
of the standing wave. For both designs, transmissive and opaque design zones are
represented by red and black, respectively.
Up to this point, experimental and theoretical demonstrations targeted dynamic
tuning of focal intensity, depth and diameter based on two-dimensional coherent control
for combinations of Fresnel zone plates designed to focus at a fixed common focal distance. This was achieved by coherent addition of Fresnel zone plates comprised of zones
acquired from the same set of design radii given in Table 5.1. As a result, interesting
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Table 5.2: Beam B Fresnel zone plate design radii for dynamic control of the focal
distance calculated via optimizations of radii and zone combinations based on the
zone plate design used for beam A (Table 5.1) in order to create distinct focal points
at nodes and anti-nodes of the standing wave.
Fresnel zone plate design radii in µm
R10
R20
R30
R40
R50
R60
R70
0.8 1.08 4.9 5.53 6.58 7.52 8.36

R80
9.14

Figure 5.16: Simulation results for controlling the focal distance by projecting different Fresnel zone plate patterns, A (row 1) and B (row 2) onto opposite
sides of the metasurface. Coherent interaction of patterns A and B on the metasurface leads to a high-intensity focus at z = 15 µm for ∆ϕ = π (row 3), while ∆ϕ = 0
(row 4) results in a dimmer focus at z = 10.3 µm with a slightly increased focal
depth and diameter. (a) Simulated intensity on the metamaterial plane. (b) Simulated light distribution at different distances z from the metasurface (yz-plane).
The pink dotted line indicates the optical axis along which the focal depth is defined. The green dotted line indicates the focal plane in each case. (c) Simulated
intensity distribution in the focal plane at z = 15 µm for rows 1, 2 and 3 and at
z = 10.3 µm for row 4. Green dotted lines indicate the intensity cross-sections used
to determine the focal diameter. All color scales show intensity.
possibilities arose from alternating illumination and absorption of different zone combinations leading to adjustable intensity, depth and diameter of the created focal spot,
see Figs. 5.4 - 5.13.
113

Chapter 5. Controlling focusing of light with light

Figure 5.17: Focal depth and diameter for different zone plate patterns
targeting tuning of the focal distance. Zone plate A (row 1) and B (row 2)
projected onto opposite sides of the metasurface. Coherent interaction of patterns A
and B on the metasurface leads to a high-intensity focus at z = 15 µm for ∆ϕ = π
(row 3), while ∆ϕ = 0 (row 4) results in a dimmer focus at z = 10.3 µm with
a slightly increased fodal depth and diameter. Column (a): Calculated intensity
distribution along the optical axis (indicated by pink dotted lines in Fig. 5.16. The
green dotted line indicates the focal distance in each case. Column (b): Calculated
radial intensity distribution in the focal plane at z = 15 µm for rows 1, 2 and 3
and at z = 10.3 µm for row 4, obtained by averaging cross-sections along x and y
(indicated by green dotted lines in Figs. 5.16.
Interestingly, the presented approach can in principle provide control over the targeted focal distance and therefore constitute a fully flexible all-optical dynamic focusing
device. In particular, an additional degree of freedom can be introduced in the system
if partial zone overlap between beam A and beam B designs is considered. In this way,
coherent addition of beam A and beam B can alter the central zone radii, on which the
focal distance depends strongly, as well as the total number of resulting zones and their
radii (based on Eq. 5.1).
A simple example of all-optical dynamic tuning of the focal distance is theoretically
presented here by addressing parts of the same Fresnel zone plate design in beam A
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that was used in previous demonstrations (see Fig. 5.2 and Table 5.1) via a beam B
pattern including zones that partially overlap with those of beam A as well as some
identical to beam A zones, see Fig. 5.15. The zone radii of the zone plate for beam B
were chosen by varying the radii of the initial design for beam A as given by Table 5.1
aiming to create two distinct focal points at the states of coherent perfect transparency
and coherent perfect absorption via coherent addition of beam A and B on the ideal
thin absorber. Zone radii were varied such that pattern zone widths to be projected via
the conventional imaging optics of the current experimental setup do not exceed the
spatial resolution limit of the system (see Section 4.6). Radical change of the radius
of the central zone as well as variation of the total number of illuminated zones that
contribute to focusing can induce noticeable changes in the focal distance f based on
Eq. 5.1.
Figs. 5.16 - 5.17 clearly show tuning of the resulting focal distance between the states
of coherent perfect transparency (∆ϕ = π) and coherent perfect absorption (∆ϕ = 0) for
the zone plate designs of Fig. 5.15 a and b. Zone plates A and B create similar focal
spots around the initial design focal distance of z = 15 µm (row 1 and 2 in Figs. 5.16 5.17). Their coherent interaction on an ideal thin absorber results in a focal spot at
z = 15 µm for ∆ϕ = π and at z = 10.3 µm for ∆ϕ = 0. This translation of the focal
distance by ∆f = 4.7 µm corresponds to a 31% change in f . It should be noted that
the focal spot at z = 10.3 µm is much dimmer as it is created from a reduced total area
of bright zones. It has 96 nm wider focal diameter, 1.4 µm longer focal depth and its
intensity is about 5% of the peak intensity of the focal spot created at z = 15 µm when
∆ϕ = π. The difference in focal intensities could be compensated by modulating the
laser intensity or reduced by zone plate design.
The simple theoretical demonstration of Figs. 5.16 - 5.17 is targeting dynamic tuning of the focal distance using the same Fresnel zone plate in beam A that was previously
used to control other focal properties and was subject to experimental limitations of the
existing experimental setup (e.g. spatial resolution, design wavelength, imaging optics,
scanning range). Dynamic tuning of the focal distance by 31% is obtained by straightforward empirical tuning of pattern B radii. In theory, beam A and beam B designs
could be meticulously optimized to provide larger changes in the focal distance and
more balanced intensity levels of the resulting focal spot between standing wave node
and anti-node extremes. Moreover, complex intensity distributions including multiple
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focal spots along the optical axis could be accessed by optimizing pattern combinations
with a larger number of zones. Such optimization processes could be investigated further
in the future. In all cases, the alteration between focal spots could be ultrafast (10s of
GHz bandwidth of commercial phase modulators, up to 100 THz coherent absorption
bandwidth) [108, 109] and operated at arbitrarily low intensity levels [107].

5.4

Summary

In summary, dynamic control over optical focusing is demonstrated by projecting Fresnel
zone plate patterns onto opposite sides of a metasurface using coherent light. Control
of focal intensity from “on” to “off”, focal depth with a dynamic range of 100%, focal
diameter by 35%, focal distance by 31% and effective replacement of a lens by an aperture is reported based on an all-optical platform without moving parts. Experimental
demonstrations include the tuning of focal intensity, depth and diameter as well as the
transition from a lens to a lens-sized aperture for the cases of a metasurface absorber
placed at a standing wave node and anti-node. Continuous control of focal intensity,
depth and diameter as well as dynamic tuning of the focal distance are theoretically
described. Throughout all experiments, experimental results closely match theoretical
predictions that were based on the angular spectrum method [201, 202]. Focusing is
controlled by an optical phase modulator, implying that tens of GHz modulation bandwidth can be accessed with telecommunications phase modulators, while the underlying
light-matter interaction could deliver femtosecond-scale switching times [108, 109].
Although Fresnel zone plate patterns written in metal films are employed, it does not
matter how the light fields that are imaged onto the metasurface are created. Conventional lenses, lens arrays, gratings, holograms or other optical elements may be imaged
onto the metasurface instead. Therefore, this approach may be applied to achieve fast
modulation of various optical functionalities. By imaging the metasurface itself onto
a different plane — such as the camera in the presented experiments — the dynamic
focusing or other functionality can be applied outside of the interferometer.
As already discussed in previous Chapters, although the current demonstrations
are underpinned by coherent control of metasurface absorption, similar schemes could
be established based on coherent control of state of polarization [113] or refraction
[104] of light. Moreover, the presented configuration is compatible with arbitrarily low
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intensities [107]. Combined with the system’s compatibility with ultrafast switching
times [108, 109], this proof-of-principle demonstration of metasurface-based all-optical
dynamic focusing could add a multi-functional, all-optical, ultrafast component to next
generation, coherent focusing, imaging and microscopy platforms that can operate with
minimum intensity requirements and without moving parts.

117

Chapter 6

Conclusions
6.1

Summary

This thesis studies two-dimensional coherent control of light with light on absorptive
metasurfaces and its potential applications in a diverse range of fields theoretically and
experimentally. Coherent control of metasurface functionalities has been previously
reported as a means of all-optical tuning of manifestations of absorption, refraction,
anisotropy and optical activity without nonlinearity. Moreover, it was proven to be
operable at modulation rates of up to 100 THz and single photon intensities.
In this thesis, the main advancement is spatially addressable coherent switching
between coherent perfect trasparency and coherent perfect absorption on an absorptive
metasurface, which led to a number of diverse application examples that were theoretically described and experimentally demonstrated for the first time in this work:
• All-optical logical operations XOR, XNOR, AND, OR between coherent
two-dimensional light distributions were demonstrated in a proof-of-principle
experiment based on spatially distributed coherent perfect transparency and coherent perfect absorption in a nanostructured plasmonic metasurface. On this basis,
potential applications of two-dimensional control of light with light for multichannel logic in future coherent photonic and telecommunications networks
were suggested and explored. It was demonstrated how two-dimensional coherent control of absorption of light can be used to perform Boolean logic (XOR,
XNOR, AND, OR) as well as demultiplexing functions between simple representations of spatially multiplexed channels carrying phase- and/or intensity-encoded
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information. Up to 17 dB contrast between logical “1” and “0” was achieved
experimentally.
• A theoretical framework for performing optical set operations between binary
images was introduced and experimentally demonstrated on the first metasurfacebased platform that performs all-optical pattern recognition and image analysis using coherent light. The comparison of pairs of patterns or images under
the regimes of coherent perfect transparency and coherent perfect absoprption in
a plasmonic metasurface provided real time and software-free qualitative and
quantitative analysis of the degree of pattern or image agreement, thus revealing similarities and differences between pairs. Quantitative results were extracted
based on three power values of electronic data acquired by a single photodetector.
Simple system calibration can guarantee high experimental accuracy both qualitatively and quantitatively as long as any experimental deficiencies arising from
misaligned components are smaller than the feature size of the images or patterns
to be examined.
• All-optical control of focusing of light based on coherent interaction of light
with light on a plasmonic metasurface absorber was demonstrated for the first
time. By projecting Fresnel zone plate patterns onto opposite sides of the metasurface using coherent light, an effective dynamic zone plate controlled by a light
modulator was created on the metasurface plane. Simulations and experiments
reveal continuous control of the focal intensity from “on” to “off”, the focal
depth by 100%, the focal diameter by 35% and the focal distance by 31%.
Furthermore, an intensity Fresnel zone plate can be effectively transformed to a
phase Fresnel zone plate or a lens-sized clear aperture which removes any focusing
characteristics from the system. The employed experimental platform did not rely
on any moving components or inherent material nonlinearities and therefore can
in principle provide dynamic switching of focal properties on femtosecond timescales defined by the response time of the underlying coherent absorption effect.
In practice, the system’s response time will always be determined by the employed
phase modulator and can therefore reach tens of GHz modulation bandwidths
accessible by telecommunications phase modulators. The technique would work
for any diffracting element, lens, hologram or other optical element, thus paving
the way to the modulation of various functionalities. The presented application
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essentially proved the capability of metasurface-based two-dimensional coherent
control to manipulate light in three dimensions.
• The first metasurface-based imaging interferometer for manipulation of coherent light with light in two dimensions was designed and built for the purposes of
this thesis. The fundamental components of this device were a standing wave interferometer combined with conventional imaging optics projecting two-dimensional
light distributions (inputs) on either side of a free-standing gold absorptive metasurface of deep sub-wavelength thickness. The system was tuned between the extremes of coherent perfect transparency and coherent perfect absorption by varying
the relative phase difference between the input beams leading to the spatially selective transmission and absorption of inputs, respectively. The coherent interaction
result (output) was monitored by an imaging detector. The minimum feature to
be resolved by the optical platform was theoretically discussed and experimentally
measured to be 1.14λ for λ = 790 nm. A slight deterioration relative to a theoretical diffraction-limited spot is attributed to system aberrations as well as surface
roughness and flatness imperfections of the fabricated absorbing metasurface.
In conclusion, the versatility of metasurface-based two-dimensional coherent control of light with light was theoretically established and experimentally proven for a
diverse range of functionalities throughout this thesis. The accessibility of various optical functionalities at a vast range of wavelengths via metasurface design in conjunction
with theory and applications of two-dimensional coherent control of light with light
presented in this work renders metasurfaces, metadevices and 2D coherent control relevant to research on future coherent photonic and telecommunication systems as well as
computing, imaging and focusing elements and devices.

6.2

Outlook

The theoretical and experimental demonstrations of this thesis established the framework of coherent all-optical manipulations of two-dimensional binary light intensity
distributions on absorptive metasurfaces with applications in all-optical logic, spatial
channel demultiplexing, image processing, pattern recognition and dynamic focusing.
The versatility of these “proof of concept” demonstrations can be diversified further by
making use of additional degrees of freedom in the system.
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Although metasurface absorption was spatially addressed in the coherent control
regime in all of the presented schemes, any metasurface functionality could be coherently addressed with spatial resolution. For instance, an anisotropic low-loss metamaterial could be employed in a similar configuration in order to access polarization-based
logical operations between two-dimensional signals with negligible loss. This alternative
expression of the system’s functionality would provide a more realistic solution for future
telecommunications and photonic networks where any source of loss is undesirable and
polarization-encoded signals are commonly used. Furthermore, the very nature of metamaterial science lies in the fact that appropriate engineering of the metamaterial design
could transfer the desirable functionality to any wavelength range or a combination
of wavelengths. Therefore, meticulous design of the coherently addressed metasurface
could provide a selective expression of the metamaterial functionality throughout a desirable wavelength range. Consequently, two-dimensional coherent control of metasurface
functionalities could operate with wavelength division multiplexed signals. Taking into
account the ultrafast speed and single photon intensity compatibility of the underpinning
effect, such a proof-of-principle experiment could be evolved to match the requirements
of spatially multiplexed signal manipulation in future coherent photonic devices, networks and telecommunications systems. Considering that the approach relies on the
phase difference between input signals and therefore phase stability, its application to
local systems and on-chip integrated photonic implementations will be more favourable
than in large-scale fibre network applications.
The possibility of performing massively parallel Boolean logic optically without relying on slow and energy-demanding nonlinearities unlocks opportunities for all-optical
computing. Notably, the presented experimental realization of all-optical logical operations has the main characteristics of a Turing machine operating on analogue inputs
represented by two-dimensional distributions of light intensities. The computational
potential of the presented scheme could be further evaluated in future work targeting
parallel lossless all-optical computations based on spatially addressable coherent control of the expression of metasurface anisotropy. Such computations can in principle
form an ultra-fast, energy-efficient, transparent coherent optical logic device that will
be free from pre- and post-processing software. However, phase stability throughout the
network will be challenging depending on network dimensions and cascadability of the
presented single-step logical functions may require signal regeneration/amplification for
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the output of one logical operation to form an input of the next.
Apart from all-optical coherent telecommunications- and computing-oriented applications, two-dimensional coherent control of light with light on metasurfaces could
be the basis of functional components for imaging and microscopy systems operating
with coherent light. For sample monitoring, the presented qualitative and quantitative
pattern recognition and image analysis scheme could be in principle applied to the output of any microscope via the projection of the tested sample on a metasurface that is
simultaneously illuminated by a second coherent structured beam that is controlled by
a phase retarder. Depending on the application, the profile of the second coherent beam
could be adapted to provide real-time mapping and quantification of sample similarities
and differences in comparison to features of the structured reference beam. For instance,
object classification could be achieved by comparing sample images of various shapes to
a range of predefined shapes imposed on the structured reference beam in the regimes
of coherent perfect absorption and coherent perfect transparency. Similarly, comparison of a set of biological cells to the structure of a healthy biological cell imprinted on
the second coherent beam could reveal a qualitative and quantitative description of the
healthy and unhealthy cell parts. Although the suggested configuration may appear
complex to implement, it should be underlined that such a tool will not involve any
image post-processing and can in principle be operated with up to 100 THz bandwidth
and arbitrarily low intensities.
In a similar context, the all-optical control of focusing of light as demonstrated in
this thesis, could enhance the performance of coherent focusing or imaging devices. In
this case, the system’s incoming illumination will be coherently modified on a metasurface by a second coherent two-dimensional beam profile that is controlled by a phase
retarder before entering the focusing/imaging part of the device. As a result, focusing of
incoming light can be controlled continuously between the extremes achieved in the coherent perfect absorption and coherent perfect transparency states. For instance, sample
images can be acquired at different focal distances by varying the relative beam phase
difference imposed by the phase retarder. Essentially, the output of the all-optical dynamic focusing scheme that was presented in Chapter 5 can form the input of a focusing
or imaging device and can therefore provide modulation of its focusing characteristics
without moving parts and in principle with sub-nanosecond response times based on
commercially available phase modulators.
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From a technical point of view, further advancements to the existing experimental
imaging interferometer could enrich the capabilities of the presented schemes. Throughout this work, binary intensity masks were employed to structure the coherent interacting
wavefronts and a variable liquid crystal was employed to uniformly vary the phase of
one input beam, thus controlling the relative position of the standing wave with respect
to the metasurface. A simple yet rather intriguing extension of these demonstrations
would be unlocked by the use of phase masks and/or a spatial light modulator in either
interferometer arm in order to simultaneously control the spatially distributed intensity
and phase of the interacting two-dimensional light distributions. Such an advancement
would considerably add to the system’s potential application in demultiplexing complex
combinations of spatially multiplexed telecommunications signals. Moreover, the use
of gray-scale instead of binary intensity images could add an extra degree of freedom,
especially in the area of image processing and dynamic focusing. The accessibility of
different functionalities and multiple wavelength operation, as discussed above, could
be achieved by metasurface design and is equally relevant to computing, imaging and
focusing applications, where sample or data characterization also relies on the spectral
and polarization characteristics of light. Given that coherent perfect absorption has been
demonstrated with single as well as entangled photons [107, 152, 207], two-dimensional
control of light with coherent light promises opportunities in quantum optics, for example for quantum imaging applications. Lastly, two-dimensional control of light with
light on metasurfaces could be in principle applied in a fibre-based environment, thus
permitting the introduced concepts to be translated to their fibre-based counterparts.
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Ideal thin absorber
Here, the fundamental maximum of thin film absorption is derived as presented in
[27, 116, 117] following the configuration depicted in Fig. A.1.

Figure A.1: Field symmetry after scattering by a thin film. The same
medium is considered on both sides of the film.

In all cases, the experiments are conducted in free space, hence air is assumed on
either side of the sample. Moreover, the sample is illuminated at normal incidence. As
explained in the main text and in [208], single single layer films of deep sub-wavelength
thickness will mainly couple to the electric field at normal incidence.
Considering only the thin film under single beam plane wave illumination at normal
incidence, the impinging field phase accumulation within the film is minuscule (excluding
high refractive index dielectrics). This results in symmetric field scattering as illustrated
in Fig. A.1. The scattered field is of equal amplitude in the forward and backward
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directions [116], wavelength dependent and is accordingly described by the complex
s(λ) coefficient. Therefore, reflection r(λ) and transmission t(λ) coefficients are

r(λ) = s(λ)

and

t(λ) = s(λ) + 1 = r(λ) + 1

(A.1)

The level of absorption exhibited by incident light on such a film is:

A = 1 − |r|2 − |t|2

(A.2)

Absorption can only be maximized if scattered and incident fields destructively
interfere, which implies that absorption will be maximized by a real negative scattering
coefficient. Therefore, the absorption maximum is accessed by the zeros of the derivative
∂A
∂s(λ)

for which the second derivative is real and negative. This calculation yields:

s(λ) = −0.5

for which

t(λ) = −r(λ) = 0.5

(A.3)

For these values, the absolute maximum of thin film absorption in air under single
beam illumination is:

ax
AM
T hinf ilm = 0.5

(A.4)

which is the fundamental theoretical maximum of single beam absorption achievable by
a thin film that can be well-approximated by a single planar scattering interface.
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B.1

Journal publications

• M. Papaioannou, E. Plum, E. T. F. Rogers and N. I. Zheludev. “All-optical
dynamic focusing of light via coherent absorption in a plasmonic metasurface”.
Light Sci. Appl., (In press).
• M. Papaioannou, E. Plum and N. I. Zheludev. “All-optical pattern recognition
and image processing on a metamaterial beam splitter”. ACS Photonics, 4(2):217,
2017.
• M. Papaioannou, E. Plum, J. Valente, E. T. F. Rogers and N. I. Zheludev. “Alloptical multichannel logic based on coherent perfect absorption in a plasmonic
metamaterial”. APL Photonics, 1:090801, 2016.
• M. Papaioannou, E. Plum, J. Valente, E. T. F. Rogers and N. I. Zheludev. “Two
dimensional control of light with light on metasrfaces”. Light Sci. Appl., 5:e1670,
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B.2
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