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Resumé (Dansk) 

Optiske metaoverflader er en kommende teknologisk fremgang i traditionelle diffraktive 
optiske elementer baseret på optiske enheder, hvor det enkelte meta-atom kan 
konstrueres med fleksibilitet og nøjagtighed ned til subbølgelængde. 
Bølgefrontmanipulationen ved hjælp af polerede elementer i bølgelængdeskala kan 
erstattes af metaoverflader, der er afhængige af kunstig nanostrukturbaseret 
elektromagnetisk excitation for at konstruere lysegenskaber ved fase-amplitude og 
polarisering med bedre kontrol. Deres kompatibilitet med nano- og 
mikrofremstillingsteknikker og små formfaktorer gør dem velegnede til integration med 
enhver nanoteknologibaseret platform med mulighed for at udvikle nye optiske 
elementbaserede enheder. For optiske metaoverflader udgør meta-
atomdimensionerne skaleret til små synlige bølgelængder en krævende nøjagtighed 
for fremstilling af meta-atomer, med stigende behov for at finde optimale løsninger til 
forbedring af udbytte og gennemførlighed i forhold til omfattende praktiske 
anvendelser. I denne afhandling har jeg behandlet dette problem ved at bruge de 
metaoverflader, der understøtter stående bølgetype resonanser, der kan skalere meta-
atomer til større størrelser baseret på højere ordenstilstande uden at kompensere 
meget for effektiviteten i teknisk lys. Desuden giver den unikke egenskaber ved 
dobbeltbåndbreddekontrol, der er tilgængelig med grundlæggende resonanser og 
tredje ordens resonanser for individuelle meta-atomer og efterfølgende forbedring af 
rækkevidde for meta-atomer til konstruktion af enhederne. Derudover har de 
metaoverflader, der understøtter stående bølgeresonanser, top- og bundmetallag, der 
frit kan rumme forskellige metaltyper, hvilket kan forbedre meta-atomernes 
rækkevidde til fulde. 
Jeg præsenterer dette arbejde ved først at fremhæve den historiske udvikling mod 
metaoverflader strategi og principperne for lys manipulation baseret på forskellige 
typer metaoverflader. Derefter fokuserer jeg på det fysiske billede af plasmonbaserede 
metaoverflader med spalteoverflade, der kan understøtte grundlæggende resonanser 
og tredje ordens resonanser, der er egnede til metaoverflader -baserede applikationer. 
Det fysiske billede analyseres også med undersøgelsen af binære kombinationer af 
tre almindelige plasmoniske metaller idorhold til top- og bundlag. 

Endelig fremhæver jeg applikationerne af strålestyring og 
farveudskrivningsprogrammer baseret på tredjeordens periodiske dimension af 
metaoverflader, der blev designet, fremstillet og karakteriseret for at demonstrere de 
unikke muligheder ved at bruge GSP-baserede metaoverflader som en del af dette 
arbejde. Mulighederne for bedre udbytte og funktioner med dobbelt båndbredde 
demonstreres ved hjælp af strålestyringsapplikation. Mens forbedringen i meta-
atomområdet demonstreres ved hjælp af farveudskrivning gennem et bredt spektrum 
af farver baseret på både geometriske parametre for dimension, der understøtter tredje 
orden GSP-resonans og materialeparametre for forskellige metalkombinationer. 
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Abstract (English) 

Optical metasurfaces are an upcoming technological advancement beyond traditional 
diffractive optical devices, where the individual meta-atom can be engineered with 
flexibility and accuracy down to subwavelength scale. The wavefront manipulation 
using polished elements of wavelength scale can be replaced by metasurfaces that 
rely on artificial nanostructure-based electromagnetic excitation to engineer light 
properties of phase-amplitude and polarization with much better and more accurate 
control. Their compatibility with nano and micro-fabrication techniques and small form 
factors makes them suitable for integration with any nanotechnology-based platform, 
with scope for developing novel optical elements-based devices. For optical 
metasurfaces, the meta-atom dimensions scaled to small visible wavelengths pose a 
demanding accuracy for the fabrication of meta-atoms, with a growing need to find 
optimal solutions for improvement in yield and feasibility towards large-scale practical 
applications. In this dissertation, I have addressed this issue by using the gap-surface 
plasmon (GSP) based metasurfaces that support standing wave type resonances, 
which can scale the meta-atoms to larger sizes based on higher-order modes, without 
compensating much for the efficiency in engineering light. Furthermore, it provides 
unique features of dual-bandwidth control accessible by fundamental and third-order 
resonances for individual meta-atoms and subsequent improvement in the range of 
meta-atoms for engineering the devices. In addition, the metasurfaces that support 
standing wave resonances have top and bottom metal layers, which can freely 
accommodate different types of metals can subsequently improve the range of meta-
atoms to the fullest. 

I present this work by firstly, highlighting the historical development towards the 
strategy of metasurfaces and the principles of engineering light based on different 
types of metasurfaces. Then, I focus on the physical picture of GSP metasurfaces that 
can support fundamental and third-order resonances suitable for metasurface-based 
applications. The physical picture is also analysed with the study of binary 
combinations of three common plasmonic metals to accommodate top and bottom 
layers. 

Lastly, I highlight the applications of beam steering and color printing applications 
based on the third-order periodic dimension of the metasurfaces, which have been 
designed, fabricated, and characterized to demonstrate the unique capabilities of using 
GSP-based metasurfaces as part of this work. The capabilities of better yield and dual-
bandwidth features are demonstrated using beam steering application. While the 
improvement in the meta-atom range is demonstrated by color printing application 
through a wider range of colors based on both geometric parameters of dimension 
supporting the third-order GSP resonance and material parameters of different metal 
combinations. 
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1. Introduction 

Metasurfaces, i.e., ultrathin arrays of engineered meta-atoms, have attracted 
increasing attention due to their unprecedented capabilities of manipulating optical 
fields with subwavelength spatial resolutions and surface-confined configurations. At 
the unit cell level, meta-atoms possess much smaller physical dimensions compared 
to the operating wavelength, with the flexibility to have any arbitrary configurations to 
support electromagnetic resonances. On the larger lattice scale, they can be 
individually engineered to provide ease of integration with any micro or nano-
technological platform. Metasurfaces continue to break the boundaries of known 
engineering strategies to not just have compact, but completely new devices using any 
type of waves from classical electromagnetic to thermal or mechanical.  

This chapter provides a brief history of metasurfaces for optics and its key underlying 
principles, which are highlighted in two research papers as a part of the here described 
PhD work. [Appendix A, B] [1, 2] Finally, the configurations for important applications 
with a focus on gap-surface plasmon metasurfaces are discussed.  

1.1  Metasurfaces: historical perspective 

The journey of metasurfaces can be described as a discovery of hidden potential, 
where the need for finding engineering-based solutions to surpass the limitation of rigid 
and bulk material systems has existed from long ago. To emphasize, one can recall 
that optics is traditionally governed by path tracing within a system and positioning the 
materials that will interact to provide modulation of optical properties like phase, 
amplitude, and polarization. This has resulted in the optical components being 
geometrically shaped and polished to tune the far-field response to realize the known 
components like lenses, waveplates, beam splitters, and gratings for the desired 
application. The bulky nature of conventional techniques limits modern technology to 
flexibly engineer the components or integrate them for the desired applications for 
compact devices, which is the driving factor for any technology. The solution is to have 
a structural unit significantly smaller to control the electromagnetic interaction more 
precisely and support a configuration, which can be flexibly designed based on 
material and geometric parameters. Such systems have been realized since the 1960s 
for microwaves and radio waves in the form of individual microstrip elements that 
provide required phase variation to replace, for example, a parabolic reflector with a 
thin and low weight reflectarray antenna. More components based on the similar 
strategy include transmitarray antennas, frequency selective surfaces, Fresnel zone 
plate reflectors, etc. that play a key role in information transfer through wireless and 
telecommunication systems. [3-7] These early works have provided inspiration for 
advancing the concept of artificial structures based on controlling the unit size smaller 
than operation wavelength in optics and many areas, which continue to influence a 
wide range of phenomena. 

The subwavelength units further provide new degrees of freedom that allow 
electromagnetic properties to be tuned arbitrarily at the individual level and 
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consequently provide unprecedented control of light. Their remarkable potential to 
realize electromagnetic properties beyond the reach of naturally occurring materials 
became evident with the discovery of negative refraction, which was predicted by 
pioneering physicist Vesalago more than 30 years ago. [8] Based on the artificial 
structures, new devices like lenses for perfect imaging highlighted by the works of J. 
B. Pendry with demonstrations by D. R. Smith and other groups initiated the research 
area popularly known as “metamaterials” around the turn of the century. [9-13] The 
works by T. W. Ebbesen, et. al. on extraordinary transmission through subwavelength 
hole periodic arrays patterned on metal film are examples of earlier metamaterial 
structures. [14] The metamaterial structures can be any artificial geometry like split 
rings, holes, wires, and thin multiple layers embedded in a medium to facilitate electric 
and magnetic resonances for effective manipulation of light. It can be safely said that 
the structures have been known for long since the developments in micro or 
nanofabrication, which became established for effective design strategy of tailored 
electromagnetic response through the discovery of metamaterials. Many devices that 
came to be realized using metamaterials include applications like near-field superlens, 
hyperlens, invisibility cloaks, nanocircuits and even biosensors in latest times for Covid 
infection detection to mention a few. [15-18] The applications of metamaterials span 
not just electromagnetic waves, but also, other areas including thermal, acoustic 
waves and mechanical structures. [19] 

As metamaterials rely on the complex unit cell with effective parameters, accurate 
control for the desired light manipulation results in practical issues that hinder 
commercialization. The main concerns can be summarized as high losses especially 
for materials scaled towards optical and smaller wavelengths, 3D configurations, 
impractical accuracy requirement of nanofabrication between layers, small operation 
bandwidth, and difficulties in integrated designs for the devices. [20, 21] A smart 
solution to ease the complexities came to be known as 2D “metasurfaces”, which 
introduce reduced dimensionality to simplify the constraints on material and geometric 
parameters, resulting in planar configurations with less than three layers. Although the 
parameters reduce, the ability to flexibly integrate for different applications is 
maintained with simultaneous miniaturization achieved within ultrathin sizes. The 
strategy of metasurfaces came to be an optimal way to avoid complexities with the 
effective parameters of metamaterials both theoretically and experimentally as 
analysis of electric and magnetic surface currents in planar configuration is easier to 
calculate and reliable to fabricate. The earliest work by Holloway et. al and the similar 
effects like the negative refractive index validated using planar configurations by 
leading groups helped to coin the term metasurfaces around 2005. [22-26]   

The development of metasurfaces has been significant for the practical realization of 
metamaterials especially in the optical regime, where the fabrication accuracy is quite 
demanding for unit sizes scaled to smaller wavelengths. The practical issues hamper 
the efficiency, broad bandwidth, and other qualities, which has preferred the use of 
traditional optical components like lenses, beam splitters, wave plates, etc. for a long 
time. An example of the bulk components can be seen in Fig. 1.1(a), where the bulk 
assembly of several lenses follows the CMOS camera of a cell phone. All diffractive 
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optical elements (DOEs) and lenses as shown in Fig. 1.1(b, c) rely on periods that are 
wavelength scale and modified gradually based on angle and height. 

 

Fig. 1.1: Traditional optical components that rely on gradual shaping of the wavefront of far-field 
light through Diffractive Optical Elements (DOEs) 
(a) Example of bulk assembly of lenses in the latest technology of a cell phone camera. (b) Schematic of 
Fresnel flat lens, created by transforming individual curvature points of a regular lens by diffractive/ refractive 
element of the period (Ʌ), and height (h). Image adapted from standard textbook [27] (c) Similar blazed 
grating element with triangular blazes at angle (α). Image adapted from NILT website, actual manufacturer 
of DOEs. 

With the advancement of planar configurations, the subwavelength meta-atoms came 
to be known as ultrathin flat optic components, which can perform the same functions 
as bulk components. In further works, meta-atoms have been explored for independent 
control of phase, amplitude, and polarization being the main properties of optical 
radiation. Today, the optical metasurfaces continue to be integrated with almost any 
nanotechnology-based platform including photonics integrated circuits, waveguides, 
optical fibers, bio-nanophotonics, quantum photonics to exotic projects like levitation 
and ultrafast light sail, which shows the practical versatility of metasurfaces. [28-34] 
Although not completely exotic, the works completed during the tenure of this 
dissertation stand as good examples for novel applications of optical metasurfaces that 
can be categorized as nano-optic devices. A compilation of these works is shown in 
Fig. 1.2, where the beam steering, focusing with polarization selectivity, and dual-
bandwidth features are efficiently demonstrated. Furthermore, integrated designs 
featuring multiple functionalities like steering and unidirectional SPP launching are also 
covered. 
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Fig. 1.2: Examples of GSP-based optical metasurfaces developed for nano-optics applications – 
compilation of all published works on metasurface-based applications during the tenure of this PhD 
(a) Third-order GSP based color printing, where the nanodisc diameters can be varied for tuning the GSP 
resonances to obtain distinct colors. [35] (b) Third-order GSP based polarization selective beam steering 
for visible light. The SEM image shows the fabricated sample of a metasurface with supercell composed of 
individual elements that impart designed phase gradient for beam deflection. The graphic shows the set up 
for beam steering for the varying angle of incidence, measured in this work. [1] (c) Schematic of polarization 
selective focusing, where the metasurface is composed of elements designed to impart hyperbolic phase 
profile for focusing of reflected light. [36] (d) Schematic of beam steering for dual-bandwidths viz. visible 
and IR since each meta-atom supports fundamental and third-order resonances. The nanobrick elements 
are selected using the same scheme as in work (b). [37] (e) Beam steering along with simultaneous 
polarization conversion from circularly polarized incident light to linearly polarized reflected light. [38] (f) 
Metasurface with elements designed for integrated functionality of polarization selective steering and 
launching of unidirectional surface plasmons. [39] 

1.2  Optical metasurfaces: principles  

The principles of optical metasurfaces are drawn from reflectarrays or transmitarrays, 
where the spatially distributed phase profile imparted by antenna elements is similar 
to meta-atoms. [3, 4] The properties and design techniques are the same as diffractive 
optical elements, where ray tracing treatment of reflection, refraction, and transmission 
is practiced at surface interfaces to impart spatially varying phases for the propagating 
light. [27] The concepts of diffractive optics like the grating equation are the first step 
in obtaining the phase profile based on the functionality of the desired optic 
component. For instance, elements with gradient profile perform beam deflection and 
steering and elements with hyperbolic profile perform focusing. The similar strategy 
with -meta-atoms using Fermat’s principle, as demonstrated by Capasso’s group [40] 
in 2011 equivalent to diffraction theory [41] or momentum conservation law of 
wavevectors [42] is the earlier work that highlights the underlying principles for nano-
optic devices using metasurfaces. The work plays a key role in establishing the 
principles of metasurfaces that have wide applicability thanks to the simplicity in 
relating to traditional optical principles. This generalization is essential to realize the 
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methods for design, simulations, and characterization of metasurfaces for any nano-
optics application. Here, a summary of these principles is drawn from our own work on 
polarization selective beam steering as shown in Fig. 1.2 (b). While another work on 
homogenous and periodic approximation is undertaken to highlight the different 
aspects of metasurfaces compared with DOEs and bulk counterparts, which are 
summarized in the further two sections. 

1.2.1 Diffractive optics-based principles  

 

 

Fig. 1.3: Metasurface made of phase gradient elements to engineer reflected light for polarization 
sensitive beam steering [1]  
(a) The supercell composed of phase gradient nanobricks designed for 633 nm red light. (b) The phase 
gradient is designed as positive for TM linearly polarized light, deflecting the beam in one quadrant. (c) The 
phase gradient is negative for TE polarized light with deflection in opposite quadrant. 

The principles to design metasurfaces for the common application of beam steering 
are now considered. This is explained using the metasurface for polarization selective 
beam splitter at visible 633 nm light as shown in Fig. 1.3. The schematic in Fig. 1.3(a) 
shows the geometry of 5 elements, that are composed of metallic nanobricks in GSP 
configuration to support third-order mode at period of Ʌ = 450 nm. The exact sizes 
according to design can be found in Supplementary A. The 5 elements form a 
supercell with approximately 72⁰ phase difference between adjacent elements 
resulting in a phase gradient for deflecting incident light along one direction viz. x-
coordinate. As seen from Fig. 1.3(b), the gradient is positive for TM linear polarization, 
directing the specific polarized light to the right quadrant, while the negative gradient 
for TE light in Fig. 1.3(c) achieves deflection in the opposite quadrant. For a continuous 
interface between two media, there would be no abrupt phase shift and the gradient 
would be zero. This is applicable for generalized Snell’s laws, which are common 
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principles used in optics. The components of wavevectors shown as 𝑘௜,௫ for incident 

and 𝑘௥,௫ for reflected light along x spatial direction and the abrupt phase function as 

∅ሺ𝑥ሻ are shown in Fig. 1.3(b, c). Based on the generalized principles, the reflected 
wavevector, which signifies the energy flow directed in response to the metasurface is 
related as follows: 

𝑘௥,௫ ൌ 𝑘௜,௫ ൅
𝜕∅
𝜕𝑥

                                                                      ሺ1ሻ 

 

By inserting the wavevector components and their relation to the refractive indices 𝑛௜ 
and 𝑛௜  (𝑘଴𝑛௜ sin𝜃௜  and 𝑘଴𝑛௥ sin𝜃௥ ) for the incident and reflected light in respective 
media, in general, the equation can be simplified as: 

 

𝑛௥ sin𝜃௥ െ  𝑛௜ sin𝜃௜ ൌ
𝜆଴
2𝜋

𝜕∅
𝜕𝑥

                                                      ሺ2ሻ 

 

The conditions of normal incidence and the medium to be air for GSP type reflective 
metasurface need to be taken into consideration. The subwavelength nanobrick 
elements further follow the 2π phase at ∆𝑥௦௨௣௘௥௖௘௟௟ spatial supercell distance, which 

corresponds to supercell length as shown in Fig. 1.3(a) for λ = λ0 = 633 nm. Note that 
the supercell length is flexible and can be scaled depending on period Ʌ and number 
of elements. 

sin𝜃௥ ൌ
𝜆଴

∆𝑥௦௨௣௘௥௖௘௟௟
                                                               ሺ3ሻ 

By implementing the values, one can calculate the deflection angle in a simple manner 
using the above equation, which is 16.3° for this metasurface. From this treatment, the 
relationship between the angle of reflected light and the supercell length can be 
designed to have a general beam steering function. Thus, the principles of engineering 
gradient profile that are central to diffraction optics remain key aspects in designing 
optical components using metasurfaces.  

The regular diffraction theory-based approach requires that the phase profile must be 
homogenous, and the individual elements must be in a periodic environment. The 
condition of high amplitudes of the meta-elements must be maintained for realizing 
efficient nano-optics device. The same conditions do not apply to DOEs as they rely 
on gradual phase change accumulation through minute changes in blaze angle or 
height among adjacent elements. As part of the principles of metasurfaces, it is 
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important to take into consideration these limiting conditions as they can affect the 
performance of the metasurface if not carefully implemented.  

1.2.2 Nano-optics-based principles 

To study the specific limitations of metasurfaces, we undertake an experimental 
investigation of the periodicity assumption as part of the PhD work for the same GSP 
configuration (Ʌ = 450 nm). We directly measure the exact phase and amplitude of 
individual meta-elements using the scattering-type scanning near-field optical 
microscope (s-SNOM) at λ = 1500 nm. For the GSP-based meta-atom configuration, 
the fundamental mode supported by Ʌ = 450 nm is located at λ = 1450 nm, which is 
the same as its third-order counterpart used in beam steering application at λ = 633 
nm from previous discussion (Fig. 1.3). This physics of the GSP-type metasurface is 
explained in the next chapter, here it is important to understand that choosing any of 
the wavelengths does not affect the main GSP resonance characteristics that are used 
as phase profile elements for desired applications. Furthermore, the wavelength of λ 
= 1500 nm clearly helps to obtain better a signal-to-noise ratio required for s-SNOM 
detection and retains the same GSP-type characteristics that have been used for 
metasurfaces. The GSP-type metasurface operates in reflection, while s-SNOM 
requires transmission geometry. Thus, along with the fundamental wavelength, the 
bottom layer thickness has been optimally reduced to obtain a better signal without 
modifying the GSP characteristics. The details of s-SNOM measurement can be found 
in the attached work in the thesis and the best signal of approximately 1 % verified 
through simulations are presented in Supplementary B for reference. 

The compiled results of the investigation are shown in Fig. 1.4, where a quasi-periodic 
arrangement of nanobricks with identical sizes (Lx, Ly) in a single row and increasing 
sizes in adjacent rows is considered to test the periodicity assumption. The quasi-
periodic arrangement and the measured electric field properties of the meta-elements 

in near-field viz. phase and amplitude (Arg (Ez), ׀Ez׀) are schematically shown in Fig. 
1.4(a). The meta-elements vary in width Lx for each adjacent row from 75 nm to 425 
nm within Ʌ = 450 nm in a 25 nm interval with Ly width kept constant. This fully covers 
the GSP resonance characteristics both close to and away from resonance occurring 
at approximately Lx = 300 nm, which can be used as phase profile elements for the 
devices with functionalities like beam steering and others. The same elements are 
considered as infinitely periodic meta-atoms in simulations to get the dataset of phase-
amplitude properties, which are selected to fit the phase profile requirements of the 
device based on diffraction optics principles. As seen from Fig. 1.3 above, such a 
metasurface has a quasi-periodic arrangement of meta-atoms in the final device with 
adjacent supercell elements comprising of varying sizes. Thus, this experiment helps 
to investigate if the phase-amplitude properties as expected from simulations are 
indeed the same as in the actual meta-device. 
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Fig. 1.4: Direct characterization of near-field phase-amplitude optical properties and coupling of 
adjacent meta-elements in quasi-periodic arrangements using s-SNOM  
(a) Schematic of the experiment where, individual meta-elements are measured using s-SNOM in 
transmission geometry to detect the phase and amplitude. (b) Example of phase and amplitude measured 
for single nanobrick element with identical sizes in a row of 5 elements. The difference of respective 
properties (|Ez|-|Emid|) of the middle-periodic element from the adjacent to edge elements is obtained to 
quantify the discrepancy in phase-amplitude properties. (c) The Avg (|Ez|-|Emid|) value denoted by the 
coupling figure of merit (FOM) is plotted against the measured nanobrick elements of varying width in quasi-
periodic row arrangement. 

The phase-amplitude properties measured using s-SNOM for a single nanobrick 
element in a quasi-periodic row are shown in Fig. 1.4(b). A direct discrepancy in the 
properties is observed despite the identical size, where the properties for the middle 
element being periodic increasingly vary from the adjacent to the nanobricks at the 
edges. This difference is measured as |Ez|-|Emid| for the elements with different 
nanobrick sizes. The average of this value for all identical nanobrick sizes 
corresponding to each row is considered as the figure of merit (FOM). Since the GSP-
type meta-atoms support plasmonic excitations in nature, the discrepancy can be 
attributed to the influence of coupling due to the small separation between neighboring 
elements. The near-field coupling limit of λ/2π(λ is the resonant wavelength) is well 
known in the plasmonic community. [43] The plot of coupling FOM for varying 
nanobrick sizes as shown in Fig. 1.4(c) helps to confirm the finding. It shows that for 
nanobricks separated by a distance smaller than the coupling limit, the distortion in 
phase-amplitude properties is inevitably large and must be corrected for in 
implementing them for metasurface-based nano-optics devices. 

The work on GSP-based beam steering helps to demonstrate the generalized nature 
of metasurfaces to achieve the same far-field response as bulk optics components 
with the same principles -in diffraction-based optics. In many ways, the devices based 
on such principles resemble, for instance, frequency selective surfaces (FSS) of the 
1960s scaled to higher frequencies i. e. optical wavelengths. [5, 6] However, the meta-
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atoms are different from DOEs as they rely on various types of resonant light-matter 
interactions summarized in excellent reviews [44], which tailor the far-field response 
based on a controlled modification of electromagnetic properties at the nano and 
subwavelength scale. They also allow for better independent control of phase-
amplitude, polarization, and other light properties, which is demonstrated to have 
larger scope by polarization selective beam steering, focusing, or other functionalities 
as part of the work carried out during this thesis highlighted in Fig. 1.2. Thus, the 
specific effects related to different types of metasurfaces, and their configurations must 
be accounted for in using the metasurfaces for nano-optics applications. This is 
concluded from the metasurfaces tested for periodicity assumption. The metasurfaces 
of different types of configurations and especially their capabilities compared with 
GSP-based metasurfaces are discussed in a further section.  

1.3 Optical metasurfaces: configurations 

The reflectarrays and transmitarrays rely on unit constituents like the “antennas” that 
act as light scattering elements. For metasurfaces, a better description applies as an 
effective “resonator” configuration that can control electric and magnetic fields through 
resonant light-matter interaction scalable for any frequency range for the perceived 
meta-device. The most common types of metasurfaces can be classified based on 
different types of resonances that it supports. These include (i) plasmonic resonances 
in thin metallic nanostructures, (ii) Mie resonances arising in dielectric nanostructures, 
where the dimension is usually comparable to the operation wavelength (iii) high-
contrast dielectric nanostructures that function as waveguides, and (iv) anisotropic 
nanostructures that support geometric phase or Pancharatnam-Berry phase. They can 
be further distinguished based on material types such as plasmonic with metal-
dielectric interfaces, and all-dielectric, which include the latest semiconductor phase 
change materials for dynamically controlled metasurfaces. 

The different configurations realized from such resonances are essential in providing 
two key features of (i) high amplitude and (ii) complete 2π phase control. These 
features are essential for complete and efficient control of reflected light applicable to 
functionalities like beam steering. The efficiency is also important for practical 
commercial-scale applications of the nano-optics devices, which was not considered 
in the early work of V-shaped antennas based on the multiple resonator scheme that 
has low efficiency. [40] Such systems support multiple resonances arising from 
symmetric and anti-symmetric current distributions of two plasmonic rods, which limits 
the coupling efficiency that can be achieved for light manipulation to at best of 25 %. 
[45, 46] Another important emerging factor that is also related to efficiency to some 
extent is the (iii) fabrication process and practical use compatibility. This includes many 
factors such as easy accessibility, economic, stable, and CMOS compatible materials 
to avoid multilayer structures that involve fabrication difficulty. [47] The latter factor is 
especially important from the optical regime perspective as the meta-atom dimension 
is scaled to 10-100 nanometer sizes that already require nanofabrication systems that 
have the best possible resolving solutions. For this reason, few schemes like Huygens 
metasurfaces based on equivalence principle or Babinets principle that require multiple 
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layers for high efficiency are avoided, since the fabrication imperfections are 
unavoidable and increase multifold with multiple layers. [48-50] 

Apart from the general features that define ‘better metasurfaces’, few specific features 
like efficient response for all types of incident light polarizations are important to 
consider. In this regard, the PB phase metasurfaces are limited to operation only for 
circularly polarized light. The use of plasmonic metasurfaces is criticized for Ohmic 
losses in the visible especially for Au-based metasurfaces, while degradation issues 
for Ag and Al to replace them for better efficiency. Also, the best possible efficiency 
that can be achieved using plasmonic metasurfaces is restricted to reflective-type GSP 
configuration. The dielectric metasurfaces require extra fabrication steps like etching, 
substrate deposition, etc., and are limited in choice of materials for flexible operation 
bandwidth. [51, 52] Despite such detrimental issues, all two types of metasurfaces (i. 
e. plasmonic and dielectric) are widely accepted for achieving the best comparable 
efficiency reaching up to 80 - 90 % comparable to the bulk optic counterparts for many 
applications. As a major part of this thesis, the polarization selective functionalities 
(e.g., beam steering) have higher contrast efficiency, which indicates the purity of 
polarized light obtained at the tailored direction. Along with that, high-efficiency for 
many other functionalities that have been summarized in the review article as part of 
this thesis are listed for metasurface-based absorbers, color printing, lenses, 
holograms, polarimeters, and dynamic reconfigurable structures. [53] For applications 
like color printing, the better color palette and high brightness features are possible 
using dielectric metasurfaces in many works. [54] 

By considering the features available for different types of metasurfaces, it is 
remarkable to note that the high-order mode GSP resonance features specific to the 
meta-atom configuration and helps to provide significant and low-cost solutions. The 
efficiency of such metasurfaces is inherently lower compared to their fundamental 
counterparts, but it can be significant for many devices. Besides, the features of 
simultaneous dual-bandwidth control using the same meta-atoms can be 
incomparable. As a part of this work, we demonstrate the increase in the dimension 
that can be linearly scaled for the third-order mode to achieve a better color palette, 
high-yield, and dual-bandwidth operation with both theoretical analysis and 
experimental verification. Another key feature is the freedom in accommodating two 
different metals of choice specific to the meta-atom configuration, which helps to 
provide further flexibility to tune the meta-atom based on GSP metasurfaces. The next 
chapter undertakes this theoretical investigation of the GSP-based meta-atom with its 
geometric and complete set of material parameters.  
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2. GSP meta-atom resonator 

In this chapter, the GSP meta-atom configuration, with a detailed fundamental picture 
of its structure, boundaries, metal-dielectric interfaces that comprise the geometrical 
features as well as its material parameters are considered. These help to define the 
physical conditions that support the GSP resonances including both fundamental and 
third-order modes, which is essential in understanding the primary phase-amplitude 
characteristics required for metasurface-based light manipulation. The GSP meta-
atom can be described as a three-layered structure with (i) a top layer composed of 
metallic nanobricks, (ii) a middle dielectric layer with a subwavelength thickness much 
smaller than skin depth of the metal, and (iii) a bottom metallic bulk layer for reflection 
of light. In the beginning, the plasmonic nature of metal-dielectric interfaces is 
considered, followed by the specific case of GSP with a thin dielectric gap sandwiched 
between two metals. Lastly, the meta-atom with different types of metals that can be 
accommodated within its top and bottom layers are explored to get a complete picture 
of possible material parameters with GSP metasurfaces. 

2.1  Surface plasmon polaritons (SPPs): metal-dielectric interfaces 

The optical properties of materials, such as the complex refractive index, are the first 
step to consider the analysis of any optical process viz. reflection, refraction, and 
absorption, which need to be engineered using GSP metasurfaces. Particularly, its 
metal-dielectric interface supports propagating surface plasmons that can be attributed 
to the high electron density available for metals and its collective oscillations. SPPs 
can be characterized by simplistic classical approximation of the electrons oscillating 
in free gas-like plasma state and assessed by the Drude model for its harmonic 
solutions. For the region of interest within visible to mid-infrared frequencies ሺ𝜔ሻ, the 
complex permittivity (𝜀̃ሺ𝜔ሻ) of the Drude metals, which is related to complex refractive 
index (𝑛෤ሺ𝜔ሻ) is given as: [55] 

𝜀̃ሺ𝜔ሻ ൌ 𝜀ଵ ൅ 𝑖𝜀ଶ ൌ 1 െ  
𝜔௣ଶ

𝜔ଶ ൅ 𝑖𝛾𝜔
                                              ሺ4ሻ 

𝑛෤ሺ𝜔ሻ ൌ 𝑛 ൅ 𝑖𝑘 ൌ  ඥ𝜀̃ሺ𝜔ሻ                                                   ሺ5ሻ 

𝜔௣ ൌ  ඨ
𝑁 𝑞ଶ

𝑚 𝜀଴
                                                               ሺ6ሻ 

where, 𝜔௣  is the plasma frequency that denotes the resonant frequency of the 

oscillations of the free electrons in the plasma volume. It is unique to every material 
and can be calculated by knowing the electron density per volume 𝑁. The other terms 
𝑞 and 𝑚 denote the charge of electron and mass, respectively. Another term 𝛾 in the 
expression for permittivity is called the damping constant that is unique to the material. 
From the perspective of the harmonic oscillator based Drude model, the damping 
constant for any material signifies that the electron oscillations are subject to unwanted 
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collisions, dissipation, and damping processes. Naturally, for the high efficiency of any 
metasurface-based device, it is important to have a low damping constant. However, 
the damping in the thin configurations of metasurfaces is different from bulk materials, 
where grain boundary effects and surface scattering add to further unavoidable losses. 
Thus, a correction of 3-5 times increase of damping constant is considered for the 
simulations to match experimental values. [39, 56-59] The Drude model being too 
simplistic is another reason to consider better Lorentz-based extra terms to include the 
oscillator solutions for the optical properties. This is especially helpful to get accurate 
values for the optical properties of the metals and avoid discrepancies in simulations. 
The complex permittivity calculated based on Drude-Lorentz model is explained in 
Supplementary C. By using the Drude or Drude-Lorentz model-based data obtained 
from references, the calculated refractive index values for common plasmonic metals 

Au, Ag, and Al used in our works are compiled in Fig. 2.1. 

 

Fig. 2.1: Refractive index of Al, Ag, and Au metals obtained from experimentally measured values 
fitted to Drude and Drude-Lorentz models 
The experimental values are obtained for Al based on Drude-Lorentz model [60], Ag based on Drude model 
[61] , and Au based on Drude model fit to Johnson Christy data [62]. The refractive index values are 
calculated from the equations (4-6) as explained above, with experimental values taken from reference. The 
damping constant is scaled by three times to achieve a better fit with the experimental performance of the 
metasurface devices. 

By considering these factors like the low damping constant 𝛾 ≪ 𝜔௣, one can confirm 

that the permittivity for metals is predominantly real and negative for 𝛾 ≪ 𝜔 ൏ 𝜔௣, while 

for frequencies exceeding the plasma frequency 𝜔 ൐ 𝜔௣, permittivity is positive. This 

explains the general characteristics of metal as a ‘metallic conductor’ for 𝜔 ൏ 𝜔௣, while 

‘transparent dielectric’ for larger frequencies 𝜔 ൐ 𝜔௣. It is the former case that helps to 

support the confined plasmonic excitations as is explained further. If this condition is 
not followed (i. e. at 𝜔 ൐ 𝜔௣), which is the case for the common plasmonic metals Au, 

Ag, and Al in the extreme to deep UV regions, the metals are dominated by losses to 
support any plasmonic excitations. 



27 
 

In short, the surface plasmons are coupled oscillations of electrons with the 
electromagnetic field. They propagate along a metal-dielectric interface and 
evanescently decay in the perpendicular direction to the interface. By considering a 
general applicable electric field, its Maxwell’s relations, entities, and wave equation 
form, one can arrive at the characteristic spatial profile and dispersion relations of 
surface plasmons. These derivation steps are skipped as they can be followed from 
excellent books. [63] Here, the key explicit relations of electric and magnetic field 
components are considered as the starting point. The components are defined for the 
field propagating in one direction i.e., x-axis for the metal-dielectric interface that lies 
within z > 0 for dielectric and z < 0 for metal with the propagation geometry schematic 
shown in Fig. 2.2(a). 

 

Fig. 2.2: Surface Plasmon Polaritons (SPPs) at a metal-dielectric interface – spatial profile and 
dispersion.  
(a) Schematic of SPP wave propagation along a metal-dielectric interface. The electric and magnetic field 
components in respective half-spaces are shown in red lines. The propagation parameters of the SPP 
waves are shown in blue lines. (b) Dispersion of SPPs in lossless Drude metal with γ ൌ 0 ideal case with 
blue lines. The black solid and dashed lines denote real and imaginary parts of propagation constant for 
γ ൌ 0.5 ω୮. (c) Dispersion of SPPs for Ag metal [61] with air and SiO2 as dielectrics. 

Two sets of equations exist based on polarization properties of the propagating waves 
viz. TE – transverse electric ( 𝐻௫,𝐻௭,𝐸௬ ് 0 ) and TM – transverse magnetic 

(𝐸௫,𝐸௭,𝐻௬ ് 0). After considering the boundary continuity, only TM modes exist as 

surface plasmons. The explicit TM solutions in both dielectric and metal areas are 
given as: 

z > 0, with dielectric (𝜀ௗ) 

𝐸௫ ൌ െ𝑖𝑘௠
1

𝜔𝜀଴𝜀௠
𝐴௠𝑒௞೘௭𝑒௜ఉ௫ , 
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 𝐸௭ ൌ െ𝛽𝐴௠
1

𝜔𝜀଴𝜀௠
𝑒௞೘௭𝑒௜ఉ௫, 

 𝐻௬ ൌ 𝐴௠𝑒௞೘௭𝑒௜ఉ௫                                                              ሺ7ሻ 

z < 0, metal (𝜀௠ሺ𝜔ሻ) 

𝐸௫ ൌ 𝑖𝑘ௗ
1

𝜔𝜀଴𝜀ௗ
𝐴ௗ𝑒ି௞೏௭𝑒௜ఉ௫ ,  

𝐸௭ ൌ െ𝛽
1

𝜔𝜀଴𝜀ௗ
𝐴ௗ𝑒ି௞೏௭𝑒௜ఉ௫, 

 𝐻௬ ൌ 𝐴ௗ𝑒ି௞೏௭𝑒௜ఉ௫                                                               ሺ8ሻ 

where, 𝑘ሺ௠,ௗሻ  is the wavevector component along the z-axis, 𝐴ሺ௠,ௗሻ  are amplitude 

components, and 𝛽 is propagation constant of the wave along the x-direction. The 
components of the wave vector along the z-axis perpendicular to the interface and its 
reciprocal ( 1 𝑘ሺ௠,ௗሻ⁄ ), helps to characterize the evanescent decay lengths of the 

respective fields that are confined at the interface. The propagation constant denotes 
the propagation of the SPPs in the defined x-direction. The schematic of the 
evanescent tails (red lines) of these equations and its propagation along the interface 
(blue lines) is shown in Fig. 2.2(a). For the confinement of surface waves, it is essential 
to follow the conditions of continuity for 𝜀௠,ௗ𝐻௬ and 𝐸௭.  

(i) (𝐴௠ ൌ 𝐴ௗ), (െ
ఌ೏
ఌ೘

ൌ  
௞೏
௞೘

) 

(ii) 𝑅𝑒ሾ𝜀௠ሿ  ൏ 0 , 𝜀ௗ ൐ 0  for metal and dielectric as initially explained for 
frequencies relative to 𝜔௣ 

Also, with 𝐻௬ following wave equation solution, the wavevectors can be expressed as  

(iii) 𝑘ሺ௠,ௗሻ
ଶ ൌ  𝛽ଶ െ 𝑘଴

ଶ𝜀ሺ௠,ௗሻ 

By substituting 𝑘ሺ௠,ௗሻ with 𝜀ሺ௠,ௗሻ from (i) into (iii), the dispersion relation can be given 

as: 

𝛽 ൌ  𝑘଴ඨ
𝜀௠𝜀ௗ
𝜀௠ ൅ 𝜀ௗ

                                                                                 ሺ9ሻ 

To summarize, equations 7 and 8 of explicit electric and magnetic field components 
help to explain the nature of the confined evanescent profile of surface plasmons. 
Equation 9 confirms the spatial dispersion properties with propagation constant 𝛽 and 
its relation to 𝜀ሺ𝜔ሻ௠, which is a function of frequencies. Both 𝑅𝑒ሾ𝛽ሿ and 𝐼𝑚ሾ𝛽ሿ define 
important quantities viz. the propagation wavelength (𝜆௦௣௣ ൌ  2𝜋 𝑅𝑒ሾ𝛽ሿ⁄ ) and intensity 

of propagation length (𝐿௦௣௣ ൌ  1 2𝐼𝑚ሾ𝛽ሿ⁄ ) of the SPPs shown schematically in Fig. 
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2.2(a). The dispersion plots in Fig. 2.2(b, c) consider damping losses and different 
frequency regimes, which clearly show how they affect the propagation 
constant 𝛽,𝜆௦௣௣, and 𝐿௦௣௣. This is important for all surface plasmon based applications 

as explained further. 

Before taking a detailed look at the plots, it is imperative to mention that the lossless 
case is for 𝛾 ൌ 0 (blue lines) and 𝛾 ൌ 0.5 𝜔௣ (black lines) of Drude metal permittivity 

𝜀ሺ𝜔ሻ௠ (expressions in equations 4,5). The dielectric is considered as silicon dioxide 
(SiO2) with a constant refractive index of 1.45, a typical value considered for all 
metasurface studies in this thesis. The normalized values of wave vector 𝛽 with the 
bulk plasmon frequency 𝜔௣ are considered for Fig. 2.2(b). In this figure, the real and 

imaginary parts of the wave vector are marked by dashed and solid black lines for 𝛾 ൌ
0.5𝜔௣, respectively. The blue lines show the completely lossless case when 𝛾 ൌ 0, 

resulting in distinct branches of 𝜔௣ and 𝜔௦௣. For the non-normalized values of wave 

vector 𝛽 , the actual permittivity of Ag, experimentally verified through Johnson & 
Christy reference, is considered for the plots in Fig. 2.2(c).  

The lossy case is simple to confirm, as the wave vector becomes finite compared with 
the blue SPP curve and can have a finite maximum value depending on the material 
characteristics. For different frequencies, the features of dispersion curves can be 
distinguished based on left and right branches compared to the light line (𝑐𝑘଴). For the 
left branch, the frequencies exceed bulk plasmon frequency 𝜔 ൐ 𝜔௣, where the metals 

become dielectric materials. Thus, the coupling of electromagnetic waves directly 
takes place with bulk plasmons. For the right branch, the coupling can take place with 
SPPs, provided the momentum mismatch compared with the light line is fulfilled 
through special excitation techniques. The momentum mismatch can be further 

confirmed from the identity (iii) that implies 𝛽 ൐ ඥ𝜀ሺ௠,ௗሻ𝑘଴. The right branch further has 

two possibilities, one for small wave vectors or frequencies lower than mid-infrared, 
where the 𝛽 is close to light line and the other for larger frequencies that approach the 
𝜔௦௣ surface plasmon frequency to the right. For lower frequencies, the confinement 

1 𝑘ሺ௠,ௗሻ⁄  will be proportionally large and propagation length is small, while for larger 

frequencies the opposite holds. Each trade-off has its own advantages depending on 
different plasmonics applications that are not limited to metasurfaces. As seen from 
Fig. 2.2(c), the type of dielectric can also affect this trade-off. 

Finally, the case for metasurfaces is considered, where the periodic grating technique 
helps to excite the SPPs and provides the additional momentum proportional to the 
grating constant. The plasmonic resonances excited in this way can support only π-
phase shift possible by a single interface. As previously stated, the use of meta-atoms 
supporting multiple resonances does fulfill the 2π-phase coverage, but the trade-off 
between propagation length and confinement results in large losses for the 
metasurface-based devices. The geometry of two metal-dielectric-metal interfaces 
helps to solve this issue both in terms of efficiency as well as 2π-phase space, which 
is explained in section 2.2. It is also important to note that surface wave couplers form 
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a major class of metasurfaces as described in the review [53] and early work [64], 
where freely propagating waves (PW) to surface waves (SW) conversion principles 
are explored. The work as an example of integrated metasurfaces (Fig. 1.2(f)) [39], to 
which I have contributed as part of my PhD work is also based on the similar principle. 

2.2  Gap-surface plasmons (GSP): fundamental and higher-order 
modes 

The GSP configuration with a dielectric layer sandwiched between two metals in Fig. 
2.3(a). In this geometry, it is essential that the dielectric gap has a thickness smaller 
comparable to the skin depth of the metal. It ensures that the surface plasmons excited 
at both metal-dielectric interfaces couple with each other, thus forming a gap confined 
SPP resonance called GSP resonance. For the mode, both odd symmetry of 
longitudinal electric field components Ex and even symmetry of transverse field 
components Ez as shown in Fig. 2.2(a) can be obtained as solutions. However, the 
energy confinement is achieved only for odd modes and can be very strongly localized 
at sub-wavelength scale for instance in slot-waveguide structures. [65, 66] Similar to 
previous section 2.1, the derivation steps are skipped and the key result for the 
dispersion relation of the GSP configuration with ts as the thickness of dielectric 
spacing is considered: 

tanh ൬𝑘ௗ
𝑡௦
2
൰ ൌ  െ

𝑘௠𝜀ௗ
𝑘ௗ𝜀௠

                                                        ሺ10ሻ 

All the expressions are the same as the expressions defined in previous SPP section 
2.1. This equation is implicit and the solution is possible for a very small ts, where 
tanhሺ𝛼ሻ ൎ 𝛼 is applicable. This helps to express the GSP propagation constant as: 

𝛽 ൌ  𝑘଴ඨ𝜀ௗ െ
2𝜀ௗඥ𝜀ௗ െ 𝜀௠

𝑘଴𝑡௦𝜀௠
                                                 ሺ11ሻ 

For metasurfaces, ts in the range of ~30-60 nm as seen from our studied [Appendix 
E] ensures efficient reflection in the far-field, which for large ts will be dominated by 
losses. Hence, the solutions for other cases are not considered. Equation 11 is plotted 
for different values of ts in Fig. 2.3(a), which shows that the wave vector increases 
significantly for smaller thicknesses for frequencies below 𝜔௦௣. The large wave vector 

for small ts implies small penetration depth into the metallic layers, which helps to 
achieve strong localization for small resonant wavelengths compared with single-layer 
SPPs. This is helpful for metasurfaces, where efficient resonances can be achieved 
for optical wavelengths. However, the continuous layer on top does not allow for tuning 
the resonances, which can be achieved by considering metallic nanostructures in an 
array shown schematically in Fig. 2.3(b). 
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Fig. 2.3: Gap-surface plasmon (GSP) dispersion and resonator configuration for metasurfaces.  
(a) GSP dispersion for a metal-dielectric-metal geometry with different dielectric thickness ts. The metal is 
Ag, and the gap is composed of SiO2, with the inset showing the schematic. (b) Schematic of a 
nanostructure-based metal-dielectric-metal configuration of GSP meta-atom. The arrows show electric field 
excitation. The rectangular nanobrick has lengths of Lx and Ly and height of tn. The period is Ʌ. 

With the consideration of finite nanostructures with 2D geometry like rectangles (widths 
Lx, Ly), discs (diameter D), or any other nanostructures, the configuration can be finally 
concluded as GSP meta-atom as shown in Fig. 2.3(b) and Fig. 2.4(a). Many previous 
works have theoretically analysed the GSP type configuration and its physical 
characteristics. [67-72] The structure terminations introduced by the nanostructures 
allow SPPs to reflect in a back-and-forth manner and result in resonant standing-wave 
behaviour. Particularly, the transverse field components Ez are out of phase on both 
ends of the nanostructures and the longitudinal Ex components can effectively reflect 
outside the end of the structure. Both these features allow the GSP meta-atoms to 
acquire efficient resonance for metasurface-based applications, by tuning the 
geometry for desired optical properties. The Fabry-Perot type resonance condition can 
be written for the GSP meta-atom as: 

𝑤𝑘଴𝑛௚௦௣ ൌ 𝑚𝜋 ൅ 𝜑                                                           ሺ12ሻ 

where 𝑤 is the width of the structure, 𝑘଴ ൌ  2𝜋 𝜆⁄  is the wave vector in free space, 
𝑛௚௦௣ ൌ  𝑅𝑒ሾ𝛽ሿ 𝑘଴⁄  is the effective mode index, 𝑚 is the order of the GSP mode, and 𝜑 

is the phase shift at structure terminations. With this central equation, the fundamental 
and higher-order modes can be assessed for their corresponding geometrical 
parameters of widths and resonant wavelengths. Two important advantages of scaling 
the widths and wavelengths based on multiple-order modes can be implemented for 
metasurfaces as listed below: 

i. m = 1 and 3 describe specifically the first-order and third-order modes. Without 
varying the wavelength, one can expect that the geometrical size of the meta-
atom can be increased while following the same resonance condition of high-
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mode resonance. This improvement allows large-size nanostructures that are 
easier to fabricate especially for smaller visible wavelengths. 

ii. By keeping the same size or width w, the meta-atom supports both first-order 
mode for a larger wavelength and third-order mode for a smaller wavelength. 
Thus, a dual-band metasurface could be accordingly designed by utilizing 
multiple GSP modes. 

However, there is an upper and lower limit to the size of the width that can support the 
GSP resonance condition. For very dense nanostructures, with large width w and small 
spacing period Ʌ, the near-field coupling can deteriorate the efficiency as has been 
considered in Chapter 1. For nanodiscs with a very large spacing, the grating effect of 
SPPs might dominate, which can interfere with the resonance. This effect can be 
studied in detail by modelling the optical response of the nanostructure with different 
widths and periods. 

 

Fig. 2.4: GSP-based meta-atom for the varying period – mapping of different types of SPP and GSP 
modes 
(a) Schematic of the GSP meta-atom with nanodiscs composed of Ag for analysis of different periods. The 
nanodisc thickness is 50 nm and the SiO2 spacer thickness is 20 nm for all. (b) The reflection map for 
different periods for diameters of 100 nm and (c) 300 nm. The different colored lines highlight the location 
of the SPP mode and the first-order (m = 1) and third-order (m = 3) GSP modes. The blocks locate areas 
where the mode profile is confirmed in Fig. 2.5. The black dashed line in (c) shows the reflection properties 
up to 2000 nm for Ʌ = 450 nm, shown in the supplementary D plot. 

The simulation is performed for Ag nanodiscs of diameter 100 and 300 nm as shown 
in Fig. 2.4. The diameters are chosen knowing that for most of our studies, the first-
order resonance is for 100 nm and the third-order resonance is for 300 nm for most 
visible wavelengths. The plots shown in Fig. 2.4(b, c) clearly show the grating coupling 
type behaviour of SPPs as a function of period and wavelength. The GSPs, being 
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Fabry-Perot type standing wave resonances, remain invariant of the period and can 
only be scaled by changing the size of the nanodisc. It also shows that the period Ʌ of 
450 nm is most suitable for GSP metasurfaces in the visible range since all SPPs occur 
below 500 nm. To confirm the multiple-order GSP and SPP resonances, it is essential 
to confirm their mode profiles at different cross-sections of the meta-atom. These are 
shown in Fig. 2.5, for the respective solid square marked meta-atom dimensions 
locating the different resonance dips with different colors. In addition, the first-order 
counterpart for 300 nm diameter, which lies in the near-infrared is modelled for period 

of Ʌ = 450 nm. This is shown by the black horizontal dashed line in Fig. 2.4(c), with its 
plot up to 2000 nm in supplementary D. 

 

Fig. 2.5: Mode profiles for meta-atoms verified for magnetic field component for horizontal and 
vertical cross-sections at the center of the meta-atom. 
The respective areas can be matched on the reflection maps of Fig. 2.4(b, c) with distinct color square 
markers. These can be identified as green for λ = 495 nm, pink for λ = 620 nm for Fig. 2.4(b) plot of 100 nm 
diameter. Similarly, orange for λ = 535 nm and brown for λ = 610 nm for Fig. 2.4(c) of 300 nm diameter. 

As seen from Fig. 2.5, the magnetic field components are plotted for confirming the 
resonant mode characteristics. The top row shows the overall magnetic field 
distribution in the cross-sectional region central to the meta-atom. The bottom row 
shows the magnetic field component Hy located in the centre for the dielectric layer. 
By taking a quick look, it is easy to distinguish Fig. 2.5(a, e) for 100 nm diameter and 
Fig. 2.5(c, g) for 300 nm diameter correspond to SPP waves, with the field extending 
beyond the nanodisc and not confined within the dielectric layer. On the contrary, the 
pure confinement is observed for GSP resonant nanodiscs of Fig. 2.5(b, f) for 100 nm 
diameter and Fig. 2.5(d, h) for 300 nm diameter. Also, the first-order and third-order 
GSP modes can be clearly distinguished for 100 nm and 300 nm diameters. 

Fig. 2.4 and Fig. 2.5 of this section are part of the work to be published [Appendix C] 
as attached in this PhD thesis. The main part of this paper is further summarized in the 
next section 2.3, where the study of binary combinations of different materials for the 
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optical response of GSP meta-atoms is included. It confirms a detailed as well as 
complete physical analysis of the GSP resonators, which will be summarized at the 
end of this chapter. 

2.3  GSP resonator: material considerations 

So far, all the parameters of GSP-based meta-atoms are considered. The 
electromagnetic profile of GSP modes with the geometrical parameters are confirmed 
through the Fabry-Perot type resonance condition of equation 12. The study of material 
parameters undertaken here is equally important since it has a direct influence on the 
optical response of the GSP configuration. Here, the primary case of different 
plasmonic metals that can be accommodated in the top and bottom layers is 
considered, which is a unique feature of GSP metasurfaces. The plasmonic metals 
considered for this study are Au, Ag, and Al, whose refractive indices as shown in Fig. 
1.21. The optical response achieved for nine combinations (schematically shown in 
Fig. 2.6 (a)), has been explored for color printing in the paper attached in Appendix 

C]. In this paper, the main analysis of the reflection properties of 4 key combinations is 

comparatively studied in a systematic way both theoretically and experimentally. Here, 
only two combinations are considered, viz. Ag-Ag and Ag-Au as shown for their 
reflectivity maps in Fig. 2.6(b, c). 

 
Fig. 2.6: Reflection map of GSP meta-atom configuration composed of different top and bottom layer 
metals  
(a) Schematic of complete study undertaken for binary combinations of Au, Ag, and Al. (b) Reflection map 
of the Ag-Ag composition. The colored squares mark the locations of the first-order, third-order GSP modes, 
and SPP resonance that are analysed in detail in 4 and 5. (c) Reflection map for Ag-Au composition. 

In comparing the two material combinations of Ag-Ag and Ag-Au, the dielectric SiO2 
layer is considered of a constant thickness of 20 nm throughout the study. The period 
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of 450 nm is considered to support both the first-order and third-order GSP modes, 
which is consistent with the discussion of Fig. 2.4 and Fig. 2.5 for identifying the 
distinct resonances. Fig. 2.6(b) for Ag-Ag composition clearly shows the respective 
marked areas in colored squares that have been analysed for mode profiles in both 
figures (Fig. 2.4 and Fig. 2.5). The pink and brown squares are for the first-order and 
third-order GSP modes of differently-sized nanodisc, while the green and orange 
squares show SPPs that are restricted close to 500 nm visible wavelengths. Moreover, 
these resonance features are narrow with overall high reflection amplitude observed 
for the reflection map. The narrow resonances imply that the variation of amplitude as 
well as phase change is drastic for a small variation in diameter down to 5 nm. This is 
difficult to achieve in fabrication and can be limited by the error tolerances of fabrication 
systems, which can be altered by replacing one layer of Ag with high lossy metals like 
Au. Thus, the Ag-Au configuration can introduce losses to the configuration in a 
controlled way as can be seen from Fig. 2.6(c). Clearly, the narrow resonances have 
become broad with two other advantages. The smaller nanodiscs acquire a small fill 
factor for Ag, which shows the pronounced losses as light interacts with the bottom Au 
layer. By comparing this region with the Ag-Ag composition, one can additionally find 
that the unwanted SPP resonance features have been reverted. For large nanodiscs, 
Ag acquires increasing area as diameter increases. Thus, the losses due to Au are 
overcome, resulting in sufficiently broad resonances with moderate reflectivity for close 
to resonance nanodiscs. Such tunability has been further assessed for the Au-Ag and 
Al-Au combinations in the paper attached in Appendix C. 

Within this the chapter, all physical parameters of GSP configurations are considered. 
To summarize, the material properties required for the SPP resonances are first 
discussed, followed by two metal-dielectric interfaces-based GSP resonances. Both 
spatial profiles and dispersion properties are explained for single interface SPPs and 
the final GSP case. Lastly, the actual GSP resonator with its standing wave nature is 
considered, which includes a detailed study of both geometrical and material 
parameters to tune the optical response. This chapter completes the physical aspects 
of GSP resonators that can be applied for meta-devices, which is explained in the next 
chapter.  
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3. Higher-order GSP nano-optics devices 

In this chapter, the nano-optics applications achieved using GSP metasurfaces, that 
form a major part of my PhD study are discussed. While many GSP metasurface based 
applications are known through previous studies, [73-79] this thesis highlights the 
unique feature of higher-order GSP resonances and focuses on demonstrating the 
advantages through these studies [Appendix A,C,D,E]. The higher-order resonance 
for GSP meta-atoms implies a larger dimension that supports both fundamental and 
third-order resonances, equivalent to scaling the resonator to accommodate different 
standing waves. From an application perspective, it allows access to design any device 
with each meta-atom supporting dual-bandwidths corresponding to each GSP mode. 
[Appendix D] Also, the seemingly simple improvement of larger meta-atoms has the 
remarkable possibility of yield improvement in fabrication, which is a growing need for 
commercial scale-up of optical metasurfaces. [Appendix A] In addition, the large 
meta-atom configuration allows access to multiple order SPP type and GSP type 
resonances, that can be tuned based on geometrical parameters. This allows for a 
broad range of sizes to tune the optical response and thus provides optimal solutions 
to design any desired performance in a meta-device. Particularly this feature is 
explored for color printing application as a first step using commonly used Au and SiO2 
based meta-atom configuration and demonstrate proof of improvement in the color 
range. [Appendix E] To further improve the color range of the meta-atoms, the tuning 
of material parameters is considered. With the three-layered GSP-based configuration, 
a systematic study of the binary combinations of three common plasmonic metals viz. 
Au, Ag, and Al is performed. [Appendix C] The theoretical part of this study is 
explained in Chapter 2, while its demonstration for color printing application and 
improvement in the color range is discussed here. The merit-based features of higher-
order GSP metasurfaces have few drawbacks like any other metasurfaces, which have 
already been discussed in detail in Chapter 1 (section 1.3). In particular, the issues 
of increased losses owing to increased round trip losses of coupled excitations within 
the third-order resonator that is inherent for any such GSP meta-atoms are also 
discussed. There is also a trade-off between the broad and narrow GSP resonances 
when designing multiple-resonance-based GSP metasurfaces. The narrow resonance 
implies more sensitivity towards fabrication as the optical response of meta-atoms can 
be drastically different for a small variation of ~5 nm in the meta-atom dimension, which 
can be an unavoidable issue. Nevertheless, there can be ways to overcome the issues 
like using better materials like Ag that has low Ohmic losses and good plasmonic 
properties in the visible and improving the design selection of meta-atoms. Before 
delving into the exciting applications, the general design-fabrication-characterization 
methodologies for GSP metasurfaces that are common for any meta-devices are 
explained in the introductory section 3.1 of this chapter. 
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3.1 Methods for meta-devices 

In continuation with the physical properties of GSP resonator in Chapter 2, the 
methods for implementing the GSP physical characteristics for nano-optics devices 
are explained in this section. The methods include design, fabrication, and 
characterization of the metasurfaces that are specific to the works accomplished 
during my PhD. The methods are commonly used for all GSP-based metasurface 

applications that can be recalled from Fig. 1.2, where GSP-based metasurfaces in 
the visible range are explored. The methods form an important part of my thesis as 
validation tools for the GSP-based resonator capabilities explored for nano-optics 
applications.  

3.1.1 Design of GSP-based metasurfaces  

The first step of the design process includes the selection of meta-atoms based on the 
desired optical phase-amplitude response, which fulfill the requirements of the 
functionality of the device like polarization selectivity, and efficiency. The selection 
process is performed on available meta-elements by generating a phase-amplitude 
map of the meta-atoms close to the GSP resonance of the operating wavelength of 
the device. This map is obtained from simulation by using the finite element method 
(FEM) implemented in a commercial software COMSOL Multiphysics, Wave Optics 
Module (version 5.2). For the simulations, a 3D unit cell of GSP meta-atoms is 
considered in a periodic environment by applying Floquet periodic boundary conditions 
on vertical side walls of the cell. The medium above the cell is air and truncated using 
perfectly matched layer (PML) to minimize reflection. The refractive index values for 
the metal layers are obtained from the procedure explained in section 2.1, while SiO2 
layer is considered as lossless dielectric with 1.45 refractive index value. The excitation 
and collection ports are applied above the cell, followed by the PML layer in the end. 
For transmission geometry as considered in s-SNOM measurements of GSP-based 
meta-atoms [Appendix B], the excitation ports are accordingly located below the 
sample and collection ports above the sample at both near-field as well as far-field 
distances from the top of the unit cell. The PML layer is also applied at top and bottom 
ends to minimize reflection. In all the studies, the edges of the nanobricks or nanodiscs 
are rounded by 5 nm to be consistent with fabricated nanostructures and have a better 
fit vs experimentally measured data. The illumination for both x and y-polarized light is 
normally incident with plane wave conditions. This simulation procedure is followed for 
all works during my PhD and for both unit cell-based phase-amplitude map as well as 
final supercell performance validation.  

For the work attached in Appendix A, the design using the phase-amplitude map for 
red light i. e. λ = 633 nm is shown in Fig. 3.1 (a, b) for the period of Ʌ = 450 nm, where 
the third-order GSP resonance can be clearly observed for the nanobrick with a ~300 
nm width in GSP configuration composed of Au-SiO2-Au triple layers. This common 
procedure has been established in previous studies that have only considered the first-
order GSP resonance. [80, 81] The difference between first-order and third-order GSP 
metasurface design lies in the selection of the period, which can be clearly observed 
from the phase-amplitude maps. When the width is within 150-250 nm, first-order 
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mode is dominant, while the width of ~400-450 nm mainly supports the third-order 
mode at the design wavelength of 633 nm. This strategy is easy to implement for any 
wavelength, any type of meta-device, and even complex integrated designs, with the 
advantage of an increase in the meta-atom dimension. 

 

Fig. 3.1: Reflection map of meta-atoms for the first design of GSP metasurfaces 
(a) Reflection amplitude and (b) phase map for varying nanobrick widths (Lx, Ly) in a GSP meta-atom at the 
design wavelength of 633 nm (see schematic Fig. 2.3(b)) under an x linearly polarized incident light. The 
meta-atom is composed of a topmost Au brick (thickness tn = 50 nm), a 40-nm thick SiO2 spacer, and a 
bottom Au substrate. The period of the meta-atom is Ʌ = 450 nm. The black contour lines in the phase map 
show phase steps for designing the working supercell of the metasurface. The intersecting phase lines for 
x- and y-polarized light are selected for the beam deflection functionality. 

 

With the reflection amplitude and phase maps of meta-atoms in place, the selection of 
meta-elements for design requirements can be performed using search algorithms. 
For the simplest case of 1D phase-gradient, this selected elements for polarization 
selective beam steering application are marked in Fig. 3.1. The phase map of Fig. 
3.1(b) shows marked contour lines of 4 phase gradient steps covering 2π phase range. 
The vertical lines correspond to x-polarized excitation and the horizontal lines 
correspond to y-polarized excitation. The squares with solid blue lines mark the points 
where both x and y-polarized light have the same phase value, while the solid green 
circles mark locations with opposite phase values for individual polarizations. Thus, 
the 5 elements with a positive slope shown by blue squares together form a supercell 
that can steer incident light irrespective of the polarization in the same designed 
direction. As seen in Chapter 1, the angle of deflection can be calculated based on 
generalized Snell’s law, which is 16.3⁰ for a supercell composed of 5 elements. The 5 
elements shown with the green circles form a supercell, which have 4 phase steps with 
the phase gradient (0 to 2π) for x-polarized light, while equal phase steps in opposite 
phase gradient (2π to 0) for orthogonal counterpart i. e. y-polarized light. Thus, the 
opposite phase gradients achieved for two orthogonal linear polarizations through 
these 5 elements result in the x-polarized light deflected to m = +1 diffraction order, 
while the y-polarized in opposite m = −1 diffraction order. From Fig. 3.1(a), one can 
also confirm that the meta-elements are chosen with the care taken to avoid the 
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elements that are very close to the resonance, since they have poor reflectivity values 
and can deteriorate the efficiency of the beam splitter device. Note that based on the 
diffraction optics principles, other diffraction orders will also be generated. But, with an 
efficient design as explained so far, they will be of very low efficiency and highly 
suppressed. 

The design procedure as explained in this section for work in Appendix A is followed 
in all the other works. The modifications include consideration of dual-wavelengths for 
work in Appendix D, which is explained in section 3.2. While the specific case for 
color printing application including the works in Appendix C & E are summarized in 
section 3.3. The performance of the device can be tested theoretically through 
simulation of the supercell and experimentally verified through fabrication and optical 
characterization, which are explained further. 

3.1.2 Fabrication of GSP-based metasurfaces  

The nanofabrication is performed using electron beam lithography (EBL) along with 
scanning electron microscopy (SEM) and atomic force microscopy (AFM)-based 
metrology characterization tools. 

 

Fig. 3.2: EBL procedure for nanofabrication of GSP metasurfaces 
(a) Pattern writing. The electron beam exposure of patterned areas on positive resist (PMMA) coated 
substrate. (b) Development. The removed of exposed areas after treatment with reagents. The SEM image 
shows developed pattern (c) Materials deposition. The electron beam evaporation process for depositing 
metal layer. (d) Lift off. The removal of resist to obtain the final fabricated nanostructures is performed using 
further reagents. 
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The procedure for nanofabrication using EBL is schematically explained in Fig. 3.2. 
The materials used in the all the studies during the PhD viz. metals Au, Ag, Al and 
dielectric SiO2, are deposited using Cryofox Tornado 405 deposition system from 
Polyteknik. The metals are deposited by electron beam evaporation while dielectric is 
deposited by RF sputtering with Ti metal layer of ~3-5 nm used for adhesion of metals 
on the dielectric layers. In the first step, a substrate with bulk metal layer of ~200 nm 
is deposited on silicon wafer, which is followed by Ti adhesive layer and dielectric SiO2 
layer of specific thickness designed for the metasurface application. This substrate is 
used for patterning of the nanostructured using EBL. As seen from Fig. 3.2(a), the 
patterning step is performed by using a positive resist PMMA (polymethyl methacrylate 
2 % in anisole from Micro Chem) by spin coating it on the substrate for 100 nm 
thickness. A 30 keV acceleration voltage electron beam is used for patterning using 
the JEOL JSM-6490LV, SEM system equipped with high voltage facility for EBL 
operation. An ELPHY quantum attachment to the “Raith Nanofabrication” Gmbh, 
provides the hardware control for both SEM and EBL operation. The metasurface 
design patterns generated by MATLAB scripts are transferred to ELPHY quantum 
software in .asc format, which are accordingly patterned by the electron beam. 

The pattern obtained after the EBL exposure is developed using 1:3 mixture of MIBK: 
IPA (methyl isobutyl ketone and propan-2-ol) reagents for 30 seconds, which is 
followed by 30 seconds washing in IPA. This helps to dislodge the resist areas that are 
exposed by the high voltage electron beam and completely remove remaining debris 
after washing of the sample. The SEM image of the developed sample is shown in Fig. 
3.2(b) for reference. At this stage, deviations from the desired pattern can be measured 
using SEM image. the deviations take place due to inappropriate electron beam dose, 
current stability and technical parameters resulting in merging or different sizes of the 
nanostructures. By implementing the corrections to the design and EBL parameters, 
the final developed pattern is deposited for top metal layer of 50 nm with the Ti (3 nm) 
layer for adhesion. This step is schematically shown in Fig. 3.2(c). The final sample is 
obtained by lift off procedure to remove the unexposed PMMA resist, which is 
schematically shown in Fig. 3.2(d). The lift-off is performed by ~6-hour acetone bath 
followed by sonication and cleaning of the dislodged resist from the sample. A final 
SEM image of the metasurfaces is recorded for validation of the successful fabrication. 

The thickness of the thin film metal layers is monitored using AFM, which is performed 
on large markers patterned away from the sample. While the dielectric layer thickness 
is monitored using Ellipsometer instruments. The samples with top layers made of Ag 
and Al are stored in humidity-controlled chambers to avoid degradation effects from 
ambient air. The optical characterization of the fabricated metasurfaces is explained in 
next section. 

3.1.3 Optical characterization of GSP-based metasurfaces  

The optical characterization of metasurfaces is performed using built-in optical setups, 
with components primarily from ThorLabs. The visible light source is obtained from 
supercontinuum laser viz. Super K select from NKT Photonics, with good wavelength 
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selectivity in both visible and near-IR wavelengths. The optical setup for measurement 
of light deflected from phase-gradient metasurface is shown in Fig. 3.3. 

 

Fig. 3.3:Built-in optical characterization set up of GSP metasurfaces for beam steering of reflected 
light  
(a) The optical set up is equipped with rotation assembly to measure deflected light from metasurface for 
different incident angles. The source is supercontinuum laser Super K select from NKT Photonics. The 
mirrors (M1, M2), glan Thompson polarizers (P1, P2), and lens (L1 focal length 10 cm) allow the selected 
wavelength range (500- 800 nm) and linear polarization of light to be incident in area inside the metasurface. 
The metasurface and incident beam are further aligned using x-y stage of sample holder by monitoring their 
positions using Camera assembly that captures images with 0.8X objective lens. The reflected light from 
the metasurface is detected by fibre coupled collimator and lens L2 assembly. (b) The image obtained from 
side camera to locate the incident beam spot obtained from 10 cm lens L1, which is ready for metasurface 
measurement. The metasurface is typically covers an area of 180 μm2.  

The set up comprises of the source, sample holder assembly equipped with angle 
rotation adjustment, the side camera to monitor the incident beam position inside the 
metasurface area and the detector. The different components as explained in the 
figure, allow for desired light polarization incident on the metasurface. Two Glan-
Thompson polarizers are assembled before and after the mirrors to ensure purity of 
the x- or y-polarized light incident on the sample. The lens L1 with a 10 cm focal length 
is used to focus incident light on the metasurface. A beam splitter is used prior to the 
incident illumination to facilitate the measurement of incident power on the sample and 
the measurement of normally reflected zero order from the metasurface. The m = +1 
and -1 diffraction orders as well as other orders are directly measured using the 
collection lens L2 and collimator-fiber coupler assembly. The beam splitter cube is 
selected to be 1 cm in length, the incident light lens L1 is half inch in diameter and 
focal length is 10 cm to ensure that light reflected from the metasurface can freely pass 
without being blocked by any of the components. The set up ensures that light reflected 
with > 10⁰ can be directly detected by the detector assembly. This is required for 
measurement of the metasurface for different incident angles, where the reflected 
diffraction orders (+1, −1, +2, −2, etc.) will be reflected much with much larger angles 
as the incident angle will vary. In addition, both the camera assembly as well as the 
detector assembly are attached to the rotating arm of the sample holder, to ensure that 
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accurate positions of the metasurface, incident beam and reflected light are measured 
consistently for all angles of incidence. 

This set up has been used for the polarization splitter design shown by green color 
circles in Fig. 3.1, where the light of two orthogonal polarizations are reflected in 
opposite directions to the normal from the metasurface. For this study [Appendix A], 
the reflection efficiency for x-polarized light is ~40 %, and for y-polarized light is ~30 % 
from simulations, with up to 10-15 % reduced efficiency in experiments. These results 
agree well for all GSP metasurfaces using Au, since Au has high Ohmic losses in the 
visible. In addition, the experimentally and theoretically verified performance of the 
beam steering for varying angles of incidence for both x- and y-polarized light also 
agree well. For x-polarized light, the performance remains good up to 30⁰ angle of 
incidence, while it drops drastically for off-normal incidence for y-polarized light. This 
can be attributed to the phase-gradient direction coinciding with the electric field of y-
polarized light, which violates the periodicity assumption. Thus, the detailed features 
of the beam steering application are verified in this study. An improvement in the 
reflection efficiency can be achieved by using better materials like Ag, which has been 
demonstrated in other published works as part of my PhD study. [37, 39] However, it 
should be mentioned that Ag more prone to oxidation from ambient air. Hence, for 
validation of metasurface functionality for features like varying angle of incidence the 
use of Au has been preferred for this study. 

Another instrument of imaging spectrometer from Andor-Oxford series of instruments 
has been used to optically characterize the metasurfaces. The instrument provides 
both time saving and convenient ease of operation, which makes it possible to have 
reliable measurements from Ag and Al composed metasurfaces as well. It consists of 
an Andor CCD camera to facilitate imaging of the sample at the input and a 
spectrograph within to measure the spectra of images for desired wavelength range in 
the visible. The instrument is fixed with the CCD camera aligned to the output port of 
an inverted microscope. The sample to be measured can be conveniently placed on 
the microscope stage and illuminated by xenon lamp source, which helps to avoid 
manual assembly for the imaging the metasurface. The light reflected from the 
metasurface is collected by 20x or 50x objective lenses and directed to the imaging 
spectrometer by the output port of the microscope. For measurement of diffraction 
orders, the reflected light collected by the microscope objectives, is collimated using 
lenses to have distinct separation between the different diffracted spots. The resulting 
Fourier image incident on the Andor CCD camera is shown in Fig. 3.4(a). The white 
dashed vertical lines denote the typical slit size that is used to collect the reflected light 
for spectrograph measurements. The corresponding spectra measured for different 
diffraction spots in single measurement is shown in Fig. 3.4 b). The drawback is that 
the numerical aperture of objective lens sets a limitation on the diffraction angles that 
can be measured using the instrument. Especially for large diffraction angle 

measurements, the setup in Fig. 3.3 is the most useful. 
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Fig. 3.4: Optical characterization of GSP metasurface using imaging spectrometer (Andor Kymera 
193i)  
(a)  Fourier image of metasurface on CCD camera of the imaging spectrometer. The metasurface is 
illuminated with white light from inverted optical microscope. The image from the microscope is directed to 
imaging spectrometer by a lens assembly to achieve required separation of different diffraction spots m = 
0, +1, -1. The dashed vertical line shows the slit crossection of the CCD camera (b) The spectrum of the 
reflected light from metasurface measured by the spectrograph of the imaging spectrometer. (c) Image of 
array of nanodiscs fabricated in blocks of varying diameter for demonstrating color printing application. (d) 
the corresponding spectra measured by the imgaging spectrometer.  

 

The measurement example of color printing blocks is shown in Fig. 3.4(c, d). The 
sample is directly imaged from the output port of the microscope, where the 
metasurface sample with nanodisc arrays of varying diameter are fabricated. The four 
blocks correspond to nanodisc array of four different diameters fabricated in 10 μm2 
area each. The resulting spectra shows bands corresponding to the spectral 
characteristic of each nanodisc array. 

Lastly, the characterization setup of s-SNOM measurement of near-field optical 
properties is shown in Fig. 3.5. The setup is used in the study in Appendix B, where 
the key results are discussed in section 1.2.2 of chapter 1. In this study, only x-
polarized light is considered for measurements. The sample as explained in the figure 
is illuminated from the bottom with defocused laser beam of λ = 1500 nm with a ~12 
μm spot size. The standard AFM coated Si tip is used as near-field probe to detect the 
light scattered in the near-field region of the sample. Predominantly, the tip scatters 
the vertical component of electric field i. e. Ez, which is scanned throughout the area. 
The top parabolic mirror collects the scattered light and directs it to the reference beam 
for interferometric detection of near-field phase and amplitude. Despite the low 
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scattering amplitude due to the confined GSP configuration, as explained in 
Supplementary B, the interference with strong reference beam allows for reliable 
detection as can be seen from the results of the study in Appendix B.  

 

 

Fig. 3.5: Optical characterization of GSP metasurfaces using s-SNOM AFM equipped experimental 
set-up 
The metasurface sample is fabricated on glass substrate with a 50-nm-thick bottom Au layer followed by a 
40-nm-thick SiO2 layer and a top layer of Au nanobricks with a thickness of 50 nm  for s-SNOM experiment 
to measure the near-field phase and amplitude. The study is presented in Appendix B of this thesis. The 
key results of near-field coupling within meta-atoms of metasurface defined by figure of merit (FOM) scheme 
are in section 1.2.2. 
 

To summarize, we have briefly explained the design, fabrication and optical 
characterization methodologies used for works in this thesis. Since main results for 
Appendix A & B are explained in both chapter 1 as well as in this section 3.1, further 
sections focus on summarizing the results for Appendix C,D,E. 

3.2 Dual-band beam steering 

The dual-band wavelengths are a feature of the standing wave type resonance 
supported by the GSP meta-atoms. As recalled from equation12, every meta-atom 
supports fundamental and higher-order modes with odd multiples for a constant meta-
atom dimension. This was also confirmed for the period of Ʌ = 450 nm in Fig. 2.4, 
where 300-nm diameter supports the third-order mode for the wavelength of 633 nm, 
while its fundamental counterpart lies in the near infrared wavelength of 1450 nm. In 
this section, we demonstrate the applications by controlling dual-wavelengths 
accessible by the meta-atom. 
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Fig. 3.6: Design of dual-band GSP metasurfaces by mapping the optical response of the meta-atoms 
at first-order ad third-order resonant wavelengths  
Reflection phase and amplitude mapping for dual-band metasurfaces for wavelengths of λ1 = 633 nm and 
λ2 = 1450 nm, corresponding to the third-order and first-order GSP resonances. All meta-atom parameters 
are the same as those in Fig. 3.1(a). Schematic of the elements selected for the phase gradient, where the 
equal nanobrick widths imply the same phase value for both x- and y-polarized light. (b) Phase-amplitude 
properties for two wavelengths and polarizations as a function of the brick dimension. The solid and dashed 
lines correspond to x- and y-polarized light, respectively. 

 

The design strategy described in the methods section 3.1 includes the additional 
mapping of phase-amplitude properties for the dual-wavelengths. This is shown for the 
case of 2D nanobricks with equal widths Lx = Ly in Fig. 3.6. The invariant optical 
response for both x- and y-polarized light can be observed from the solid and dashed 
lines in the phase-amplitude plot of Fig. 3.6(b). A single absorption dip at ~275 nm 
width is observed for λ2 = 1450 nm, which corresponds to the fundamental GSP 
resonance. For the same width, the absorption dip of third-order counterpart for λ1 = 
633 nm is also observed. The first-order mode corresponding to λ1 = 633 nm is 
observed for the brick with width < 100 nm with a very narrow resonance. For designing 
the phase gradient profile, the first-order and third-order resonances at these two 
wavelengths are well matched, as the phase values are the same for all widths close 
to the GSP resonance. A selection of 5 elements with a constant phase interval 
between neighbors are chosen to demonstrate the dual-wavelength meta-atoms for 
polarization-insensitive beam steering application, which are schematically shown in 
Fig. 3.6(a). In this way, another design with opposite phase gradients for x- and y-
polarized light, that perform polarization-selective beam splitting is also demonstrated 
for dual-band metasurfaces. Both the designs are fabricated and validated through 
fabrication and optical characterization in the work listed in Appendix D 
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The experimental results show an efficiency of ~ 20 % for λ1 = 633 nm and ~ 75 % for 
λ2 = 1450 nm for both beam steering applications. Since the meta-atoms are all 
composed of Au, the Ohmic losses close to the visible region inherent for Au form a 
major reason for the rather low efficiency. Another difficulty lies in different resonant 
widths of the first-order and third-order modes, which restricts the individual meta-
elements from achieving equal phase-amplitude values for both wavelengths. The 
simple design strategy for the demonstration of dual-wavelengths also results in 
different deflection angles that are 16.3⁰ for λ1 = 633 nm and 40.1⁰ for λ2 = 1450 nm. 
The latter two limitations can be solved by using better engineering strategies for 
accurate and flexible response of the meta-atoms, while the use of suitable materials 
like Ag can make the efficiency higher, especially for the red light. Apart from these 
issues, the unique feature of dual-band operation is simple to implement and realize 
for commercial applications compared with other approaches. For instance, exotic 
materials like indium tin oxide have been considered for achieving dual-band 
metasurfaces in a recent study. [82] An independent response of metasurfaces has 
been demonstrated for terahertz wavelengths by using meta-elements that cannot be 
practically realized at small optical wavelengths. [83] Thus, the dual-band 
metasurfaces using GSP resonators have many advantages for meta-devices. 

With this, the discussion of GSP metasurfaces for beam steering application is 
complete. The final application for color printing using GSP metasurfaces is equally 
studied in detail during the PhD tenure, which is summarized in the next section 3.3. 

3.3 Color printing application 

The color printing application for GSP metasurfaces has complied in two published 
works, which are presented as part of this thesis in Appendix C and Appendix E. As 
we have considered the third-order mode resonant GSP configuration for our study, 
the detailed physical characteristics are explained in sections 2.2 and 2.3. These 
include the analysis for both geometrical and material parameters of the GSP 
configuration viz. varying diameter D, period Ʌ, spacer thickness ts, and material 
combinations of Au, Ag, and Al that are part of work to be published and listed in 
Appendix C. While the work in Appendix E focuses only on the color printing using 
pure Au-Au material composition. Here, the complete physical characteristics of GSP 
meta-atoms explored for color printing application are summarized. 
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Fig. 3.7: Color printing application using GSP meta-atoms with an Au-SiO2-Au composition.  
(a) Schematic of meta-atom with parameters - nanodisc with varying diameter D and a thickness of 50 nm 
in a period of Ʌ 450 nm, varying SiO2 spacer thickness ts. Top arrows show the incident light orientation. (b) 
Color palette imaged for fabricated nanodiscs. The diameter of individual nanodisc is varied from 75 to 425 
nm, with each identical nanodisc in a 20 × 20 μm2 array. Images using a 50x objective with a NA of 0.8. The 
squares mark SEM images of fabricated nanodiscs shown in (c-e) with respective nanodisc sizes.  

 

Firstly, the results compiled from Appendix E are shown in Fig. 3.7, where the GSP 
meta-atom that supports the third-order mode within a period of Ʌ = 450 nm is 
demonstrated for color printing with an Au and SiO2 configuration. The schematic of 
the GSP meta-atom, with the nanodiscs-based tuning of the GSP resonance, is shown 
in Fig. 3.7(a). For a fixed period of Ʌ = 450 nm, nanodiscs of single diameter are 

fabricated in a ~20 × 20 μm2 array for different diameters ranging from 50 to 425 nm 
in a 25 nm interval and different SiO2 thickness of 20, 40, and 50 nm. The far-field 
images acquired using a camera and objective lens are captured to obtain a color 
palette, as shown in Fig. 3.7(b). The color variation is strongest for the nanodiscs that 
are close to the third-order GSP resonance. Since the first-order resonance is 
supported within a very narrow diameter range of ~70-90 nm, the color variation is not 
pronounced as the diameters are fabricated with a large step of 25 nm. The accuracy 
of fabricated nanodiscs is verified from SEM images of the selected nanodisc arrays 
as shown in Fig. 3.7(c-e). The spectra of these nanodiscs are experimentally 
measured and confirmed with simulated spectra and the complete details can be 
referred from Appendix E. The color palette comparison with a previous study that 
reported colors based on the first-order GSP resonance with the same configuration 
and materials [58] shows a clear improvement in both color saturation and range of 
colors using the third-order configuration. The improved range of colors is naturally a 
consequence of considering the larger dimension, where colors can be tuned using 
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different first-order and third-order GSP resonances. The improved color saturation 
that is required for distinct colors is achieved due to high absorption, which can be 
attributed to higher round trip losses in the large meta-atoms that support the third-
order GSP resonance. Compared with the beam steering application in section 3.2, 
the higher losses of third-order GSP resonance have an advantage in the color printing 
application. A major concern is the large Ohmic loss associated with Au below 500 nm, 
which affects the reflectivity for the blue color. 

 

Fig. 3.8: Color printing application using third-order GSP meta-atoms with varying diameter D and 
metal combinations of Ag-Ag, Al-Ag, Au-Ag, Ag-Au, and Al-Au 
The constant parameters are ts = 20 nm (SiO2 spacer) and tn = 50 nm (nanodisc thickness). Images are 
taken using a 20x objective. (a) Ʌ = 450 nm, (b) Ʌ = 400 nm, and (c) Ʌ = 350 nm. The squares mark the 
nanodisc arrays that are spectrally verified through experiments and simulations in Error! Reference 
source not found.. The red squares correspond to D = 300 nm that support the third-order GSP resonance. 
The black squares correspond to D = 100 nm that support the first-order GSP resonance. 

To achieve a rich color palette covering red, blue, and green primary zones, it is 
essential to consider different materials to tune the GSP resonances. This factor is 
explored by varying the GSP configuration with binary combinations of Au, Ag, and Al 
plasmonic metals in the study of Appendix C. The images of colors, with varying 
diameters for three different periods viz. Ʌ = 350, 400, and 450 nm for different material 
compositions and a constant SiO2 thickness of 20 nm is shown in Fig. 3.8. Similar to 
the primary work using Au, the nanodisc spectra are verified through measurements 
and simulations, where the details are reported in Appendix C. The black solid 
squares in Fig. 3.8 mark the nanodiscs that support the first-order GSP resonance, 
while the red solid squares correspond to the third-order GSP resonance. The spectral 
verification of the colors is performed for these marked material compositions and 
nanodiscs to cover the different resonances of the third-order GSP configuration. The 
general reflectivity characteristics as explained in section 2.3 can be further confirmed 
from the data in Fig. 3.8. For example, the color variation corresponding to the first-
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order GSP resonance being narrow results in few distinct colors close to the 100 nm 
diameter. The colors become gradually pronounced and vary significantly for 
diameters that are around 300 nm, which corresponds to the third-order GSP 
resonance. These features are also observed for the colors in Fig. 3.7. In addition, one 
can find that the top metal layer plays an important role in the colors obtained for larger 
nanodiscs. For the top layer composed of Au, the colors are dark and the shades are 
predominantly red and green owing to Ohmic losses. With Ag and Al as top layers, the 
colors become distinctly violet and blue as nanodiscs increase in size. Further, the 
minor changes due to variation in period and other parameters are also fully explained 
in Appendix C. 

 

Fig. 3.9: CIE color maps of simulated GSP meta-atoms with binary compositions of Au, Ag, and Al. 
The diameter is varied in a 25 nm step within period of Ʌ = 450 nm for SiO2 thickness of ts = 20 nm. The 
results are compared for material compositions with the same bottom layer metal of (a) Au, (b) Ag, and (c) 
Al. The CIE coordinates are marked by different shapers viz. triangle, circle, and square – for the bottom 
Au, Ag, and Al layer, respectively. The different colors represent different top metals viz. yellow, white, and 
blue colors for Au, Ag, and Al top metals, respectively. 

For color printing applications, the generated colors need to be analyzed for their purity 
and range by comparing them with standard CIE colors, which are calculated from the 
reflectivity data of the meta-atoms. This exercise is performed for all results obtained 
in the color printing projects of Appendix C and E. The CIE coordinates for simulated 
data with period of Ʌ = 450 nm and SiO2 thickness of ts = 20 nm are shown in Fig. 3.9, 
where the plots can be compared for different metal compositions separately. The 
simulated reflectivity data is further obtained for varying periods (400 and 350 nm) and 
varying ts (35 and 50 nm), which can be referred to the paper in Appendix C. Thus, a 
complete analysis of the GSP configuration is performed for the color printing by 
considering both geometric parameters and material compositions. 

It is important to note that such a systematic study of both geometrical and material 
parameters has not been considered before. For improving plasmonic color printing, 
Ag and Al have been studied, while few studies have reported a specific simulations-
based case of different metals. [84-86] Also, the finding that the optical response can 
be tuned by adjusting the fill factor of the top and bottom material areas of the meta-
atom is generally applicable for any meta-device. This aspect has not been considered 
in previous studies neither, which have mainly focused on replacing the plasmonic 
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metals with CMOS compatible materials or single crystalline metals in general. [87-89] 
It is also important to note that the currently explored geometric and material 
parameters cannot compete with dielectric materials-based colors that can achieve 
perfect RGB colors.[90] However, the approach of GSP-based colors and its 
configuration can be further explored for other materials and engineering strategies to 
optimize the performance for color printing applications, which can be studied in the 
future. 
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4. Summary and Outlook 

The physics of GSP-based metasurfaces and their applications for nano-optics meta-
devices have been explored in my PhD. The GSP metasurfaces have the remarkable 
advantage of tuning fundamental and higher-order resonances by scaling the meta-
atom’s dimensions. The fundamental mode supported by the GSP configuration has 
been demonstrated for metasurface applications by structuring the top layer with 
subwavelength periodic arrays of metallic nanostructures. This layer backed by a thin 
dielectric layer and a thick metallic layer for reflection allows Fabry Perot type 
resonance condition to provide the efficient amplitude and 2π phase manipulation for 
nano-optics applications. It further supports the higher-order GSP resonances, which 
can be scaled up by increasing the size of the top nanostructures. The special case of 
third-order GSP resonance retains the subwavelength dimension required for 
metasurface with relatively efficient amplitude and complete 2π phase tunability of the 
meta-atoms for light. In addition, it opens advanced features of (i) simultaneous dual-
wavelength control corresponding to both fundamental and third-order modes, (ii) 
improvement in fabrication yield especially for the small wavelength range of visible 
light, and (iii) providing multiple SPP and GSP type resonances for tuning the optical 
response of meta-atoms. These advancements are successfully demonstrated for 
common metasurface applications of beam steering and color printing, which are 
attached in Appendix A,C,D,E as part of this dissertation. The applications of third-
order GSP-based metasurfaces are summarized in Chapter 3 of this thesis. 

Along with geometrical parameters, the material parameters of GSP-based 
configuration have interesting features. Particularly, the top and bottom metallic layers 
can freely be replaced with any metals of choice to further tune the optical response 
of the meta-atoms. A systematic study with experimental and theoretical validations is 
undertaken to explore the idea by using binary combinations of plasmonic metals Au, 
Ag, and Al. The study shows a promising way to control optical properties using GSP 
metasurfaces by adding the desired fraction of lossy metal like Au, and the efficient 
metals Ag and Al to the varying top layer nanodiscs and fixed bottom layer. The results 
of varying the material and geometric parameters allow to control the optical response 
of meta-atoms in the visible wavelength range, which shows remarkable improvement 
for color printing application. This feature of different metals is explored for different 
periods and spacer thickness with complete parameters explored for color printing as 
summarized in Chapter 3. The complete study is attached in Appendix C. The 
simulation-based analysis of this study for physical characteristics of different metal 
compositions of the third-order GSP configuration is explained in Chapter 2 (sections 
2.2 & 2.3). Chapter 2 also highlights the general characteristics of GSP resonators, 
where the individual metal-dielectric SPP resonance and its coupled system for GSP 
resonance conditions are systematically explained (sections 2.1 & 2.2).  

As the GSP metasurfaces of first-order and third-order mode provide unique features 
for nano-optics applications, there are also trade-offs to consider. An important 
conclusion from all the studies is that third-order GSP devices have low efficiency, 
which is 20 % for both polarization dependent and independent beam steering in the 
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visible, experimentally demonstrated for red light range [Appendix A & D]. For the 
same configuration, the efficiency at the first-order GSP resonance is 75 % in 
experiments for 1450 nm near-infrared wavelength. This can be improved by 
considering Ag and Al instead of the Au metal used in the study, which has high Ohmic 
losses in the visible. Despite that, the efficiency will be comparatively lower as the 
third-order mode owing to its larger dimension has higher multiple round-trip losses 
within its meta-atom compared with the first-order. Thus, all the advanced features of 
third-order based GSP metasurfaces come with this trade-off in efficiency.  

The near-field investigation of the metasurfaces is undertaken to further confirm the 
source of the third-order GSP metasurface-based losses. In this study, experimental 
validation of the phase-amplitude properties of meta-elements in the quasi-periodic 
arrangement is performed using the s-SNOM direct measurement technique 
[Appendix B]. The findings of the study are further confirmed using numerical 
simulations. It is observed that the near-field coupling is directly proportional to the 
length and inversely proportional to the center-to-center distance between the adjacent 
meta-elements. Also, in principle, the sensitivity of the metasurfaces towards the 
periodicity environment is clearly observed, where the elements in the edge locations 
of the array show much larger variation compared with the designed phase values. 
This study that highlights the physical characteristics and principles of metasurfaces is 
summarized in Chapter 1 (section 1.2.2). In this chapter, an introductory evolution 
journey of optical metasurfaces to highlight the relevance and capabilities of GSP-
based metasurfaces compared with other types of metasurfaces is explained. The 
general concepts of metasurfaces to provide subwavelength control of light through 
generalized Snell’s laws are also explained in detail using the study in Appendix A as 
an example. 

A comparison of all applications demonstrated using third-order GSP-based 
metasurfaces as undertaken during the PhD study, indicating that it has remarkable 
improvements in achieving better color range for color printing application. An 
extensive study of geometrical and material parameters with binary combinations of 
Au, Ag, and Al as summarized in the works in Appendix C & E, which has provided a 
color range spanning all blue, green, and red colors suitable for color printing 
application. Another important area in which third-order GSP-based metasurfaces can 
be promising is the metasurfaces in the UV range. A relatively larger dimension can 
provide ease of fabrication for the UV wavelength range, which poses a challenge due 
to small sizes of subwavelength meta-atoms scaled to UV wavelengths. This can be 
tested in future works using Al-based metasurfaces that have low losses in the UV 
range. In general, any nano-optics applications can be realized using GSP-based 
metasurfaces, with the advantageous features of third-order mode. It has remarkable 
potential to provide high-yield and cost-effective solutions to the practical realization of 
metasurface-based devices in industries. 
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5. Supplementary 

Supplementary A 

 

Fig.SA: Exact fabricated sizes of the elements for third-order GSP-based beam splitter metasurface. 
The SEM picture of the supercell is taken from Fig. 1.2 and its schematic is shown and explained in Fig. 
1.3. The sizes are obtained from considering the average widths and heights of the individual imaged 
nanobricks. Similar exercises are performed for all works undertaken during tenure of my PhD and repeated 
until satisfying results are obtained after optical testing of the metasurfaces. 
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Supplementary B 

 
Fig.SBTransmittance of metasurface for polarization selective beam steering at 633 nm 
wavelength for bottom thickness of 50 nm.  
The table shows transmittance values for different diffraction orders calculated for supercell of 5 
phase gradient elements shown on right side. The metasurface is same as explained in Fig. 1.3 
composed of gold metal nanobricks and dimension that supports third-order GSP resonance at 
633 nm. The same elements are considered for near-field study for first-order GSP resonance at 
1500 nm wavelength. 

 
Supplementary C 

A general expression for the Drude-Lorentz model to quantify material properties for 
accurate values obtained from experiments: 

𝜀̃ሺ𝜔ሻ ൌ 𝜀ଵ ൅ 𝑖𝜀ଶ ൌ 𝜀ଵஶ ൅෍
𝐴௞

𝐸௞
ଶ െ ሺ𝜔ሻଶ െ 𝑖𝛾௞𝜔௞

 

The kth term denotes the number of oscillators over which the value for permittivity 

𝜀̃ሺ𝜔ሻ is obtained. For 𝐸௞ ൌ 0, and 𝐴௞ ൌ 𝜔௣ଶ  , the first term becomes the Drude 

general expression, followed by subsequent Lorentz terms. Both these terms along 
with offset terms and damping constants are obtained from values fit to experimentally 
measured values using for example spectroscopic ellipsometer as in the reference [60] 
for Al used in our work. 
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Supplementary D 

 

Fig.SD Reflection amplitude for 300 nm diameter nanodisc in Ʌ 450 nm.  
It is in extension with Fig. 2.4(c) plot with the region marked by black dashed line. It shows the GSP 
resonance of the nanodisc in near-infrared wavelength.  
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7. Appendix  

A. Third-order gap plasmon based metasurfaces for visible light 

Optics Express 25 (11), 12508-12517 (2017) 

   



 Third-order gap plasmon based metasurfaces 
for visible light 

RUCHA DESHPANDE,* ANDERS PORS, AND SERGEY I. BOZHEVOLNYI
 

SDU Nano Optics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark. 
*rad@iti.sdu.dk 

Abstract: Efficient control and manipulation of light using metasurfaces requires high 
fabrication accuracy that becomes progressively demanding when decreasing the operation 
wavelength. Considering gap surface plasmon (GSP) based metasurfaces, we demonstrate 
that the metasurfaces, which utilize the third-order GSP resonance and thereby involve 
relatively large nanobricks, can successfully be used for efficient polarization-controlled 
steering of visible light. The reflection amplitude and phase maps for a 450 nm period array 
of 50 nm thick nanobricks placed atop a 40 nm thick silica layer supported by an optically 
thick gold film are calculated for the operation wavelength of 633 nm. Exploiting the 
occurrence of the third-order GSP resonance for nanobricks having their lengths close to 300 
nm, we design the phase-gradient metasurface, representing an array of (450 x 2250 nm2) 
supercells made of 5 nanobricks with different dimensions, to operate as a polarization beam 
splitter for linearly polarized light. The fabricated polarization beam splitter is characterized 
using a super-continuum light source at normal light incidence and found to exhibit a 
polarization contrast ratio of up to 40 dB near the design wavelength of 633 nm, while 
showing better than 20 dB contrast in the range of 550 – 650 nm for both polarizations. The 
diffraction efficiency experimentally measured at normal incidence exceeds 10 % (20 % in 
simulations) at the design wavelength of 633 nm, with the performance for the TE 
polarization (electric field perpendicular to the plane of diffraction) being significantly better 
(experimentally > 20 % and theoretically > 40 %) than for the TM polarization. This 
difference becomes even more pronounced for the light incidence deviating from normal. 
Finally, we discuss possible improvements of the performance of polarization beam splitters 
based on third-order GSP resonance as well as other potential applications of the suggested 
approach. 
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OCIS codes: (250.5403) Plasmonics; (310.6628) Subwavelength, nanostructures; (130.5440) Polarization-selective 
devices; (160.3918) Metamaterials. 

 

References and links  

1. S. B. Glybovski, S. A. Tretyakov, P. A. Belov, Y. S. Kivshar, and C. R. Simovski, “Metasurfaces: from 
microwave to visible,” Phys. Rep. 634, 1-72 (2016). 

2. H. -T. Chen, A. J. Taylor, and N. Yu, “A review of metasurfaces: physics and applications,” Rep. Prog. Phys. 
79, 076401 (2016). 

3. L. Lin, X. M. Goh, L. P. McGuinness, and A. Roberts, “Plasmonic lenses formed by two-dimensional 
nanometric cross-shaped aperture arrays for fresnel-region focusing,” Nano Lett. 10, 1936-1940 (2010). 

4. A. Pors, M. G. Nielsen, R. L. Eriksen, and S. I. Bozhevolnyi, “Broadband focusing flat mirrors based on 
plasmonic gradient metasurfaces,” Nano Lett. 13, 829−834 (2013). 

5. A. Pors, M. G. Nielsen, G. D. Valle, M. Willatzen, O. Albrektsen, and S. I. Bozhevolnyi, “Plasmonic 
metamaterial wave retarders in reflection by orthogonally oriented detuned electrical dipoles,” Opt. Lett. 36, 
1626–1628 (2011). 

6. Y. Zhao and A. Alù, “Manipulating light polarization with ultrathin plasmonic metasurfaces,” Phys. Rev. B 84, 
205428 (2011). 

7. A. Roberts and L. Lin, “Plasmonic quarter-wave plate,” Opt. Lett. 37, 1820–1822 (2012). 
8. P. -C. Li, Y. Zhao, A. Alù, and E. T. Yua, “Experimental realization and modeling of a subwavelength 

frequency selective plasmonic metasurface,” Appl. Phys. Lett. 99, 221106 (2011). 



9. P. -C. Li and E. T. Yu, “Wide-angle wavelength-selective multilayer optical metasurfaces robust to interlayer 
misalignment,” J. Opt. Soc. Am. B 30, 27–32 (2013). 

10. A. Pors, F. Ding, Y. Chen, I. P. Radko and S. I. Bozhevolnyi, “Random-phase metasurfaces at optical 
wavelengths,” Sci. Rep. 6, 28448 (2016). 

11. J. Zheng, Z. C. Ye, N. L. Sun, R. Zhang, Z. M. Sheng, H. P. Shieh, and J. Zhang, “Highly anisotropic 
metasurface: a polarized beam splitter and hologram,” Sci. Rep. 4, 6491 (2014). 

12. A. Pors, M. G. Nielsen and S. I. Bozhevolnyi, “Plasmonic metagratings for simultaneous determination of 
stokes parameters,” Optica 2, 716-723 (2015). 

13. A. Pors and S. I. Bozhevolnyi, “Plasmonic metasurfaces for efficient phase control in reflection,” Opt. Express 
21, 27438–27451 (2013). 

14. N. M. Estakhri and A. Alù, “Recent progress in gradient metasurfaces,” J. Opt. Soc. Am. B 33(2), 71–80 
(2016). 

15. N. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. Capasso, and Z. Gaburro, “Light propagation with 
phase discontinuities: generalized laws of reflection and refraction,” Science 334, 333–337 (2011). 

16. X. Ni, N. K. Emani, A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, “Broadband light bending with 
plasmonic nanoantennas,” Science 335, 427 (2012). 

17. N. Yu, F. Aieta, P. Genevet, M. A. Kats, Z.  Gaburro, and F. Capasso, “A broadband, background-free quarter-
wave plate based on plasmonic metasurfaces,” Nano Lett. 12, 6328-6333 (2012).       

18. F. Aieta, P. Genevet, M. A. Kats, N. Yu, R. Blanchard, Z. Gaburro, and F. Capasso, “Aberration-free ultrathin 
flat lenses and axicons at telecom wavelengths based on plasmonic metasurfaces,” Nano Lett. 12, 4932–4936 
(2012). 

19. M. V. Berry, “The adiabatic phase and Pancharatnam’s phase for polarized light,” J. Mod. Optics 34, 1401-
1407 (1987). 

20. Z. Bomzon, G. Biener, V. Kleiner and E. Hasman, “Space-variant Pancharatnam-Berry phase optical elements 
with computer-generated subwavelength gratings,” Opt. Lett. 27, 1141-1143 (2002). 

21. Y. Wang, M. Pu, Z. Zhang, X. Li, X. Ma, Z. Zhao and X. Lu, “Quasi-continuous metasurface for ultra-
broadband and polarization-controlled electromagnetic beam deflection,” Sci. Rep 5, 1773 (2015). 

22. C. Pfeiffer and A. Grbic, “Metamaterial Huygen’s surfaces: tailoring wave fronts with reflectionless sheets,” 
Phys. Rev. Lett. 110, 197401 (2013). 

23. C. Pfeiffer, N. K. Emani, A. M. Shaltout, A. Boltasseva, V. M. Shalaev and A. Grbic, “Efficient light bending 
with isotropic metamaterial Huygen’s surfaces,” Nano Lett. 14, 2491-2497 (2014). 

24. F, Monticone, N. M. Estakhri and A. Alù, “Full control of nanoscale optical transmission with a composite 
metascreen,” Phys. Rev. Lett. 110, 203903 (2013). 

25. X. Ding, F. Monticone, K. Zhang, L. Zhang, D. Gao, S. N. Burokur, A. de Lustrac. Q. Wu, C. -W. Qiu and A. 
Alù, “Ultrathin Pancharatnam-Berry metasurface with maximal cross-polarization efficiency,” Adv. Mater. 27, 
1195-1200 (2015). 

26. T. Søndergaard, J. Jung, S. I. Bozhevolnyi, and G. Della Valle, “Theoretical analysis of gold nano-strip gap 
plasmon resonators,” New J. Phys. 10, 105008 (2008).  

27. T. Søndergaard and S. I. Bozhevolnyi, “Strip and gap plasmon polariton optical resonators,” Phys. Status Solidi 
B 245, 9–19 (2008).  

28. M. G. Nielsen, D. K. Gramotnev, A. Pors, O. Albrektsen, and S. I. Bozhevolnyi, “Continuous layer gap 
plasmon resonators,” Opt. Express 19, 19310–19322 (2011). 

29. A. Pors, O. Albrektsen, I. P. Radko, and S. I. Bozhevolnyi, “Gap-plasmon-based metasurfaces for total control 
of reflected light,” Sci. Rep. 3, 2155 (2013). 

30. S. I. Bozhevolnyi and T. Søndergaard, “General properties of slow-plasmon resonant nanostructures: nano-
antennas and resonators,” Opt. Express 15, 10869-10877 (2007). 

31. P. B. Johnson and R. W. Christy, “Optical constants of the noble metals,” Phys. Rev. B 6, 4370–4379 (1972). 
32. A.Pors and S. I.Bozhevolnyi, “Gap plasmon-based phase-amplitude metasurfaces: material constraints,” Opt. 

Mater. Express 5, 2448-2458 (2015). 
33. P. West, S. Ishii, G. Naik, N. Emani, V. Shalaev, and A. Boltasseva, “Searching for better plasmonic 

materials,” Laser Photon. Rev. 4, 795–808 (2010). 
34. G. Naik, V. Shalaev and A. Boltasseva, “Alternative plasmonic materials: Beyond gold and silver,” Adv. Mater. 

25(24), 3264-3294 (2013). 
35. Z.Wang, S.He, Q. Liu, and W.Wang, “Visible light metasurfaces based on gallium nitride high contrast 

gratings,” Optics Communications, 367 144-148, (2016). 
36. D. Lin, P. Fan, E. Hasman, and M. L. Brongersma, “Dielectric gradient metasurface optical elements,” Science 

345(6194), 298–302 (2014). 
37. G. Zheng, H. Mühlenbernd, M. Kenney, G. Li, T. Zentgraf, and S. Zhang, “Metasurface holograms reaching 

80% efficiency,” Nat. Nanotechnol. 10, 308–312 (2015). 
38. Q. T. Li, F. Dong, B. Wang, F. Gan, J. Chen, W. Chu, Y. F. Xiao, Q.  Gong, and Y. Li, “Polarization-

Independent and High-Efficiency Dielectric Metasurfaces Spanning 600-800 nm Wavelengths,” Opt. Express 
24, 16309 (2015). 

39. S. Astilean, P. Lalanne, P. Chavel, E. Cambril, and H. Launois, “High-efficiency subwavelength diffractive 
element patterned in a high-refractive-index material for 633 nm,” Opt. Lett. 23, 552–554 (1998). 



40. R. C. Devlin, M. Khorasaninejad, W. T. Chen, J. Oh, and F. Capasso, “Broadband high-efficiency dielectric 
metasurfaces for the visible spectrum,” Proceedings of the National Academy of Sciences, 201611740, (2016). 

41. M.Khorasaninejad, A. Y. Zhu, C. Roques-Carmes, W. T. Chen, J. Oh, I. Mishra, R. C. Devlin and F. Capasso, 
“Polarization-insensitive metalens at visible wavelengths,” Nano Lett. 16(11), 7229-7234 (2016). 

42. S. Larouche and D. R. Smith, “Reconciliation of generalized refraction with diffraction theory,” Opt. Lett. 37, 
2391–2393 (2012). 

 

 

1. Introduction 

The desire to control optical properties of light at miniature scale has given rise to the 
intensive research within nanophotonics, which is at the heart of modern optical technologies. 
One of the most important developments that opened new routes for optical design, photonic 
materials and unique functionalities is associated with metasurfaces, which are planar (two-
dimensional) metamaterials composed of optically thin and densely packed planar arrays of 
subwavelength elements [1, 2]. The field of metasurfaces shows growing interest due to their 
compatibility with commercial nanofabrication techniques and relatively low losses along 
with easy to design techniques available to control properties of light. One can distinguish 
dielectric and plasmonic metasurfaces, of which the latter consists of metal nanostructures 
that by virtue of supporting deeply subwavelength resonant modes allow one to realize ultra-
thin metasurfaces with fine phase/amplitude discretization in the metasurface plane and 
thereby very large numerical apertures in the resulting optical elements [2]. Plasmonic 
metasurfaces operating at wavelengths ranging from visible to microwave [2] and exhibiting 
diverse functionalities, such as lenses [3], focusing mirrors [4], waveplates [5-7], wavelength 
selective surfaces [8, 9], random phase reflectors [10], polarization beam splitters and 
holograms [11, 12] have been demonstrated.  

It is observed for plasmonic metasurfaces that, most often, the achievable phase variation 
in the reflected/transmitted light is restricted to π, since resonant elements constituting the 
metasurface possess a Lorentzian like polarizability [5, 6]. The complete 2π phase control 
desirable in gradient metasurface-based applications can be achieved by three common ways 
[13, 14]. In the first way, phase up to 2π and amplitude of light can be  manipulated by 
influencing the polarization state of incident light using nanoantennas as optical resonators to 
produce cross-polarization and anisotropic scattering property of Pancharatnam-Berry phase 
(PB) elements [15, 16]. The fabrication of nanoantennas and meta-scatteres that have similar 
geometry but spatially varying optic axis using design of proper phase shift based on 
“Generalized laws of reflection and refraction” [15] has led to many applications of phase-
gradient based metasurfaces including beam deflection, polarization conversion and 
aberration-free lenses [15-20]. The P-B phase metasurfaces have demonstrated broadband 
applications due to the advantage that design wavelength depends only on the size of meta-
elements [21]. The second way to achieve 2π phase control is to design multiple layers based 
on tuning of electric and magnetic polarizabilities to have same impedance as surrounding 
media called Huygens metasurface [22]. It is analogous to the approach of “Frequency 
Selective Surfaces” (FSS) for radio frequencies, and by scaling it to lower frequencies it is 
recently demonstrated in optical regime to reduce the reflection losses in transmitting 
metasurfaces [23]. Nevertheless, the planar transmitting metasurfaces have a theoretical upper 
limit of 25 % efficiency despite ignoring material and fabrication losses [24, 25]. The third 
possible way to obtain 2π phase control with high efficiency consists of metal substrate 
backed metasurfaces that operate in reflection [13]. These metasurfaces are based on the 
metal-insulator-metal (MIM) configurations supporting Fabry-Perot like resonances due to 
reflection of gap surface plasmons (GSPs) by MIM terminations because of strong GSP index 
mismatch with the surrounding [26-28]. Depending on the geometrical parameters of these 
MIM configurations (termed GSP resonators), consisting of metal nanobricks atop thin spacer 



and optically thick metal layers, one can achieve high efficiencies (close to 100 %) in near IR 
wavelength region [29]. 

A remarkable fact that makes plasmonic metasurfaces attractive for future technologies is 
that they can be designed to operate at any wavelength by properly scaling geometrical 
dimensions of individual elements in the surface plane. For instance, in plasmonic resonators 
using IMI or MIM configurations, the resonator width scales linearly with the resonance 
wavelength [27, 30]. This trend leads however to fabrication problems as we reach the visible 
wavelength regime, where the feature sizes become progressively small and challenging to be 
fabricated using available nanofabrication techniques. There is also another challenge to face 
when designing metasurfaces for operation in the visible region: high operation efficiency 
requires relatively low Ohmic losses in the metal used [31, 32]. To address the latter problem, 
there is ongoing research to find alternative materials, which have low losses and good 
compatibility with fabrication techniques [33, 34]. In addition, the use of dielectric materials 
like titanium dioxide (TiO2), gallium nitride (GaN), and silicon dioxide (SiO2) on glass 
substrate have demonstrated increase in efficiency of metasurfaces up to 90 %. However, the 
feature sizes of fabricated metasurfaces demonstrating highest efficiency still demand 
accuracy of < 10 nm [35-41].  

Here, we propose a new approach for increasing metasurface element dimensions and 
thereby relaxing fabrication constraints by using higher order, e.g., third-order, GSP 
resonances to fabricate gradient metasurfaces operating in the visible spectral range. We first 
perform numerical studies of fundamental and third-order GSP resonances to explore both the 
possibility and need to use higher order resonances. Then, after designing a unit cell to 
diffract the orthogonal linear polarizations into different diffraction orders, we fabricate and 
characterize the designed metasurface with respect to the polarization contrast and overall 
diffraction efficiency at normal as well as varying incident angles. Finally, we discuss 
possible improvements of the performance of polarization beam splitters based on third-order 
GSP resonances as well as other potential applications of the suggested approach. 

 

2. Third-order gap-surface plasmon resonance 

The interaction of light with metasurface based on fundamental GSP resonances arising in 
metal backed 2D planar metal nanobrick separated by thin spacer layer (MIM) configuration 
has been extensively studied in the past [26-28]. The configuration as represented in Fig. 1(a) 
shows a metal backed planar metasurface that can control reflected light up to 2π phase span 
most efficiently [29]. Its applicability at visible wavelengths is practically limited and can be 
overcome using third-order GSP resonances, which to our best knowledge have not been 
studied in detail before. 

We begin by describing the nature of GSP resonances. Metal-dielectric interfaces support 
electromagnetic waves in the form of gap surface plasmons, which are reflected due to strong 
effective index mismatch between GSP and the surroundings, and travel back and forth along 
structure terminations of metasurface producing standing wave like resonances called GSP 
resonances. The GSP resonances can be described by simple Fabry Perot resonator formula as 
given below [29]: 	݇ݓ଴݊௚௦௣ + ߮ =    ߨ݌

where, w describes the width of the nanobrick, k0 is the vacuum wave number, ngsp is the real 
part of the effective refractive index of the GSP, which depends on the material parameters as 
well as t and ts, p is an integer defining the order of the GSP mode, φ is an additional phase 
shift that accounts for the fact that GSPs are not immediately reflected from the physical 
boundaries of the MIM configuration as part of the field extends outside the structure.  
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