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Zusammenfassung 

Die photonische Integration hat in der näheren Vergangenheit beachtliche Fortschritte 

gemacht, ähnlich denen der Integration elektronischer Schaltkreise vor ca. fünfzig Jah-

ren. Speziell für die optische Kommunikation wird diese rasche Entwicklung nicht nur 

die Übertragung größerer Datenmengen ermöglichen, sondern auch die kostengünstige-

re Massenproduktion, die Minimierung des Montageaufwands und die Reduzierung des 

Energieverbrauchs. Weitere Vorteile der photonischen Integration können erreicht wer-

den, wenn für die Umsetzung die Silizium-Plattform dank der fortgeschrittenen kom-

plementären Metall-Oxid-Halbleiter-Technologie genutzt wird. Somit können die zu-

nehmend komplexen Sender- und Empfänger-Architekturen kostengünstiger hergestellt 

werden. 

Die Silizium-Plattform bietet außerdem einen hohen Brechungsindexkontrast, was die 

Realisierung von kompakten photonischen Schaltungen auf kleinsten Chipflächen er-

möglicht. Allerdings stellt die Miniaturisierung der Dimensionen ein Hindernis für die 

Anbindung an die vorhandenen optischen Glasfasern dar. Während die integrierten 

Wellenleiterstrukturen einen Querschnitt der Größenordnung 0,1 µm2 haben, weist der 

optische Glasfaserkern eine Stirnfläche von 50 µm2 auf. Dieser große Unterschied kann 

zu beträchtlichen Einfügungsverlusten führen, so dass ein bedeutendes Einkoppelprob-

lem zwischen den integrierten Wellenleitern und den herkömmlichen Glasfasern auftritt. 

Auf den ersten Blick könnte das Problem aufgrund der zahlreichen verfügbaren Ein-

koppelhilfen als trivial betrachtet werden. Diese beruhen auf konventionellen Methoden 

wie z.B. getaperten Glasfasern oder Linsensystemen. Allerdings fordern die strengen 

Spezifikationen in industriellen Anwendungen leistungsfähigere Methoden mit höherer 

Effizienz, kompakteren Dimensionen und flexiblerer Einkopplungstechnik. Für diesen 

Zweck wurde zwar eine Vielzahl von Ansätzen entwickelt, beginnend von dreidimensi-

onalen Tapern bis hin zu photonischen Kristallen und plasmonischen Strukturen, aber 

keiner dieser Ansätze hat aufgrund diverser Nachteile den Sprung in konkrete Anwen-

dungen geschafft. 
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Im Rahmen dieser Arbeit werden zwei verschiedene Vorgehen zur Glasfaserein-

kopplung untersucht. Die erste Methode beruht auf den Metamaterialen, die neuartige, 

nicht in der Natur bekannte Effekte ermöglichen. Die zweite Methode befasst sich mit 

anwendungsorientierteren Strukturen, die als Bragg-Beugungsgitter bekannt sind. Das 

gemeinsame Ziel der beiden Themen ist die konkrete Realisierung von hocheffizienten 

Kopplern, die den abrupten Übergang zwischen konventionellen optischen Glasfasern 

und integrierten einmodigen Silizium-Wellenleitern verringern. Als Richtwert soll die 

Koppeleffizienz –1 dB übertreffen, während die 1 dB-Bandbreite größer als 35 nm sein 

soll, um das gesamte C-Band abzudecken. 

Die Untersuchung der fokussierenden Metamaterialien wird im ersten Schritt bei Milli-

meterwellenlängen durchgeführt, da die Herstellung und die Charakterisierung der 

Strukturen einfacher als im Infrarot-Bereich sind. Das Hauptziel dieser Methode ist die 

Erzeugung eines negativen Brechungsindexes, um ebene Wellen in einen schmalen Fo-

kus bei einem kleinen Abstand zu konzentrieren. Darüber hinaus muss das Negativ-

Index-Metamaterial kleine Reflexions- und Absorptionsverluste in einer großen Band-

breite aufweisen. Anschließend werden die Dimensionen der fokussierenden plankon-

kaven Negativ-Index-Linse in den Mikrometer-Bereich herunterskaliert, um deren Ein-

satz bei der Telekommunikationswellenlänge 1550 nm zu untersuchen. 

Die einzelnen Schichten des Metamaterials wurden basierend auf den dielektrisch-

metallischen Fischnetz-Strukturen entworfen und mittels herkömmlicher Ätzverfahren 

gefertigt. Das simulierte Design zeigt eine hohe Transmission von ca. –0,5 dB mit ei-

nem negativen Brechungsindex von –1 bei der Betriebsfrequenz 38,5 GHz und einer 

1 dB-Bandbreite von 0,8 GHz. Die Messergebnisse stimmen mit den theoretischen Be-

rechnungen gut überein. Um eine fokussierende Metamaterial-Linse zu bekommen, 

wird die Form des Stapels in eine plankonkave Konfiguration umgestaltet. Die Linse 

zeigt gute Fokussierungsfähigkeiten mit einer Reduzierung der Strahlbreite um einen 

Faktor von 2,2 bei einem Abstand von nur 6 λ0. Im Vergleich zur Negativ-Index-Linse 

zeigt eine asphärische plankonvexe dielektrische Linse die doppelte Breite bei einem 

Abstand von über 12 λ0. 

Auch nach der Herunterskalierung der Dimensionen zeigt die Negativ-Index-Linse bei 

einer Frequenz von 193,55 THz, was einer Wellenlänge von 1550 nm entspricht, theore-
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tisch ein ähnliches Verhalten mit einer Reduzierung der Strahlbreite um einen Faktor 

von 3,8 bei einem Abstand von 8,7 λ0. Trotz der vorteilhaften Eigenschaften dieser Lin-

se für die Einkopplung zwischen Glasfasern und integrierten Wellenleitern zeigen sich 

die Metallverluste besonders deutlich und reduzieren die Gesamteffizienz auf kleiner als 

–2 dB. Daher lässt sich die Zieleffizienz mittels Metamaterialien nicht erreichen, solan-

ge die Absorptionsverluste im optischen Bereich nicht kompensiert werden. 

Die zweite Einkoppelmethode in dieser Arbeit beschäftigt sich mit den Beugungsgit-

tern. Diese Strukturen haben im Vergleich zur ersten Vorgehensweise den Vorteil, dass 

sie mit den integrierten Wellenleitern kostengünstiger auf dem Chip realisiert werden 

können. Außerdem bietet dieser Lösungsansatz eine zur Chipoberfläche nahezu senk-

rechte Einkopplung, und somit kann das Testen der Strukturen an einer beliebigen Stelle 

auf dem Wafer stattfinden, ohne dass es erforderlich ist, die Chips zu spalten und zu 

polieren. Des Weiteren besitzen die Beugungsgitter kompakte Dimensionen in der Grö-

ßenordnung des Glasfaserkerns und können durch einfache adiabatische Taper oder 

fokussierende Ausfertigungen an die schmalen Wellenleiter angepasst werden. 

Da die Koppeleffizienz von einem konventionellen Beugungsgitter relativ gering ist, 

werden die Verlustquellen analysiert. Hier stellen die niedrige Direktionalität und die 

geringe Modenüberlappung mit dem Glasfaserprofil die limitierenden Faktoren dar. 

Während die erste Begrenzung in dieser Arbeit durch einen metallischen Spiegel unter-

halb des Gitters umgangen wird, wird der letzte Faktor durch Umgestaltung der einzel-

nen Gitterelemente optimiert. Die theoretischen Ergebnisse zeigen mögliche Effizienzen 

von über –0,3 dB mit einer 1 dB-Bandbreite von mehr als 40 nm. 

Die entworfenen Gitterkoppler einschließlich der Metall-Spiegel wurden kostengünstig 

mittels konventioneller Technologie-Verfahren am IMS CHIPS gefertigt. Etwa 75% der 

hergestellten Strukturen auf dem Silizium-Wafer zeigen eine höhere Koppeleffizienz als 

–0,75 dB. Der beste Wert beträgt –0,62 dB bei einer Wellenlänge von 1531 nm. Dies 

entspricht der weltweit höchsten jemals gemessenen Effizienz. Darüber hinaus beträgt 

die 1 dB-Bandbreite 40 nm und übertrifft den vordefinierten Zielwert. Daher bietet die-

se Arbeit eine Lösung zum bekannten Einkopplungsproblem und schließt somit die Lü-

cke zwischen Glasfasern und photonischen integrierten Schaltungen. 
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Abstract 

The progress that photonic integration is undergoing may be compared to that of elec-

tronic integration nearly half a century ago. Its development will not only enable the 

transmission of huge amounts of information – particularly in optical data communica-

tion – but will also pave the way for large scale fabrication, the minimization of assem-

bly processes, and the reduction in energy consumption. The benefits of photonic inte-

gration can even be increased by harnessing the salient properties of the silicon-on-

insulator platform. In fact, silicon photonics can leverage the existing complementary 

metal-oxide-semiconductor infrastructure, and hence can offer a low-cost solution for 

the more and more complex sender and receiver architectures. 

Another advantage of the silicon-on-insulator platform is the possibility for high-density 

integration owing to the offered large index contrast between silicon and silicon diox-

ide. This property certainly enables the realization of compact circuitries with numerous 

functionalities on very small areas; however, it also creates a barrier to the connection 

with available optical fibers. While the integrated waveguide structures on the chip have 

cross sections in the order of 0.1 µm2, external optical fiber cores possess dimensions of 

more than 50 µm2. This large mismatch can lead to extreme insertion losses, and hence 

the advantage of miniaturization turns into a problem of coupling with the existent con-

ventional fibers. 

At first view, the issue highlighted may be seen as trivial since several standard cou-

pling techniques, such as tapered fibers or lensing systems, are available. Nevertheless, 

the stringent requirements for high efficiency, compact dimensions, and more flexible 

coupling in industrial applications indicate that better performing configurations have to 

be implemented. For this purpose, a variety of approaches starting from three-

dimensional tapers to photonic crystals and plasmonic structures have been proposed. 

Each of these techniques, however, offers more cons than pros, and thus none of them 

have yet made the leap into practical application. 
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Within the scope of this thesis, two different coupling approaches are investigated. The 

first method deals with metamaterials, which allow for the realization of effects not seen 

in nature. The second method is based on more application-oriented structures, known 

as Bragg gratings. The common purpose of both topics is the concrete realization of 

highly efficient couplers that alleviate the size difference between conventional optical 

fibers and integrated single-mode silicon waveguides. As a benchmark, the coupling 

efficiency has to exceed the value of –1 dB, whereas the 1 dB bandwidth has to be larg-

er than 35 nm in order to cover the whole C-band. 

The investigation of focusing metamaterial structures is done first at millimeter wave-

lengths owing to the fabrication and characterization convenience. The main target of 

this approach is to create a negatively refracting material that can focus an input beam 

into a much smaller spot size at a short distance. Furthermore, the negative index meta-

material has to exhibit low reflection and absorption losses, and hence high trans-

missivity in a large frequency range. Thereafter, the dimensions of the focusing meta-

material lens are scaled down in order to analyze their applicability at telecommunica-

tion wavelengths. 

The metamaterial functional layer is designed based on the dielectric-metallic fishnet 

structure and fabricated using conventional etching techniques. The designed metamate-

rial stack exhibits a high transmissivity of nearly –0.5 dB with a negative refractive in-

dex of –1 at the operating frequency 38.5 GHz and a 1 dB bandwidth of 0.8 GHz. The 

measurement results are shown to be in good agreement with the theoretical cal-

culations. Thereafter, in order to achieve a focusing metamaterial lens, the shape of the 

stack is modified to form a plano-concave configuration. This structure shows good 

focusing ability with a reduction of the launched beam waist by a factor of 2.2 at a dis-

tance of only 6 λ0. In comparison, a fabricated aspheric dielectric lens exhibits twice the 

beam waist at a distance of more than 12 λ0. The negative index lens, therefore, is a 

good candidate to replace conventional lenses at radio frequencies owing to its better 

focusing performance and more compact dimensions. 

Indeed, scaling the dimensions of the lens down to infrared wavelengths theoretically 

shows a similar behavior with a beam width reduction by a factor of 3.8 at a distance of 

8.7 λ0, which is advantageous for nanocoupling between optical fibers and integrated 
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waveguides. However, the considerable metal losses decrease the total efficiency to 

lower than –2 dB. Hence, the target efficiency cannot be achieved, and alternative solu-

tions have to be used in the future in order to compensate for these absorption losses at 

optical frequencies. 

The second coupling method investigated in this thesis relies on Bragg diffraction grat-

ings. In comparison to the first method, these structures have the advantage of being 

directly integrated with the waveguides on the chip, and thus they can be realized more 

cost-effectively. Moreover, this procedure allows out-of-plane coupling and wafer-scale 

testing without the need for edge cleaving and polishing. These advantages make grat-

ing couplers good candidates to compete with the in-plane coupling spot size convert-

ers, which require a much larger footprint, provided that the efficiency is enhanced to 

the same order of magnitude. 

As the coupling efficiency of standard diffraction gratings is relatively low, the loss 

sources have to be analyzed, and possible improvement methods have to be implement-

ed. In fact, there are two main factors that limit the performance of grating couplers: 

directionality and modal overlap with the fiber profile. In this work, the first issue is 

tackled using a metal mirror at an adequate distance underneath the grating; the second 

factor, meanwhile, is rigorously optimized by reshaping the diffracted field profile 

based on a home-made algorithm. The theoretical results show efficiencies better than  

–0.3 dB with a 1 dB bandwidth larger than 40 nm. 

The designed grating couplers, including the metal mirrors, are fabricated cost-

effectively using a complementary metal-oxide-semiconductor compatible technological 

process at IMS CHIPS. Placed at different positions on the wafer, around 75% of the 

fabricated structures exhibit a better coupling efficiency than –0.75 dB. The highest 

value reaches –0.62 dB at 1531 nm, which is, to the best of knowledge, the highest 

measured efficiency on a grating coupler reported so far. Furthermore, the achieved 

1 dB bandwidth amounts to 40 nm and exceeds the predefined target value. This work, 

therefore, can be seen as a milestone in the field of silicon photonics and a bridging gap 

between optical fibers and photonic integrated circuits. 
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1. Introduction 

1.1. Motivation 

As the need for higher data rates is rising more and more, the demand for high band-

width communication increases at all levels. This is largely being driven by the consid-

erable growth in internet traffic, which has risen with increasing numbers of users, con-

nected devices, and bandwidth-hungry applications such as high-definition internet vid-

eo and file sharing. 

In a study published by Cisco in [1], annual global internet traffic will reach 1.4 zetta-

bytes by 2017, which represents a threefold increase compared to 2012. In order to 

manage the tremendous amount of data in this so-called “zettabyte era”, the existing 

telecommunication network has to be adapted to meet exploding bandwidth demand. 

Indeed, the optical fiber backbone represents a sustainable and expandable infrastruc-

ture, which allows the transmission of several terabits per second owing to the high ca-

pacity of optical fibers, but more developments have also to be achieved on the sender 

and receiver sides. 

Awarding the Nobel Prize in Physics 2009 to Charles Kao for his seminal achievements 

in the transmission of light in fibers proves the importance of optical communication in 

today’s life [2]. In fact, optical fibers have enabled the transfer of very high data rates 

over long distances, which cannot be realized using electrical cables. In addition to 

small signal attenuation at high frequencies, fibers exhibit a huge bandwidth and im-

munity to electromagnetic interference.  

Due to the advantages offered by optical links, today’s long haul and metropolitan 

communications are based on fiber networks covering several thousands of kilometers, 

connecting a great many countries and cities. The trend is further approaching individu-

al users, making benefit of emerging technologies such as fiber-to-the-home (FTTH) 

and fiber-to-the-building (FTTB) with data rates even higher than 1 Gbit/s [3]. Besides 

long and medium distance links, short reach optical interconnects are progressively 
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gaining more interest and are considered the best candidate to replace electrical copper 

cables at high data rates in the near future. This includes network traffic in data centers 

down to backplanes, chip-to-chip, and on-chip communication links. 

It has recently been demonstrated that nearly 100 Tbit/s can be transmitted on a single-

core fiber [4], whereas more than 1 Pbit/s are able to be transmitted on a multi-core fi-

ber [5]. These record data rates have been realized using a combination of various tech-

niques such as wavelength division multiplexing (WDM), polarization multiplexing, 

and high-order modulation formats. Therefore, higher data rates require more complex 

senders and receivers with numerous processing methods and a large variety of opto-

electronic components, which also increase the expense of the optical communication 

links. Moreover, the extensive assembling of the different components augments the 

overall costs and represents a major obstacle for this emerging technology.  

Meanwhile, the integration of optical devices on chips has offered a significant progress 

to realize compact and more cost-effective high-speed optical interconnects. For this 

purpose, several approaches have been proposed based on different semiconductor plat-

forms such as the silicon-on-insulator (SOI), the indium phosphide (InP), and hybrid 

integration technologies. Since each solution has its own advantages and drawbacks, 

however, it is difficult to find a universal approach that provides all components with 

the properties required. 

Indeed, the SOI platform has gained more interest during the last years owing to its 

compatibility with existing electronic system architectures realized on silicon (Si) sub-

strates and the maturity of the complementary metal-oxide-semiconductor (CMOS) fab-

rication process, which represents an important solution to maintain low-cost production 

of photonic components. Si, furthermore, is transparent at telecommunication wave-

lengths 1310 nm and 1550 nm, and hence offers the possibility of optical waveguiding 

in analogy to the electric wires in electronic circuits. Silicon photonics is also known for 

high refractive index contrast, which enables high-density integration owing to the 

strong light confinement, and thus more compactness of the puzzle elements for optical 

data processing. Over the last decade, substantial progress has been made in realizing 

high-performance components in silicon photonics: from passive waveguiding struc-

tures to active devices such as photodetectors, modulators, and recently lasers. 
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Nevertheless, this technology still encounters many obstacles that must be solved soon 

in order to accelerate photonic integration and control the fast increase in data and ener-

gy consumption. While the proposed monolithic germanium-on-silicon laser in [6] ex-

hibits an extremely high threshold current density and a low output power efficiency to 

be used in real applications, the coupling issue between integrated nanophotonic wave-

guides and standard optical fibers restricts the Si chips to communicating with the “out-

side world”. For short and middle term, the hybrid integration of III/V semiconductor 

light sources with the existing Si platform may be the most adequate solution for the 

former problem. The latter issue, by contrast, has to be addressed fundamentally to 

bridge the gap between standard optical fibers and photonic integrated circuits (PICs). 

In fact, as the large refractive index difference of the SOI platform offers the advantage 

of high-density integration and compact dimensions in the order of submicrometer, it 

simultaneously involves the challenge of coupling light from existing optical cables to 

integrated waveguides, and vice versa. Figure 1.1 shows the size comparison between a 

single-mode integrated waveguide in SOI and the core of a single-mode fiber (SMF). 

 

Figure 1.1: Graphical representation of the dimensional difference between 

a single-mode fiber core and an integrated waveguide in the SOI platform. 

A typical integrated waveguide has a width of 0.4 μm and a height of 0.25 μm, whereas 

a standard SMF has a core diameter of 8.2 μm and a mode field diameter (MFD) of 

10.4 μm at the wavelength 1550 nm [7]. As the cross section of the waveguide is in the 

order of ~10-3 smaller than that of the fiber core, considerable coupling losses govern 

the fiber-to-waveguide transition when using the butt coupling technique, i.e. when both 

components are butted up against one other, and efficiencies in the order of only 0.1% 

0.4 μm 

0.25 μm 
8.2 μm 

Optical fiber core Integrated waveguide 
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can be achieved. Hence, there is a need of coupling elements that can relax the abrupt 

transition and increase the coupling efficiency between PICs and optical fibers. 

1.2. State-of-the-art fiber-to-chip couplers 

There exists a variety of concepts for better fiber-to-chip coupling efficiency than using 

the butt coupling method. All approaches rely on mode conversion between both wave-

guides using a so-called nanocoupler. In other words, this element is nothing else than 

an optical funnel, which concentrates light from a large to a smaller section with dimen-

sions in the nanometer range [8]. The nanocoupler can be fabricated on the fiber, used 

as a stand-alone device, or integrated on the chip. Figure 1.2 shows a graphical repre-

sentation of the three possible categories. 

 

Figure 1.2: Schematic illustration of the possible fiber-to-chip coupling 

techniques using (a) on-fiber, (b) stand-alone, and (c) on-chip nanocouplers 

[8]. 

Optical fiber core 

Nanocoupler 

Integrated 
waveguide 

(a) 

(b) 

(c) 
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The on-fiber technique requires modifying the optical fiber end-face and saves the need 

for designing additional coupling structures on the chip itself. The best-known ap-

proaches rely on tapered or lensed fibers, which can focus light into very small spots, 

and hence decrease the large mode mismatch. When reducing the MFD of the fiber to 

3 µm, the coupling efficiency to a single-mode nanowaveguide can be improved to 

around 2%. This technique can be advantageous in terms of space-saving on the chip, 

but the waveguides also have to be adapted beforehand to the lateral coupling by cleav-

ing and polishing the end-face of the chip. In addition, the coupling efficiency is too low 

to use such fibers in practical products, and standard fibers are preferred to these costly 

solutions since they are commonly used in commercial applications. 

In order to make use of the standard SMFs and with no special coupling structures on 

the chip, an appropriate solution would be the utilization of a stand-alone device that 

collects light based on a lensing system. Indeed, conventional dielectric lenses are 

known to focus electromagnetic waves and have been implemented for a long time in a 

countless number of optical applications; however, their diffraction-limited resolution 

may restrict their ability to act as nanocouplers. A more attractive procedure is based on 

negative index metamaterial (NIM) lenses, which are theoretically not diffraction-

limited and can exhibit arbitrary internal properties, offering the possibility to mold the 

flow of light in a flexible fashion. Since NIMs include metallic structures, they feature 

significant losses at optical frequencies, and hence need to be optimized to compete 

with their positive index dielectric counterparts. Some other lensing methods can also 

be used such as photonic crystals or hyperlenses, but they present considerable losses as 

well. 

The third possibility relies on the integration of the coupling structures directly on the 

chip. This approach may be the most adequate solution since it is generally compatible 

with standard fibers and does not require extensive alignment steps unlike the lensing 

devices. Here there is also a variety of possible implementations, but they can be classi-

fied into two main groups depending on the fiber orientation: in-plane and out-of-plane 

coupling. While the former technique is based on horizontal spot size converters 

(SSCs), where the fiber is positioned in the chip plane, the latter method rests on cou-

pling light from a different direction than that of the waveguide such as using nanoan-
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tennas or diffractive Bragg gratings. Hence, the SSCs need a length of several hundreds 

of micrometers to transform the fiber mode into the waveguide mode, whereas the 

Bragg gratings for example have dimensions as small as the fiber core. When combined 

with tapered fibers, the length of SSCs can be further reduced, and an efficiency of 

more than 90% with a 1 dB bandwidth larger than 100 nm can be achieved [9], [10], far 

exceeding the performance of grating couplers. 

Among all approaches mentioned above, coupling based on Bragg gratings has been 

successfully established over the last years owing to the many advantages offered. Be-

ing much more compact than integrated SSCs, these structures can couple light directly 

from standard fibers without the need for additional tapering processes. In addition, they 

are fabricated cost-effectively due to the few required etching steps and can be placed at 

an arbitrary position on the chip without edge cleaving. Thus, this procedure has al-

lowed wafer-scale testing possibilities, facilitated research investigations on new inte-

grated components, and has recently enabled silicon photonics to gain access to com-

mercial products [11]. Indeed, the efficiency and bandwidth achieved through experi-

ments are still suboptimal, but grating couplers have the potential to replace the edge-

coupling methods owing to their numerous advantages, auspicious theoretical predic-

tions, and fast-achieved progress.  

Table 1.1 summarizes the performance of some state-of-the-art integrated nanocouplers 

based on grating couplers with respect to their measured coupling efficiency and band-

width. It can be seen that the achieved efficiencies are approaching the values realized 

by tapered spot size converters, i.e. nearly 90%, and hence they can be real candidates 

in commercial products based on integrated nanophotonics. 

Table 1.1: State-of-the-art integrated grating couplers based on their meas-

ured efficiency and bandwidth. 

Reference Institution Year Coupling efficiency 1 dB bandwidth 
[12] IMEC 2010 69% 44 nm 
[13] CUHK 2011 76% 27 nm 
[14] Luxtera 2012 84% 29 nm 

This work INT 2013 87% 40 nm 
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All structures in Table 1.1 are realized in a CMOS-compatible SOI platform and serve 

to couple light from standard fibers to integrated Si nanowaveguides at wavelengths 

around 1550 nm. The coupler reported in [12] consists of a periodic grating and a Si 

overlay to inherently enhance the directionality of the diffracted field. This certainly 

yields an improved efficiency compared to standard structures, but losses are still pre-

sent due to the mode mismatch between the fiber and the diffracted field. The latter 

problem is tackled in [13] and [14] by using a nonuniform grating that mimics the fiber 

Gaussian profile, and therefore increases the efficiency further. 

In this thesis, it is demonstrated that the efficiency and the bandwidth can theoretically 

be improved using a backside metal mirror and an adequate nonuniform grating. Both 

methods are also proven experimentally to enhance the overall performance of grating 

couplers. 

1.3. Objective and outline of the thesis 

This thesis addresses the coupling issue between optical fibers and integrated nano-

waveguides due to the large size difference and mode mismatch. For this purpose, a 

coupling structure is needed to alleviate the abrupt transition and increase the efficiency 

between both waveguiding elements. To tackle this problem, there are several ap-

proaches that can be applied whether on the fiber, as a stand-alone device, or directly on 

the chip. While there already exist well-known solutions based on tapered structures and 

dielectric lensing systems, new more powerful tools are emerging for better manipula-

tion of light such as metamaterials and transformation optics [15]. Thanks to the pro-

gress of the fabrication procedures as well, even some old techniques such as diffractive 

gratings are being reinvented. 

The first objective of the thesis is to investigate the feasibility of highly transmissive 

lenses based on NIMs and their ability to act as nanocouplers for telecommunication 

applications. Investigations are done primarily at radio frequencies due to the ease of 

fabrication and handling of the structures in the millimeter scale. Thereafter, an analogy 

is drawn at optical frequencies, and the limitation factors are presented. 
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The second objective is to develop the nanocoupler directly at telecommunication wave-

lengths. The challenge here is that the dimensions are in the micrometer scale, and a 

more sophisticated fabrication process is required. However, a better estimation of the 

coupling properties can be achieved, and the solution can be directly applied in integrat-

ed optical systems. Owing to the many advantages offered by grating couplers, these 

structures are investigated with the target of achieving an efficiency of 80% with a 1 dB 

bandwidth larger than 35 nm. The thesis comprises six chapters, including a description 

of the problem, together with theoretical and experimental investigations of the solu-

tions discussed, and is organized as follows: 

Chapter 2 addresses the coupling issue. The different concepts based on the on-fiber, 

stand-alone, and on-chip nanocouplers are considered in more detail. A short glimpse 

into nanophotonics technology is also given. 

Chapter 3 introduces the fundamentals of optical data transmission. Here the main com-

ponents in optical transmission systems are discussed, and the importance of optical 

waveguiding is emphasized. Besides this, the theory behind electromagnetic wave prop-

agation and the waveguiding effect is explained. 

Chapter 4 deals with the coupling approach based on NIMs. First, the theoretical back-

ground of such artificial materials and their advantages in lensing and nanocoupling 

applications are shown. Thereafter, a novel metamaterial design is proposed and its in-

ternal properties and lensing ability are experimentally investigated at millimeter waves. 

The parameters of the unit cell are also scaled down to the nanometer range, and the 

behavior is theoretically analyzed at infrared wavelengths. 

Chapter 5 investigates structures based on diffraction gratings for direct light coupling 

from the optical fiber to integrated waveguides. After introducing the theoretical fun-

damentals of Bragg gratings, the optimization procedures of the structures are described 

in detail. Afterwards, the fabrication process and the experimental results are conducted 

and explained. 

The results are summarized in Chapter 6, and a conclusion on the advantages and draw-

backs of the applied approaches is given. Finally, a short outlook for potential future 

works is provided. 
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2. Coupling issue between optical fibers and PICs 

In this chapter, a short insight into the field of nanophotonics and its importance in fu-

ture optical data processing systems is given. Some examples of integrated components 

are also presented, and the coupling issue to optical fibers originating from the large 

dimension mismatch is emphasized. In addition to this, possible solutions based on dif-

ferent techniques are described in detail, and the corresponding advantages and draw-

backs are pointed out. 

2.1. Nanophotonics technology 

Owing to the promising properties of optical links, which may solve the bandwidth bot-

tleneck in long, medium, and short reach interconnects, important progress has been 

achieved in the field of integrated photonics. In fact, the integration of optical devices is 

a means to maintaining low-cost manufacturing, high bandwidth density, and low ener-

gy consumption. The SOI platform has also enabled the realization of very compact 

photonic circuits due to the large refractive index contrast offered. It has as such given 

rise to so-called nanophotonics technology. 

Based on silicon nanophotonics, a very large bandwidth density of 30 Tbps/cm2 on a 

single substrate for high bit rate inter-chip interconnects has recently been demonstrated 

[16]. This record density has been enabled by the small footprint of the required optical 

components and the high-speed of the electro-optical (EO) and opto-electrical (OE) 

converters. The realized interposer consists of waveguides, modulators, and germanium 

photodetectors, which are directly integrated in Si, whereas the III/V semiconductor 

lasers are hybridly integrated onto the chip and connected to the waveguides using 

SSCs. This shows the benefits of nanophotonics, which offers the possibility of integrat-

ing multiple functionalities on very small areas. 

In general, the field of nanophotonics describes the manipulation of light based on com-

ponents with dimensions in the nanometer scale. The main element of this technology is 
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the nanowaveguide, which may have a cross section in the subwavelength range and 

serves to guide the electromagnetic waves through the photonic circuits in analogy to 

the electric wire in electronic circuits. There exist several topologies of the waveguide 

such as the planar, the strip, the ridge, and the bandgap structure. The theory behind the 

waveguiding effect and some implementations of the waveguide are discussed in detail 

in the next chapter. 

Since many modes are able to propagate in the photonic wire, which may cause signal 

dispersion, and so may limit transmitted data rate, it is reasonable to adjust the wave-

guide dimensions to carry only one mode. The cross section, therefore, is generally re-

duced to transmit solely the fundamental wave, and the waveguide is called single-

mode. Figure 2.1 shows some examples of integrated components based on single-mode 

nanowaveguides. 

 

Figure 2.1: Scanning electron microscope (SEM) pictures of some integrat-

ed components in SOI: (a) A single-mode straight waveguide, (b) a single-

mode bended waveguide, and (c) a photonic crystal with single-mode input 

and output waveguides. 

In order to couple light from the optical fiber to the small cross section of the wave-

guides, the most axiomatic method rests on positioning the fiber core at the end-face of 

the integrated wire. This procedure, called butt coupling, nevertheless allows for a 

transmission of only 0.1% from the input fiber to the chip due to the losses caused by 

the large size mismatch. In addition, the integrated components commonly exhibit addi-

tional insertion losses, and hence the signal received at the OE converter on the chip or 

the retransmitted light from the chip to the output fiber may be extremely small and 

unquantifiable. To tackle this problem, there is a variety of concepts, which, as dis-

cussed in the previous chapter, can generally be classified into three categories. 

(a) (c) (b) 

1 μm 1 μm 1 μm 
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2.2. Coupling concepts 

2.2.1. On-fiber nanocouplers 

The first category is based on on-fiber nanocouplers where the fiber tip is modified to 

refine the abrupt transition between the core and the integrated waveguide. Figure 2.2 

shows some examples of this coupling method, which can in turn be classified into in-

plane, such as in Figures 2.2(a) and 2.2(b), and out-of-plane, such as in Figure 2.2(c), 

depending on the fiber orientation. 

 

Figure 2.2: Schematic representation of different on-fiber coupling tech-

niques using (a) a tapered fiber, (b) a lensed fiber, and (c) a grating on the 

fiber end-face. Only the core of the fiber is illustrated in the graphs. 

While tapering the tip is achieved by heating and stretching a long section of the fiber, 

the lensed structure is realized by shaping only the end-face. In general, thinning the 

(a) 

(b) 

(c) 

Optical fiber core 
Integrated 
waveguide 
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fiber down to the waveguide dimensions does not solve the problem since light can no 

longer be confined inside the fiber core and is predominantly located at the fiber-air 

interface due to the low refractive index contrast between core and cladding [17]. The 

propagating mode, therefore, cannot easily be matched to the waveguide profile, and 

efficient coupling cannot be guaranteed. The second on-fiber coupling method relies on 

focusing the light into the waveguide using a microlens structure. Conventional lensed 

fibers possess a convex end-face, which contracts the MFD of the emitted beam to 

around 3 μm at a wavelength of 1550 nm [18]. The MFD can be further reduced to 

1.2 μm when using high-index-layer coatings for example [18], [19], which may in-

crease the coupling efficiency to the integrated single-mode waveguides to nearly 30%. 

Theoretically, a more than 90% efficiency is achievable when the MFD of the focused 

beam is reduced to 0.5 μm, which corresponds roughly to the dimensions of the wave-

guide cross section. Dielectric lenses, however, are not able to focus light into such a 

tight spot at the operating wavelength due to their diffraction-limited property. 

Both in-plane configurations require additional cleaving and edge polishing of the chips 

to ensure lateral coupling. Moreover, adjusting the position of the tapered fiber in front 

of the waveguide may be challenging, whereas most lensed fibers need a certain work-

ing distance to be able to focus the beam into the waveguide, which may also introduce 

some alignment difficulties. Alternatively, instead of changing the shape of the fiber tip, 

a diffraction grating can be defined on the end-face, which permits vertical coupling, 

and hence wafer-scale testing [20]. This method can be advantageous as well when 

probing of the optical signal on the chip is required. 

There also exists a number of other approaches, which are more sophisticated than the 

presented coupling techniques and are mainly based on plasmonic effects [21]-[23]. 

Indeed, oscillations of the metal electron plasma produced by the incident electromag-

netic waves, which are known as surface plasmon polaritons (SPPs), can be generated at 

the interface between a thin metallic layer and the end-face of an optical fiber and en-

hance the light confinement to dimensions well below the diffraction limit. However, 

the high losses of metals at optical frequencies may prevent the suitability of such con-

cepts in today’s applications. 
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2.2.2. Stand-alone nanocouplers 

The second category of nanocouplers relies on stand-alone devices, which allow the use 

of standard commercial fibers without the need for additional end-face forming as can 

be seen in Figure 2.3. 

 

Figure 2.3: Schematic drawing of different stand-alone fiber-to-chip cou-

pling devices based on (a) a prism coupler, (b) a plano-convex dielectric 

lens, and (c) a plano-concave NIM lens. 

One of the well-known techniques makes use of prism couplers [24] that can be placed 

on top of the integrated waveguide and saves edge cleaving. However, the prism has to 

be made by a material with a higher refractive index than the waveguide, which can be 

challenging for SOI structures due to the high refractive index of Si. Besides, such a 

construction may damage the thin structures since it has to be placed in the immediate 
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vicinity of the film layer to ensure evanescent wave coupling [25], and additional taper-

ing to the waveguide is also required. 

Another more established method is based on dielectric lenses, which can also be used 

as stand-alone devices instead of being defined on the end-face of the fiber as described 

in the last subsection. These devices are applied in a large number of optical systems 

with different functionalities such as focusing, collimating, and magnifying the electro-

magnetic waves. They can mainly be classified into spherical, diffractive, and gradient 

index (GRIN) lenses [26]. In integrated optics, microball lenses are commonly utilized 

to couple light from the chip into the fiber, which can be mounted in a so-called V-

groove to guarantee a good alignment [27]. However, focusing light from the fiber to 

the tiny waveguides may be challenging due to the diffraction-limited spot size. It 

should also be noted that focusing light into a small cross section is not enough to 

achieve a high coupling efficiency since matching to the waveguide mode profile must 

also be realized. 

Over the last decade, other types of lenses, called superlenses – made by artificially en-

gineered negative index materials – have aroused more interest owing to their superior 

capability of imaging objects well below the diffraction limit [28]. These flat lenses 

produce an amplification of the evanescent waves, which contain the superfine details 

of an object, and hence enable subwavelength resolution in the near field regime. In-

deed, focusing a large beam into a smaller section cannot be realized using flat NIMs, 

but by using a plano-concave configuration, the incoming light can be concentrated in 

the far field, unlike positive index lenses, which focus light based on convex shapes. In 

addition to a larger numerical aperture than ordinary spherical lenses, these structures 

exhibit less aberration, stronger focusing ability, and especially a shorter focal length 

[29], [30]. Furthermore, the internal electromagnetic parameters can be freely adjusted 

to attain any positive or negative values, which may be favorable for perfect matching 

to free space, and consequently low reflections. 

As focusing plano-concave NIM lenses cannot afford resolutions below the diffraction 

limit in the far field regime, some other kinds of constructions based on hyperlenses and 

metalenses have been proposed and have shown evidence of deep subwavelength focus-

ing ability [31], [32], but again with low transmission characteristics.  
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2.2.3. On-chip nanocouplers 

The third category deals with on-chip couplers, which are directly fabricated with the 

integrated waveguides as can be seen in Figure 2.4. Some of the lensing systems dis-

cussed can be implemented on the chip [33], [34], but the use of extensive nonstandard 

fabrication procedures may prohibit their introduction into commercial products. 

 

Figure 2.4: Different types of on-chip nanocouplers using (a) a three-

dimensional (3D) taper, (b) an inverted taper, and (c) a diffractive grating. 

Both integrated SSCs based on the 3D taper and the inverted taper are typically utilized 

to adiabatically adapt the fiber beam profile to the waveguide mode, and hence have a 

length of several hundred micrometers. These structures exhibit high coupling efficien-

cy and low polarization dependence, but require disadvantageous edge coupling and are 

often used with tapered or lensed fibers to decrease the spot size of the incoming beam 
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and the overall length on the chip [9], [35]. Additionally, the inverted taper SSC needs a 

very narrow tip smaller than 50 nm to fully expand the optical mode outside the Si 

waveguide, which might be a technological challenge. 

A more elegant solution, based on grating couplers, may provide more advantages than 

the latter approach since they are very compact in size and require less fabrication ef-

fort. These diffractive gratings offer the possibility to change the direction of the incom-

ing light from a vertically aligned fiber to a laterally lying waveguide, or vice versa. By 

integrating the element on the chip, costly shaping of the fiber end-face is saved and 

standard SMFs can be used to carry out wafer-scale measurements instead of complicat-

ed butt coupling. Moreover, grating couplers can be designed to realize a variety of dif-

ferent functionalities and work for example as polarization beam splitters (PBSs) [36], 

power splitters or combiners [37], and wavelength demultiplexers [38]. Using an array 

of grating elements, coupling of the signal from several channels based on the recently 

developed space division multiplexing (SDM) scheme can also be achieved. 

The simplest way to fabricate such couplers is by etching a linear grating in the film 

layer that fulfills the Bragg condition at the corresponding operating wavelength. The 

area of the structure should also be similar to the fiber core dimensions to couple most 

of the incident light, and thus the grating width has to be tapered over several hundreds 

of micrometers down to the single-mode waveguide width. This may be overcome by 

means of focusing arrangements to decrease the overall length to just a few micrometers 

[39]. Finally, despite the multiple benefits offered by this coupling technique, there are 

several loss mechanisms available in the grating structures, which have to be surmount-

ed to make them compete with the highly efficient SSCs. 

Some other integrated on-chip solutions based for example on plasmonic nanoantennas 

have also been proposed in order to tackle the coupling issue [8] but with more draw-

backs than advantages. Indeed, nanoantennas and nanoparticles have very compact di-

mensions, much lower than all other presented configurations, and have shown remark-

able field intensity enhancement owing to the resonant plasmonic behavior in several 

applications such as lasers [40] and photodiodes [41]. However, in the case of coupling 

between standard optical fibers and integrated dielectric waveguides, the theoretical 
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coupling efficiency of such nanoantennas is limited to only 50% [42] in addition to con-

siderable conversion losses between the plasmonic and photonic modes. 

2.3. Conclusion 

It is clear that there exists a number of possible coupling concepts and not all of them 

may satisfy stringent industrial requirements. There is certainly an urgent need for 

nanophotonics in commercial products to appease the present bandwidth explosion, and 

thus cost-effective, high-efficiency, and reliable components are of most importance to 

make nanophotonics accessible for end-user products. Some of the proposed methods, 

therefore, may not qualify for large scale fabrication but may exhibit interesting phe-

nomena that can be used in other applications. 

Table 2.1 summarizes the advantages and disadvantages of some of the fiber-to-chip 

coupling techniques discussed with respect to their efficiency, bandwidth, compactness, 

possibility for wafer-scale coupling, and cost-effectiveness. 

Table 2.1: Comparison of different coupling concepts. The “+” and “–” 

signs denote favorable and unfavorable respectively. 

Concept Efficiency Bandwidth Compactness Wafer-scale Cost 
Tapered fiber – + – – + 
Lensed fiber – + + – – 

On-fiber grating – – + + – 
Prism coupler + – – + + 
Dielectric lens + + – – + 

NIM lens – – + – – 
3D taper + + – – – 

Inverted taper + + – – – 
Grating coupler – – + + + 

 

At first glance, the NIM lens may be the least advantageous for fiber-to-chip coupling 

due to the high losses in such kind of materials, the small bandwidth imposed by the 

resonant behavior, and the challenging fabrication. On the other hand, NIMs offer more 

degrees of freedom than conventional lenses and exhibit unprecedented properties, 

which enable molding the flow of light in a flexible way. Hence, several optimizations 
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have to be achieved to enhance their performance, and the focusing ability for possible 

fiber-to-chip nanocoupling is investigated in the fourth chapter. 

Conversely, grating couplers show the most advantages among all coupling techniques, 

except for the efficiency and bandwidth that have to be improved to make them compete 

with integrated SSCs. This method, therefore, is investigated in the fifth chapter, and the 

origin of the loss factors is analyzed and tackled by adequate optimization of the grating 

parameters. 
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3. Fundamentals of optical data transmission 

This chapter deals with the properties, components, and operating mode of optical 

transmission systems. A particular focus on the integrated components, and especially 

on the main element of the photonics technology, the nanowaveguide, is given. The 

theoretical background behind the electromagnetic wave propagation in waveguiding 

structures is presented, and the coupling issue to optical fibers is emphasized again. A 

short insight into the theory of the electromagnetic wave propagation in periodic media 

is also provided in order to pave the way for the selected topics in this thesis, which 

both rely on periodic arrangements for nanocoupling purposes. 

3.1. Components of optical transmission systems 

In general, the optical transmission architecture in its simplest form consists of a sender, 

an optical link, and a receiver as can be seen in Figure 3.1(a). As telecommunication 

data in today’s systems are mainly generated by electronic integrated circuits (ICs), EO 

components are needed to convert the electrical signal into an optical one. Depending 

on the required bit rate of the information to be sent, the complexity of the transmitter 

and the modulation format used may vary from one system to another. Hence, addition-

al components may be implemented on the PIC to process the optical signal. 

Afterwards, the signal is carried by an optical link over a distance that can range from a 

few centimeters to thousands of kilometers according to the application reach. For this 

purpose, the optical fiber has been proven to be the best host owing to its large band-

width and low attenuation and can be used in all applications, starting from short reach 

interconnects up to long haul networks. Indeed, costly optical amplifiers have to be used 

for long distances, whereas additional dispersion effects must also be electronically 

compensated to recover the transmitted information. As yet, no better medium has been 

developed to replace the optical fiber. 
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Finally, at the receiver, the signal is demodulated and converted back into an electrical 

signal. It should be noted that the complexity of the ICs increases with the complexity 

of the modulation format used and the required speed as well, especially the digital-to-

analog converters (DACs) at the sender side and the analog-to-digital converters 

(ADCs) at the receiver side. 

When the transmitter and the receiver are implemented together on one platform, as 

shown in Figure 3.1(b), the system is called a transceiver. This architecture exhibits two 

functionalities at the same time and serves to convert the incoming electrical signal into 

an optical one, or vice versa. A predominant application based on this approach is the 

active optical cable (AOC), which permits the transmission of very high data rates that 

cannot be bridged by copper wires [43]. 

 
Figure 3.1: Schematic illustration of an optical transmission system based 

on (a) a separated transmitter and receiver connected by an optical link, and 

(b) a transceiver.  

3.1.1. Transmitter concepts 

The actual optical fiber telecommunication network relies mainly on the transmission of 

digital data owing to the innumerable advantages of digital storage, processing, and 

computing in addition to the exceeding performance in comparison with analog systems 

[44]. However, the transmission of this digital data on an optical fiber necessitates com-

plex treatment and conversion. This is typically done through modulation of a light 

source driven by the electrical signal so that the transmitted optical signal can carry the 

information on the fiber. 
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The first step of this process is realized on the IC and consists of encoding the data, 

converting the digital signal into an analog one, and feeding the modulator driver. 

Thereafter, the light source is modulated, and then the optical signal can be further pro-

cessed on the PIC depending on the used modulation format. While light emitting di-

odes (LEDs) can be used as optical continuous wave (CW) sources, laser diodes (LDs) 

are more preferable since they exhibit much narrower spectral widths, and hence a high-

er bandwidth-length product is realized [44]. The modulation procedure also plays a 

major role in the achievable bit rate and can be done internally by changing the injected 

current of the laser, which may be limited due to the detrimental chirp effect [45], or 

externally by using a Mach-Zehnder modulator (MZM) for example. 

There is a variety of modulation schemes that can be applied depending on the required 

data rate and transmission distance such as amplitude shift keying (ASK) and phase 

shift keying (PSK) [46]. The constellation diagrams of some of these modulation for-

mats are shown in Figure 3.2. 

 

Figure 3.2: Signal space of different modulation formats based on (a) 2ASK 

(OOK), (b) QPSK, and (c) 16QAM. 

The simplest method consists of modulating the amplitude between two states, “0” and 

“1”, which is a special case of the ASK and is also called on-off-keying (OOK). How-

ever, nonlinearity effects in the fiber may influence overall behavior due to the perma-

nent on and off switching of the optical signal [44], which may be eliminated by keep-

ing a constant power level and modulating the phase based on the PSK approach. In this 

case, in-phase (I) and quadrature (Q) carrier signals are needed to send symbols with the 

same amplitude and different phase states. 
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Higher-order modulation formats, such as quadrature phase shift keying (QPSK), are 

also widely applied owing to the high spectral efficiency offered. However, when using 

more phase levels, for example in the case of 16PSK, the distance between the different 

symbols is reduced and the bit error rate can deteriorate. A combination of both 

schemes, therefore, to a quadrature amplitude modulation (QAM) is reasonable [46]. 

To further increase the bit rate over a single channel, several multiplexing techniques 

based on different approaches can be applied. While the polarization division multiplex-

ing (PDM) relies on the fact that both orthogonal polarization states propagate inde-

pendently from each other in the fiber, WDM makes use of the different optical carriers 

that can be sent in a single band at a certain spacing. Recently, SDM has also enabled 

the transmission of very high data rates exceeding 1 Pbit/s by increasing the number of 

cores of a single fiber [5]. 

Obviously, these techniques require more optical components on the transmitter side 

such as polarization rotators and combiners for PDM and several laser sources and 

wavelength filters for WDM. Distributed feedback (DFB) lasers based on III/V semi-

conductors are commonly used to generate optical signals in the C- and L-bands at a 

very tight spacing of 0.4 nm and lower [47], but they have to be hybridly integrated on 

the SOI chip so long as no high-performance solutions for directly integrated lasers on 

Si are available. In addition, to generate the different phase states when using the high-

order modulation formats, multiple MZM structures and phase shifters have to be im-

plemented. 

Figure 3.3 shows an example of an integrated dual-polarization (DP) QPSK transmitter 

PIC in the SOI platform. This modulation principle is used particularly in 100 Gbit/s 

Ethernet networks [48]. The transmitter PIC consists of a laser source coupled to the 

single-mode waveguide on the SOI chip by a nanocoupler that can be a lens, an SSC, or 

a grating as described in the previous chapter. Afterwards, the light is split equally by a 

multimode interferometer (MMI) to two branches [49] since two orthogonal polariza-

tions have to be sent. In each branch, the “I” component is generated by an MZM struc-

ture, whereas the “Q” carrier signal needs an additional 90° phase shifter. Both compo-

nents are then combined, and the signal of one branch is rotated to the orthogonal polar-

ization plane. Finally, the light is coupled out to the optical fiber. It should be noted that 
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the illustrated two-dimensional (2D) grating works as a rotator, power combiner, and 

output coupler at the same time [50]. All represented structures can be realized follow-

ing different approaches depending on the efficiency, footprint, and the technological 

process used, showing the high degree of freedom of the photonic integration. 

 

Figure 3.3: Graphical representation of a possible transmitter PIC in the 

SOI platform based on the DP QPSK modulation technique. 

It is clear that high data rates necessitate a large number of integrated components, 

which augments the complexity of the transmitter PIC, and hence there is a trade-off 

between the required performance and fabrication costs. To follow the increasing band-

width demand, there is a need for even higher data rates, and next generation networks 

beyond 100 Gbit/s have to be planned. This can theoretically be done by increasing the 

symbol rate, the modulation order, or the number of wavelength carriers [51]. While the 

first approach demands much higher bandwidth electronics and EO/OE converters, the 

second proposition requires an increased optical signal-to-noise ratio (OSNR), causing a 

reduction of the reach distance, and the third solution augments the PIC complexity. 

Therefore, customization of the telecommunication system in the future has to be done 

based on more adaptable concepts such as elastic optical networks (EONs), where the 

symbol rate, modulation format, and number of carriers are adjusted to bandwidth need 

in a flexible way [51]. 
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3.1.2. Optical links 

In an optical communication system, senders and receivers are connected to each other 

by an optical link that guides the transmitted light signal over a given distance. Fibers 

have been proven to exhibit excellent performance in terms of low loss and high band-

width at optical frequencies and are indispensable in today’s telecommunication net-

work architectures. 

Optical fibers are fabricated from silicon dioxide (SiO2) with a lightly doped core using 

germanium dioxide (GeO2) for example [52]. This configuration gives a core with a 

higher refractive index than the cladding, which is an essential condition for the wave-

guiding effect. The most important characteristic of fibers is the low attenuation at infra-

red wavelengths. Indeed, several loss factors caused by Rayleigh scattering and infrared 

absorption are present in this range, but a minimum attenuation loss takes place at a 

wavelength of 1550 nm and reaches a value of nearly 0.2 dB/km [52]. Therefore, in 

optical telecommunication networks, signals are commonly transmitted in the window 

around this wavelength, which is mainly divided in the S-band (1460 nm – 1530 nm), 

the C-band (1530 nm – 1565 nm), and the L-band (1565 nm – 1625 nm) [53]. 

Depending on the core dimensions, the fiber can guide one mode and is called SMF, or 

it can carry several modes and is called multimode fiber (MMF). In the presence of mul-

tiple modes, modal dispersion takes place and causes a broadening of the transmitted 

pulse, and thus SMFs are generally preferred, especially for long distance transmission. 

Nevertheless, other sources of dispersion, such as chromatic and polarization dispersion, 

are usually available and have to be eliminated using special kinds of fibers, compen-

sated by signal predistortion at the sender, or corrected at the receiver. 

Figure 3.4 illustrates the dimensions of a standard SMF and the intensity distribution of 

the fundamental mode. The exact solution of this mode has a Bessel profile and is gen-

erally approximated by a Gaussian function [54]. The MFD corresponds to the diameter 

at which the intensity falls to 1/e2 of the maximum value and amounts to 10.4 μm for 

standard fibers of type SMF-28 [7]. It should be noted that the MFD in this case is larg-

er than the core diameter 8.2 μm and is an important value when designing coupling 

structures to integrated nanowaveguides. 
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Figure 3.4: Schematic illustration of a standard SMF and the corresponding 

intensity distribution I (x,y) of the fundamental mode. 

3.1.3. Receiver concepts 

After being transmitted on the optical link, the signal is demodulated at the receiver in 

accordance with the modulation scheme adopted at the sender. Receivers can mainly be 

classified into two categories depending on the detection procedure. While amplitude 

modulated signals are recovered by direct detection based on photodetectors, phase 

modulation requires additional optical components, and the signal is retrieved by coher-

ent detection. 

Since photodetectors can only measure the intensity of an optical signal, information 

encrypted in the phase is lost in direct detection schemes. Hence, light has to be mixed 

with a reference in an interferometric circuit to deliver the correct phase states before 

being detected by the photodetectors. The reference, also known as local oscillator 

(LO), can have the same frequency as the signal, and the demodulation procedure is 

called homodyne, or a different frequency, and the procedure is called heterodyne [46]. 

It should also be noted that there are other PSK modulation methods based on differen-

tially encoded phases, such as differential phase shift keying (DPSK), which do not re-

quire coherent detection since information is encrypted in the phase difference of two 

consecutive symbols. In this case, instead of an LO source, a simple delay line interfe-

rometer (DLI) prior to OE conversion can be implemented [46]. 
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In the case of wavelength or polarization multiplexed signals, additional optical compo-

nents have to be realized on the receiver PIC. While WDM is demultiplexed by optical 

filters, for example using arrayed waveguide gratings (AWGs), PDM is retrieved based 

on PBSs that can be realized using simple waveguide structures or also diffraction grat-

ings. In both methods, the basic circuit has to be repeated in function of the number of 

carriers. Figure 3.5 shows an example of an integrated DP QPSK receiver PIC in the 

SOI platform. 

 

Figure 3.5: Graphical representation of a possible receiver PIC in the SOI 

platform based on the DP QPSK modulation technique. 

The receiver PIC consists of two coupling elements for the signal and the LO, which 

rely here on polarization splitting diffractive gratings. The transverse electric (TE) state 

where the polarization is perpendicular to the waveguide sidewalls is directed to the 

right hand side of the PIC, whereas the other orthogonal polarization, the transverse 

magnetic (TM) state, is guided to the left hand side. In each section, the signal and the 

LO are mixed in the 90° hybrid, which is realized here using a 2×4 MMI, and the “I” 

and “Q” signal components are separated and subsequently detected by a pair of bal-

anced photodetectors. 

Finally, at the receiver IC, the photocurrent is amplified by transimpedance amplifiers 

(TIAs), and then the analog electrical signal is converted by ADCs to a digital one so 

that the digital signal processor (DSP) can compensate for dispersion and degradation 
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effects, which may have occurred over the optical link, and determines the transmitted 

information [55]. 

3.2. Electromagnetic wave propagation 

As described in the previous subsections, optical transmission systems rely on the pro-

cessing of light signals in photonic circuits and the propagation of these electromagnetic 

waves in linking elements such as nanowaveguides and fibers. To understand the theo-

retical background behind the waveguiding effect and in order to tackle the interface 

problem between PICs and optical fibers, a short insight into the fundamentals of the 

electromagnetic wave propagation is given. 

3.2.1. Wave equations 

To mathematically describe the interaction of electromagnetic waves with material, 

there are two important sets of equations that have to be considered: Maxwell’s and 

material equations. For a sinusoidal time dependence of the field vectors, the complex 

form of Maxwell’s equations is given by [56] 

curlE j Bω= −
 

, (3.1) 

curlH J j Dω= +
  

, (3.2) 

divD ρ=


, (3.3) 

0divB =


, (3.4) 

where E


 describes the electric field, B


 the magnetic induction, H


 the magnetic field, 

J


 the current density, D


 the dielectric displacement, and ρ the charge density. The an-

gular frequency is denoted by ω = 2π f, with f the electromagnetic wave frequency. All 

field quantities depend on time t and space, described by the position vector ( )r x, y,z=


 

in Cartesian coordinates, as follows 

( ) j tE E r e ω=
  

. (3.5) 
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The second set of equations is given by the material properties, which also relate the 

field quantities to each other. In linear, isotropic, and homogeneous media, these are 

0rD Eε ε=
 

, (3.6) 

0rB Hµ µ=
 

, (3.7) 

J σ E=
 

, (3.8) 

with ε0 and µ0 the free space dielectric and magnetic constants respectively, whereas εr 

is the relative permittivity and µr is the relative permeability in the medium. Since the 

most used materials in the field of photonics are nonmagnetic, the permeability can be 

set to unity, i.e. µr = 1. The conductivity is denoted by σ, which describes the ability of a 

material to conduct the electric current and at the same time losses interposing the elec-

tromagnetic waves. 

The behavior of the electromagnetic waves depends strongly on the material properties. 

There are two main cases that have to be identified: lossless and lossy media. In the first 

case, for example in insulators, the conductivity is negligible, i.e. σ = 0. Taking into 

account the space dependence of the material properties in a system composed of differ-

ent, lossless, charge-free regions and simplifying the time dependence of all field vec-

tors, both previously described sets yield the general wave equations for the electric and 

magnetic field 

( )
2

0

1 ( )  ( )
( )r

curl curlE r E r
cr
ω

ε
 

=  
 

   

 , (3.9) 

2

0

1 ( ) ( )
( )r

curl curlH r H r
cr
ω

ε
   

=   
  

   

 , (3.10) 

with 0 0 01c / ε µ=  the velocity of light in vacuum. Each equation represents an eigen-

value problem, and the solution is the spatial profile of the corresponding field. Interest-

ingly, there is a correlation between the dimensions of the system and the operating fre-

quency. Scaling these dimensions by a factor ν ≥ 1 yields r ν r′ =
 

, curl curl / ν′ =  and a 

new material configuration ( ) ( )r rr rε ε′ ′ =
 

 with the field profiles ( )E r′ ′
 

 and ( )H r′ ′
 

 [57]. 

The modified wave equations are then 
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( )
2

0

1 ( ) ( )
( )r

curl curl E r E r
νcr
ω

ε
 

′ ′ ′ ′ ′ ′=  ′ ′  

   

 , (3.11) 

2

0

1 ( ) ( )
( )r

curl curl H r H r
νcr
ω

ε
   

′ ′ ′ ′ ′ ′=   ′ ′   

   

 , (3.12) 

and represent the same eigenvalue problem with the same solutions as in the original 

case but at the angular frequency ω' = ω / ν. Hence, when scaling up the dimensions of 

a system by a certain factor, the behavior does not change at the reduced frequency by 

that factor. This may be advantageous when nanostructures cannot be investigated due 

to technological difficulties because enlarging the dimensions to the millimeter scale 

considerably relaxes the fabrication effort. In this case, instead of using light at THz 

frequencies, electromagnetic waves in the MHz or GHz ranges can be applied. Never-

theless, this condition is applicable only when the material properties are exactly the 

same in both domains, which cannot be guaranteed due to their frequency dependence. 

Indeed, similarly behaving dielectrics can be found in both frequency domains, but this 

is not a trivial task for lossy materials such as metals. 

The solutions to the wave equations in a lossless, homogeneous medium can be given as 

0( ) j k rE r E e−=
 

  

, (3.13) 

0( ) j k rH r H e−=
 

  

, (3.14) 

and represent a spatially plane wave with a phase propagating in the direction of the 

wave vector k


. The propagation direction of the energy flow is given by the Poynting 

vector, which is described by the cross product of the electric and magnetic field vectors 

( )1( ) ( ) ( )
2

*
S r Re E r H r= ×
     

. (3.15) 

The dependence of the angular frequency on the wave number k k=


, also known as 

the propagation constant, is called the dispersion relation [58] and is represented by 

0( ) ck k
n

ω ω= = , (3.16) 
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with c0/n = c the wave phase velocity and n the refractive index of the medium, which is 

related to the relative permittivity in nonmagnetic media as follows 

1r

r r rn   
µ

ε µ ε
=

= = . (3.17) 

The amplitudes of the electric and magnetic fields are also related to each other by the 

wave impedance [58] 

1
0 0

0 0

1r
r

r

E
Z   

nH

µµ µ µ
ε ε ε

=

= = =



 , (3.18) 

which is constant in free space and denoted by Z0. 

In the second case where conductivity exists such as in metals or lossy dielectrics, i.e. 

σ ≠ 0, the relative permittivity has to be extended by the medium losses as follows 

0

( ) ( )r r rr
σj Re j Imε ε ε ε

ωε
= − = − . (3.19) 

When this equation is inserted in (3.17), the refractive index becomes complex 

( ) ( )rn n j Re n j Im nε κ= = − = − , (3.20) 

and hence the wave number as well. The imaginary part of the refractive index is called 

the extinction coefficient and is denoted by κ [56]. The solutions to the wave equations 

also contain in this case an exponentially decaying term, which describes a damped 

electromagnetic wave. The attenuation of the wave is generally associated to the energy 

absorption in the material [59]. Taking into account the frequency dependence of the 

conductivity, the complex relative permittivity can be furthermore expressed by the 

Drude model as [60] 

( )

2

∞= −
−
p

r r , j
ω

ε ε
ω ω γ

, (3.21) 

where εr,∞ is the high-frequency relative permittivity, ωp is the plasma angular frequen-

cy, and γ is the damping coefficient. At ω << ωp, the real part of the relative permittivity 

is negative and large in magnitude, which implies a large extinction coefficient, and 
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hence high attenuation. This is a typical behavior in metals, which strongly reflect elec-

tromagnetic waves up to the optical range. Beyond the plasma frequency, which mainly 

lies in the ultraviolet (UV) region [61], the relative permittivity is positive, metals be-

come transparent, and the waves are able to propagate. 

3.2.2. Reflection and refraction 

In addition to propagation in matter, there are several phenomena that encounter travel-

ing electromagnetic waves, especially at the boundary of different media. The simplest 

case is reflection and refraction at the interface of two materials with different refractive 

indices n1 and n2. Figure 3.6 illustrates a transverse plane wave incident at an angle αi 

from medium 1 to medium 2 for the two orthogonal polarizations TE and TM, depend-

ing on whether the electric or magnetic field is perpendicular to the plane of incidence 

[62]. 

 

Figure 3.6: Reflection and refraction at the interface of two materials with 

n2 > n1 for a (a) TE and (b) TM wave. 

For both cases, due to the continuity conditions at the boundary, a part of the incident 

wave is reflected back in medium 1 at an angle 

r iα α= , (3.22) 

while the other part is transmitted to medium 2 at an angle αt following Snell’s law 

1 2i tn sin n sinα α= . (3.23) 

Snell’s law is valid even when one of the media exhibits a negative refractive index. For 

example when n2 < 0, the transmitted part does not propagate in the ordinary direction 
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but is negatively diffracted following an angle –αt. The electric field, the magnetic field, 

and the wave vector then form a left-handed system, in contrast to the conventional 

right-handed system shown in Figure 3.6. Indeed, negative refractive indices do not 

exist in nature, but artificial structures can be engineered to exhibit such behaviors using 

metamaterials for example as explained in the fourth chapter. 

The latter laws, together with the boundary conditions, can be used to express the power 

reflection and transmission factors, also called reflectivity R and transmissivity T, as a 

function of the angles and media properties, i.e. refractive indices n1 and n2 or wave 

impedances Z1 and Z2 of medium 1 and medium 2 respectively. Depending on the polar-

ization of the electromagnetic wave, the Fresnel equations for reflection are [62] 

2 2
1 2 2 1

TE
1 2 2 1

i t i t

i t i t

n cos n cos Z cos Z cosR
n cos n cos Z cos Z cos

α α α α
α α α α

− −
= =

+ +
, (3.24) 

2 2
2 1 1 2

TM
2 1 1 2

i t i t

i t i t

n cos n cos Z cos Z cosR
n cos n cos Z cos Z cos

α α α α
α α α α

− −
= =

+ +
. (3.25) 

Due to the conservation of energy, the transmissivity for any polarization is given by 

TE|TM TE|TM1T R= − . (3.26) 

In the special case when the electromagnetic wave propagates from medium 1 and per-

pendicularly impinges medium 2, i.e. αi = 0, the power reflection factors are identical 

for both polarizations, and hence the transmission factors as well. The reflectivity can 

then be expressed for the lossless case as 

( )
( )

2
1 2

2
1 2

n n
R

n n

−
=

+
, (3.27) 

whereas it amounts to  

( )
( )

2 2
1 2

2 2
1 2

n n
R

n n

κ

κ

− +
=

+ +
 (3.28) 

when medium 2 is lossy and possesses a complex refractive index 2 2n n jκ= − . At 

frequencies far below the plasma frequency, metals exhibit large extinction coefficients, 

and consequently a high reflectivity R ≈ 1 [56]. 
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3.2.3. Interference and diffraction 

Another important phenomenon that has to be considered in this chapter is the interfer-

ence of electromagnetic waves. This principle takes place in a variety of photonic inte-

grated components such as MMIs, MZMs, and coupling gratings, giving rise to different 

functionalities that can be used in optical data processing. Interference occurs by super-

posing at least two coherent waves, i.e. with a constant phase relation in space or time, 

so that the resulting intensity distribution can be smaller or larger than the intensity of 

the individual waves, depending on their phase relationship [63]. 

For example, two waves with nonorthogonal electric fields 1E


 and 2E


 having the same 

angular frequency ω and a phase difference Δφ 

1
1 1 0 1 0

jj t j k r
, ,E E e e E e δω −= =

 

  

 

2( Δ )
2 2 0 2 0

jj t j k r
, ,E E e e E e δω ϕ+ −= =

 

  

 
(3.29) 

can be superposed to produce an electric field 1 2E E E= +
  

, and hence an intensity, 

which is proportional to the squared magnitude of this field 

2 2 2
1 0 2 0 1 0 2 0 2 12 ( )

*
, , , ,I E E E E E E E cos δ δ= ⋅ = + + ⋅ −

    

− . (3.30) 

Thus, for a phase difference equal to 2mπ, where m is an integer, the intensity is maxi-

mal and the interference is called constructive, whereas for a phase difference of 

(2m+1)π the intensity is minimal and the interference is called destructive. This effect is 

used in coherent detection for example in order to convert the phase information into 

intensity so that it can be detected by a photodiode. 

Another example where interference takes place and represents the origin of several 

optical applications is based on a configuration called the Fabry-Pérot resonator [64]. 

Here light confined between two highly reflective mirrors gives rise to standing waves 

when interfering constructively at certain resonance frequencies. This effect plays a big 

role in lasers, waveguides, and interferometric structures, but it can also be harmful if 

the resonant reflections are not desirable in a certain system. The frequency difference 

Δf, or also wavelength difference Δλ0, between two adjacent resonant modes is known 

as the free spectral range (FSR) and is given by [64] 
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0

2 g c

cf
n L

∆ =  or 0,1 0,2
0 2 g cn L

λ λ
λ∆ = , (3.31) 

where ng is the group index of the medium between the mirrors and Lc is the cavity 

length. λ0,1 and λ0,2 are the wavelengths of these two adjacent modes. 

Interference also occurs when a single propagating electromagnetic wavefront encoun-

ters an obstacle by passing through an aperture. This phenomenon is called diffraction 

and can be explained by Huygens’ principle, which indicates that each electromagnetic 

wavefront represents a source of secondary wavelets that can interfere when being bent 

on objects or obstacles [63]. The diffracted field is then obtained by summing all wave-

let contributions on the aperture area A according to the Fraunhofer diffraction integral 

[63], and the resulting intensity distribution is given as 

2
j k r

A

I C e dA−= ∫
 

, (3.32) 

where C is a constant. 

In the simplest case where a wave of a wavelength λ = 2π/k traversing a very long rec-

tangular slit aperture with a length l along the x-direction and a width w along the y-

direction, there exists a path difference between the rays transmitted through the slit, 

which can be approximated for small diffraction angles αm by r – r0 ≈ y sin αm as shown 

in Figure 3.7. The intensity distribution, calculated in appendix A.1, is then expressed as 

0

2 22
( )
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A.1
  m

w/
jk r y sin s

sw/

sinI C e ldy Iα γ
γ

− +

−

 
= =  

 
∫ , (3.33) 

with 1
2s mkw sinγ α= . (3.34) 

The resulting diffraction pattern shows intensity maxima and minima that are produced 

by the constructive and destructive interferences originating from the secondary wave-

lets. 
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Figure 3.7: Schematic illustration of a diffracted plane wave at a single-slit 

aperture and the corresponding intensity distribution in the far field [63]. 

In the case of a rectangular aperture having a length in the order of the width dimension, 

a similar interference fringe is also observed in the x-direction, whereas a circular aper-

ture of a diameter D gives a slightly different pattern. In the latter configuration, the 

intensity distribution is expressed by 
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with 1
2c mkD sinγ α=  (3.36) 

and J1 the Bessel function of the first kind of order 1 as demonstrated in appendix A.2. 

The obtained symmetric diffraction pattern consists then of a bright spot in the middle, 

called Airy disk [63], surrounded by fading out rings. When a circular dielectric lens is 

additionally positioned in front of the aperture for focusing purposes, the diameter of 

the focused spot Df can be determined from the minimum diffraction angle αm,min ac-

cording to I(αm,min) = 0. As the first zero of the Bessel function J1 takes place at a value 

of around 3.83, the last equation yields 

1 3 83
2 m,minkD sin .α ≈ , (3.37) 

and hence for small diffraction angles 
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2 2 44f m,min
FD F .
D

α λ≈ = , (3.38) 

where F represents the focal length of the used lens. That means that the spot size de-

pends not only on the light wavelength but also on the properties of the used lens. In 

general, a lens is characterized by its numerical aperture (NA), which is defined as [63] 

NA
2
nD

F
≈ , (3.39) 

where n is the refractive index of the surrounding material. Hence, the minimal achiev-

able focus for a wavelength λ = λ0/n is 

01 22
NAfD . λ

= , (3.40) 

with λ0 the free space wavelength. The latter relation shows that the optical resolution of 

lensing systems is restricted to the numerical aperture, and hence light emitted from an 

object cannot be infinitesimally focused. This is a direct consequence of the diffraction 

effect, and therefore conventional lensing systems are called diffraction-limited. 

According to (3.40), it may be claimed that very large apertures NA → ∞ may enable 

extremely small spots Df → 0. Nevertheless, due to Heisenberg’s uncertainty principle 

for a propagating wave with a wave number k = 2π/λ, the transverse wave vector com-

ponent kT ranging from –k to k given by [8] 

Δ Δ 2Tr k π≥  (3.41) 

yields 2Δ
2 2f minD r

k
π λ

≈ = = . (3.42) 

Thus, no matter how large the lens aperture is, the focus size is at least limited to half 

the wavelength. 

It should be noted that the limit described by (3.40) gets even worse due to the aberra-

tion effects in conventional lenses, such as spherical aberration [65], so that the focused 

spot size becomes much larger, and hence standard spherical lenses may be restrictive 

for nanocoupling purposes. However, the latter effect can be minimized using aspheric 
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configurations or also lenses based on materials with a negative index [29] as shown in 

the fourth chapter. 

Finally, in order to visualize the behavior of diffraction gratings, a similar aperture to 

the first case is used but with N slits of a period Λ instead of a single-slit as shown in 

Figure 3.8. 

 

Figure 3.8: Schematic illustration of a diffracted plane wave at a grating 

with several slits and the corresponding intensity distribution in the far field 

[63]. 

Here the wavefront is incident at an angle αi, and the total path difference between the 

rays transmitted through the slits is r – r0 = y (sin αm – sin αi). Hence, the intensity distri-

bution in the far field is 

0

2 221 Λ 2 ( )
0Λ 2

0

A.3
  m i

N i w/ jk r y sin y sin s n
i w/

i s n

sin sin NI C e ldy I
sin

α α γ γ
γ γ

− + − + −

−
=

   
= =    

   
∑ ∫ ,  (3.43) 

with ( )1
2s m ikw sin sinγ α α= −  and ( )1 Λ

2n m ik sin sinγ α α= −  (3.44) 

as shown in appendix A.3. The first term of the distribution is the intensity envelope and 

is similar to the result obtained using a single-slit, whereas the second term originates 

from the interference of the waves emitted from the different slits. The principal maxi-

ma take place at γn = mπ, where m is an integer, called the diffraction order [63]. This 

yields the phase relation for constructive interference 
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( )Λ 2m ik sin sin mα α π− = , and hence  (3.45) 

2
Λi mk sin m k sinπα α+ = , (3.46) 

which represents the main equation for diffractive gratings, known as Bragg’s law [66]. 

Using the latter relation, the period can be adequately determined in order to excite a 

specific diffraction order at the target wavelength and incidence angle. This result is 

discussed in detail in the fifth chapter. 

3.3. Waveguiding effect 

The main phenomena that encounter electromagnetic waves when propagating from a 

material to another one are discussed in the previous subchapter. In order to understand 

the waveguiding effect in integrated nanowaveguides and in optical fibers, the effects of 

reflection and refraction in dielectrics have to be called again with the condition that the 

wave propagates from medium 1 with a higher refractive index than medium 2, i.e. 

n1 > n2. It is clear that at incidence angles higher than a certain critical angle αc with 

2

1
c

nsin
n

α = , (3.47) 

Snell’s law yields [62] 

2
21

2
2

1t i
ncos j sin
n

α α= − − . (3.48) 

Inserting this imaginary value in the solutions to the wave equations at oblique inci-

dence, it is clear that the wave decays evanescently in medium 2 while being totally 

back reflected to medium 1 [62]. This effect, therefore, called total internal reflection, 

can be used to confine waves in a material that is surrounded by another one with a 

lower refractive index. This behavior is similar to waveguiding in hollow metal pipes 

where electromagnetic waves at radio frequencies are kept inside by reflection on the 

metallic walls due to their high reflectivity [58]. 

It should be noted that the wave is not reflected directly at the interface between both 

dielectric materials but at a virtual plane defined by the penetration depth in medium 2. 
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Consequently, the wave suffers a phase shift ϕG produced by the lateral displacement, 

known as Goos-Hänchen shift [44]. 

3.3.1. Planar waveguides 

Figure 3.9 illustrates an example of a symmetric planar structure where the wave is ver-

tically guided in the film layer for incidence angles αi = αr  = α > αc. This wave can be 

observed as effectively propagating in the z-direction with the propagation constant 

0 1 0 effk k n sin k nα= = , (3.49) 

where k0 is the wave number in free space and neff represents the effective refractive 

index of the waveguide [62]. 

 

Figure 3.9: Schematic representation of a symmetric planar waveguide. 

Since the wave is bouncing back and forth in the y-direction between the substrate and 

the cladding, interference takes place within the film layer. A waveguiding mode can be 

defined when the wave is constructively reproduced after each round-trip according to 

the following phase condition [62] 

0 12 2 2Gk n hcos mα φ π− = , (3.50) 

where h is the film layer thickness and m is an integer. The solutions to this equation 

represent the possible modes that are able to propagate in the symmetric planar wave-

guide and are identical for both TE and TM polarizations. When the substrate and the 

cladding have unequal refractive indices, i.e. the waveguide is asymmetric, the phase 
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condition has to be modified accordingly. In this case, two different sets of solutions 

have to be distinguished depending on the used polarization. 

For a symmetric planar waveguide, the latter equation can be further developed to de-

liver the required thickness, for which only a single mode is present, as follows [62] 

1 2
1

BV B m arctan
B

π− = +
−

, (3.51) 

where V and B are the frequency and phase parameters respectively, defined as 

2 2
0 1 2V k h n n= −  and 

2 2
2

2 2
1 2

effn n
B

n n
−

=
−

. (3.52) 

This means that for a given thickness h, there exist m different modes that are able to 

propagate. According to (3.51), the single-mode condition for the phase parameter can 

be written as V < π, which yields the maximum film layer thickness 

0
2 2
1 2

1
2maxh

n n

λ
= ⋅

−
. (3.53) 

For example, at a wavelength of 1550 nm and using n1 = 3.476 and n2 = 1.444 [67], 

only the fundamental mode is able to propagate in the planar SOI waveguide when the 

Si layer thickness is less than or equal to 250 nm. The profile of the fundamental mode 

can be obtained by solving the wave equations in each region of the stack and using the 

corresponding propagation constants [62]. 

3.3.2. Strip waveguides 

In order to ensure additional horizontal confinement to guide the wave in a wire-like 

configuration on the chip, there exist several geometrical types such as the rib, the strip, 

and the diffused waveguides [68]. The most common form is based on the rectangular 

buried strip since it offers the most compact dimensions among all dielectric wave-

guides. Indeed, the approximate value of the width parameter can be similarly calculat-

ed for single-mode condition when using the effective index of each region in the stack. 

However, nonplanar waveguides do not generally support TE and TM modes as in the 

planar case, but also other hybrid modes with nonzero components in the propagation 



 
 
3. Fundamentals of optical data transmission 41 

direction [68]. This approximation, therefore, is unreliable and the exact parameters 

cannot be determined adequately. For this purpose, numerical approaches, such as the 

beam propagation method [68], have to be applied. 

Using the commercial software RSoft BeamPROP, it is still possible to identify two 

cases based on the orthogonal polarizations, the quasi-TE and quasi-TM. The reason for 

this behavior is that most waveguides support modes with a predominant polarization, 

whereas a small energy fraction is guided in the other polarization [69]. In order to 

guarantee the single-mode condition for both states, analytical approximations have 

been introduced based on numerical simulations. For a strip SOI waveguide of a height 

h and a width w, the following condition must therefore be fulfilled [67] 

1 405 0 746
μm μm
w h. .≤ − + . (3.54) 

For example, for a Si film layer of a thickness of 250 nm, the maximum waveguide 

width has to be around 400 nm. Using these parameters, the electric field profiles of the 

quasi-TE and quasi-TM fundamental modes, for simplicity hereinafter called TE and 

TM, are represented in Figure 3.10. Here the main part of the electric field is lying 

along the x-direction for TE and along the y-direction for the TM mode. The effective 

refractive index of both single-mode waveguides amounts to neff,TE = 2.4 and neff,TM = 2. 

 

Figure 3.10: Electric field profile of a Si waveguide embedded in a SiO2 

environment at a wavelength of 1550 nm with h = 250 nm and w = 400 nm 

for (a) TE and (b) TM. 

In general, the fundamental mode profile of these waveguides is described by a cosine 
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um, which are the direct solutions to the wave equations [62], so that the overall profile 

can be approximated by a Gaussian function. However, both configurations show a dis-

continuity at the waveguide interface along the direction of the major component as 

illustrated in Figure 3.11. In fact, in material systems with a high refractive index con-

trast such as in SOI, the boundary conditions at the interface enforce the electric field in 

the cladding to suffer a large amplitude jump [70]. This is dictated by the fact that the 

normal component of the dielectric displacement at the interface has to be the same, i.e. 

εr,1En,1 = εr,2En,2, with En,1 and En,2 are the major normal components of the electric field 

in the film and cladding layers respectively [62]. Taking the example of the TE mode, it 

follows 

2
,2 1

,1 2

x

x

E n
E n

 
=  

 
, (3.55) 

which shows that the electric field, and hence the intensity, experiences a considerable 

increase at the Si/SiO2 interface due to the large index difference. Therefore, the com-

monly used Gaussian approximation of the fundamental mode in the waveguide may 

not be adequate, and numerical methods have to be applied when optimizing coupling 

between different cross sections. 

 

Figure 3.11: Fundamental mode profile (a) along the x-direction for TE and 

(b) along the y-direction for TM. The position at 0 µm corresponds to the 

center of the waveguide cross section. 
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It should be noted that the width of the waveguide can be enlarged to adapt the dimen-

sions of wider integrated structures while still ensuring the single-mode condition. The 

simplest method to achieve good mode conversion efficiency between the two different 

cross sections is by adiabatically increasing the width along a sufficient length as exem-

plified in Figure 3.12(a). Here the fundamental mode of a nanowaveguide of a width 

w1 = 400 nm and a height h = 250 nm is successfully converted to the fundamental 

mode of the larger waveguide having a width w2 = 10 µm using a taper length of 

100 µm. The simulated mode conversion efficiency in both directions is the same due to 

reciprocity and amounts to nearly 95%. 

The transmission efficiency can be improved to approach 1 when the taper length is 

further increased as illustrated in Figure 3.12(b). Hence, there exists a trade-off between 

the required efficiency and the available footprint. It is also clear that the larger the 

width w2 is, the longer the taper has to be for a certain mode conversion efficiency. 

While w2 = 5 µm requires only a length of nearly 20 µm to achieve at least an efficiency 

of 95%, tapering to a width of 15 µm necessitates a length larger than 250 µm. 

 

Figure 3.12: (a) Normalized intensity distributions during fundamental 

mode conversion between w1 = 400 nm and w2 = 10 µm along a linear taper. 

(b) Mode conversion efficiency of different w2 values. The 3D simulations 

are done using RSoft BeamPROP for TE polarization at a wavelength of 

1550 nm. 
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3.3.3. Single-mode optical fibers 

In order to visualize the mode profile of an SMF, similar analytical approaches as pre-

viously shown for the planar waveguide can be applied since an optical fiber is a rota-

tionally symmetric waveguide that obeys the effect of total internal reflection. The re-

sults are Bessel functions, defining the mode profiles of the fiber, and can be found in 

[68]. The single-mode condition for the core diameter DF is given by the frequency pa-

rameter V < 2.405 [68], which yields 

0
2 2
1 2

2 405
F ,max

.D
n n

λ
π

= ⋅
−

. (3.56) 

Assuming n1 = 1.449 and n2 = 1.444 [71], the core diameter has to be less than or equal 

to 9.8 µm for an operating wavelength of 1550 nm. Using a standard fiber of type 

SMF-28 with DF = 8.2 µm [7], the fundamental mode profile is simulated and illustrated 

in Figure 3.13(a). In general, due to the small index contrast between the core and the 

cladding, the corresponding intensity profile can be approximated by a Gaussian func-

tion, which is shown in Figure 3.13(b) and given by 

( )

2 2

22
MFD 2

0( )
x y

/I x, y I e
+

−

= . (3.57) 

 

Figure 3.13: (a) Fundamental mode profile of an SMF with DF = 8.2 µm 

and (b) the corresponding intensity profile versus a Gaussian approximation 

with MFD = 10.4 µm. The position at 0 µm corresponds to the center of the 

fiber core cross section. 
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It is clear that both profiles of the integrated SOI waveguide and the optical fiber exhibit 

a large mode mismatch that cannot be easily bridged by direct coupling and needs an 

adequate technique to enhance the transmission efficiency. 

3.4. Wave propagation in periodic media 

In this thesis, the two adopted methods that are investigated to increase the coupling 

efficiency between optical fibers and integrated nanowaveguides rely on periodic me-

dia. Hence, it is necessary to present the main similarities and differences in such kind 

of arrangements. 

In general, periodic media are described by the translational symmetry of their optical 

properties [72], i.e. in the case of nonmagnetic materials the permittivity distribution is 

invariant after a certain period Λ, also called lattice constant, and can be given by 

( ) ( Λ)r rr rε ε= +
  

, (3.58) 

where Λ


 represents an arbitrary lattice vector. According to the Bloch theorem, the 

solutions to Maxwell’s equations in such a periodic medium, known as Bloch waves, 

are a product of plane waves and periodic functions [72], described by 

( ) ( ) j K r
KE r E r e−=



   

 and ( ) ( ) j K r
KH r H r e−=



   

, (3.59) 

where K


 is the Bloch wave vector, whereas ( )KE r
 

 and ( )KH r
 

 are given as follows 

( ) ( Λ)K KE r E r= +
    

, ( ) ( Λ)K KH r H r= +
    

. (3.60) 

In this case, the dispersion relation is more complex than in the homogeneous medium 

since for a certain K value different angular frequencies, corresponding to different 

Bloch modes, are possible [72]. In addition, there exist frequency regions where wave 

propagation is prohibited called photonic band gaps [57]. The reason for this behavior is 

that Bragg diffraction takes place when the period is in the order of the wavelength, and 

hence the overall response is governed by interference, which may be constructive for 

some frequencies and destructive for others. Due to their similarity to periodic crystal 



 
 
3. Fundamentals of optical data transmission 46 

structures, these arrangements are also known as photonic crystals [57]. Bragg gratings 

are an example of one-dimensional (1D) photonic crystals, which can be used to trans-

mit certain frequencies or also to stop and reflect others and work as mirrors.  

When the wavelength is much larger than the period, the wave does not perceive the 

fine structures anymore and diffraction does not take place as previously described. In-

stead, the electromagnetic response is governed by the effective-medium theory where 

the wave does not interact with the individual arrangements but with the averaged opti-

cal properties of the whole system [73]. NIMs are an example of artificially engineered 

materials that gain their effective characteristics from the overall response since the unit 

cells have subwavelength dimensions, which cannot be resolved by the electromagnetic 

wave. Although metamaterials are made by nonmagnetic metallic and dielectric struc-

tures, they may exhibit a strong magnetic response and permeability values different 

from unit when designed adequately. Hence, effective parameters can be assigned to 

these materials 

r r ,effε ε= , 
r r ,eff

µ µ= , (3.61) 

where εr,eff and µr,eff are the complex-valued effective permittivity and permeability re-

spectively. Therefore, the effective refractive index of the medium is 

eff r ,eff r ,eff
n ε µ= . (3.62) 

The question when metamaterials can be treated as homogeneous materials with effec-

tive internal properties is, however, controversial since not all metamaterials possess 

subwavelength unit cells. In addition, the limit between acting as a photonic crystal or 

as a metamaterial with bulk properties cannot be determined easily. In this case, it is 

more convenient to study the response of the entire system using simulation tools rather 

than retrieving the characteristics of a single unit cell and assigning them to the whole 

material. 

It should also be noted that the periodicity may be changed for both cases, for example 

by building gradient or apodized profiles in order to achieve certain functionality or to 

optimize the overall system response [74], [75]. 



 
 
4. Negative index metamaterials 47 

 

4. Negative index metamaterials 

In this chapter, the first coupling method based on metamaterials having an effective 

negative refractive index is presented. After an introduction on the theory behind nega-

tive refraction, the salient focusing ability using perfect NIM lenses is demonstrated. 

The adopted fishnet design for the realization of NIM multilayers at radio frequencies is 

then described and numerically investigated. Finally, measurement results of the fabri-

cated samples are shown, and the limiting factors when scaling the dimensions down to 

optical wavelengths are emphasized. 

4.1. Theory of metamaterials 

Metamaterials can be defined as artificially engineered materials that possess properties 

not found in nature [73]. This general definition indicates that the designed material 

may exhibit arbitrary values of permittivity εr and permeability µr, and hence can initi-

ate novel effects that are not observed in daily life. Figure 4.1 shows all possible combi-

nations of Re(εr) and Re(µr) and the resulting electromagnetic wave behavior in the cor-

responding medium. 

 

Figure 4.1: Classification of the materials according to the sign of their 

permittivity and permeability real part [76]. 
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While most ordinary materials, such as dielectrics, are summarized in the first quadrant 

with forward propagating waves, the second and fourth quadrants, representing electric 

and magnetic plasma, comprehend evanescent waves due to the imaginary nature of the 

resulting refractive index. These behaviors have been discussed for the most part in the 

previous chapter taking the example of propagating waves in lossless dielectrics and 

attenuated waves in metals. However, no natural materials are known to feature the 

properties of the third quadrant, i.e. with Re(εr) < 0 and Re(µr) < 0. 

4.1.1. The negative refractive index 

According to (3.17), a hypothetical material with simultaneously negative permittivity 

εr= –|εr| and permeability µr = –|µr| interestingly delivers a negative refractive index 

2 2
j j

r r rr r r
n e e

π π

ε µ ε µ ε µ= = = − , (4.1) 

which evokes in turn a propagating wave without violating any physical laws. When 

incident at the interface of two different materials with positive and negative refractive 

indices, light is refracted in the wrong direction while still obeying Snell’s law as illus-

trated in Figure 4.2(a). In addition, the phase velocity is negative and the wave vector is 

directed against the energy flow, building a left-handed system. Starting from these 

simple reflections, it is clear that a flat medium with a negative refractive index is able 

to focus a diverging beam of a point source as shown in Figure 4.2(b). In this case, not 

only propagating waves, but evanescent waves carrying fine-structure information too, 

can be reproduced to enable subwavelength imaging [28]. 

 

Figure 4.2: (a) Reflection and refraction at the interface of two materials 

with n1 > 0 and n2 < 0 for a TE wave. (b) Focusing by a negative index slab. 
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Due to the lack of negative index materials in nature, these attractive effects remained 

unexplored until the pioneering work of Pendry in which he proposed to achieve arbi-

trary values of permittivity and permeability by engineering thin metallic wires and split 

rings [77], [78]. In fact, by arranging thin metallic structures periodically, the average 

electron concentration is diluted and the electric plasma frequency can be reduced from 

UV down to microwaves so that negative permittivity can be designed at an arbitrary 

frequency. 

On the other hand, structured thin metallic sheets can be designed to generate virtual 

current loops, which induce a magnetic field opposite to the incident one and give rise 

to a resonant inductive-capacitive (LC) behavior as demonstrated in appendix B. Hence, 

negative permeabilities become accessible at frequencies between the magnetic reso-

nance and the so-called magnetic plasma frequency [78]. These antiparallel currents 

originate from the propagation of SPPs at the dielectric-metallic interfaces when the 

phase matching condition between the incident light and the SPPs is met [79], and thus 

the LC resonances are also known as SPP resonances. 

When combining both effects so that the magnetic resonance takes place below the elec-

tric plasma frequency, the artificial material exhibits an effective negative refractive 

index. 

4.1.2. Homogenization and retrieval procedure 

As previously mentioned, metamaterials are composed of periodically patterned struc-

tures whose parameters can be tuned to achieve any electromagnetic properties at the 

desired frequency. In order to treat the overall composition as an effective material, 

there are several conditions that have to be fulfilled [80]. First, the periodicity in propa-

gation direction has to be much smaller than the wavelength; otherwise Bragg diffrac-

tion may take place and the arrangement is seen as a photonic crystal. Second, the lat-

eral periodicity has also to be smaller than half the wavelength so that only the 0th dif-

fraction order can take place. Finally, since an infinite number of Bloch modes are able 

to propagate in the periodic composition, the incident wave has to couple predominantly 

to the fundamental Bloch mode with the lowest propagation loss. 
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In general, the resulting macroscopic response of a material to incident light is given by 

the scattering parameters (S-parameters), which relate the incoming and outgoing waves 

based on their complex amplitudes as follows 

1 111 12

2 221 22

out , in,

out , in,

a as s
a as s

    
=    

    
. (4.2) 

ain,1 and ain,2 are the amplitudes of the incoming waves at ports 1 and 2, whereas aout,1 

and aout,2 represent the amplitudes of the outgoing waves at ports 1 and 2. As the S-

parameters are also used to express power transmission and reflection, it is common to 

take the square of the above mentioned coefficients, i.e. 

2
ip ipS s=  with ( )1 2i, p ,∈ . (4.3) 

In order to determine the internal properties of a metamaterial from its macroscopic 

response, the retrieval procedure from [81] has to be applied. It should be verified first, 

however, that the aforementioned homogenization requirements are met before retriev-

ing the internal properties; otherwise unphysical interpretations can be obtained. 

Figure 4.3 shows the graphical representation of a normally incident wave at port 1 on a 

homogeneous and passive material of a thickness d. Because of symmetry, the internal 

properties can be determined from the S-parameters S11 = S22 and S21 = S12. These are 

( ) ( )r r rRe j Imε ε ε= − , 

( ) ( )
r r r

Re j Imµ µ µ= − , 

0 ( ) ( )z Z / Z Re z j Im z= = − , 

and ( ) ( )n Re n j Im n= − . 

(4.4) 

εr, µr, n, and z are the effective permittivity, permeability, refractive index, and relative 

impedance respectively. In literature, the minus signs are often replaced by plus signs 

when the propagating wave is defined by 0( ) j t j k rr e eωξ ξ −=
 

  

, where ξ


 denotes the corre-

sponding electric or magnetic field vector. 
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Figure 4.3: Determination of the internal properties of a passive and homo-

geneous material by retrieving the macroscopic S-parameters. 

Assuming normal incidence from free space onto the medium, the S-parameters S11 and 

S21 are given by [82], [83] 
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with 1Γ
1
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z

−
=

+
. (4.6) 

Hence, the effective relative impedance is retrieved as follows 

( )
( )

2 2
11 21

2 2
11 21

1

1

S S
z

S S

+ −
= ±

− −
, (4.7) 

while the effective refractive index is 

( )( ) ( )( )0 0

0

1 2jnk d jnk dn Im ln e m j Re ln e
k d

π− − = + +
 

, (4.8) 

with 0 21

11

 
1 Γ

jnk d Se
S

− =
−

. (4.9) 

The effective permittivity and permeability can then be derived according to 

r n / zε =  and 
r

n zµ = ⋅ . (4.10) 

It is clear that the results are not unique due to the square roots of the impedance and the 

m possible branches originating from the logarithmic term of the refractive index. How-

ever, the first ambiguity can be solved by following conditions 

S21 
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Port 1 Port 2 



 
 
4. Negative index metamaterials 52 

( ) 0Re z ≥  and ( ) 0Im n ≥ , (4.11) 

which are dictated by the material passivity as the energy cannot increase in the medium 

and the wave has to be damped by the existing losses. Furthermore, the correct branch 

of Re(n) at frequencies well below the resonance can be determined by the requirements 

Im(µr) ≥ 0 and Im(εr) ≥ 0, which yield 

( ) ( ) ( ) ( )Re n Im z Im n Re z≤ . (4.12) 

This condition is particularly useful in the lower frequency limit when Im(n)Re(z) ≈ 0 

and Im(z) > 0, which leads to Re(n) ≈ 0 [82]. Due to the continuity of the material prop-

erties, the subsequent branches can then be determined adequately. 

4.2. Negative index lenses as nanocouplers 

It has been stated that a flat slab of a material with a negative refractive index is able to 

reproduce subwavelength dimensions which cannot be afforded by diffraction-limited 

lensing systems [28]. In fact, scattered light at an object comprehends both propagating 

and evanescent parts with different wave vectors, and hence only the propagating part 

can attain the focal plane, whereas the evanescent part is damped and lost before reach-

ing the focus [84]. However, negative index materials are able to amplify these decay-

ing waves and restore the image including its fine details. Figure 4.4 illustrates an ex-

ample of subwavelength focusing using a lossless material slab with n2 = –1 and 

d = 2 µm. The simulation is done using the commercial software RSoft FullWAVE 

based on the finite-difference time domain (FDTD) method. 

 

Figure 4.4: Electric field distribution of the perfect negative index material 

slab at a wavelength λ0 = 1550 nm. 
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It is clear that the point source, placed at d/2 in front of the slab, is focused at first inside 

this slab and then perfectly reproduced at the focal plane. The subwavelength focus lies 

at d/2 behind the superlens. However, as focusing using negative index lenses relies on 

the amplification of evanescent waves inside the slab, these waves suffer again an expo-

nential decay after leaving the material, and hence the effect is limited only to the near 

field. This is certainly disadvantageous for applications where the focus must not be in 

the vicinity of the lens such as in real-time microscopy. Therefore, these superlenses are 

called near-sighted [85] and can only be used in some niche applications such as near 

field scanning optical microscopes (NSOMs). 

In order to focus plane waves into tighter spots, flat lenses are not convenient since neg-

ative refraction takes place only at oblique incidence. Thus, a concave shape has to be 

introduced to the flat negative index material, in contrast to convex lenses made by con-

ventional positive index dielectrics. In general, the focal length F of both configurations 

with only one shaped face of a curvature radius Ra can be determined by [86] 

1
aRF

n
≈

−
. (4.13) 

Indeed, no subdiffraction focusing of distant sources can be achieved by negative index 

plano-concave lenses, though sharper foci at lower distances than those using conven-

tional lenses are feasible [29], and this is, therefore, more favorable for compact cou-

pling. It can be seen from (4.13) that for n > 1 following relationship is obtained 

( ) 21
( ) 1

F n
F n n

−
= −

+
, (4.14) 

i.e. the focal length of a hypothetical medium having a refractive index –n is always 

smaller than for the positive value case. As dielectric lenses with n → ∞ may still 

achieve very compact focusing, the resulting strong reflections certainly prohibit any 

applicability. Conversely, a negative index lens can be designed to exhibit any index of 

refraction while being impedance-matched to the surrounding medium, and therefore 

without any reflections. Since the relative permittivity and permeability can be tuned 

separately, a lossless negative index material can be matched e.g. to free space by ad-

justing εr = µr < 0, which yields z = 1. 
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Figure 4.5 shows the focusing ability of a dielectric plano-convex lens having a refrac-

tive index n+ = 1.5 versus a plano-concave lens with εr = µr = –1.5, i.e. a negative index 

n– = –1.5. Both lenses have a spherical curvature radius |Ra| = 15 µm and a width 

wL = 15 µm to focus a fiber Gaussian beam with MFD = 10.4 µm at λ0 = 1550 nm. The 

simulations are done using RSoft FullWAVE. 

In the case of a positive index lens, the focal length is around 22 µm, whereas it is re-

duced to only 6 µm using a negative index lens, offering more compact focusing as pre-

dicted by (4.14). In addition, the beam waist (BW) at the focus, i.e. the beam width 

where the intensity falls to 1/e2 of the maximum value, is decreased from 5 µm in the 

case of the dielectric lens to 1.7 µm, and hence the beam can be better coupled to inte-

grated waveguides. The reason for this behavior is that the dielectric lens does not focus 

all rays at the same point and the spot suffers strong elongation, whereas a negative in-

dex lens decreases these spherical aberrations and offers a tighter spot [87], [29]. 

 

Figure 4.5: Electric field distribution of (a) a plano-convex dielectric lens 

with n+ = 1.5 and (b) a perfect plano-concave NIM lens with n– = –1.5. Both 

lenses are placed in free space. (c) Normalized intensity profiles at the cor-

responding focal plane. 
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It should be noted that in order to minimize coupling losses, a first-stage waveguide of a 

width w ≈ BW has to be implemented at the focal plane and then tapered down to the 

single-mode nanowaveguide. Thus, the smaller the first-stage width is, the more com-

pact the taper length is. This configuration is illustrated in Figure 4.6(a), and the overall 

coupling efficiency from the fiber to the nanowaveguide, defined as the ratio of the out-

put to the input optical power η = Pout/Pin, is given by 

NIM O WG TT Tη η η= ⋅ ⋅ ⋅ . (4.15) 

TNIM is the transmission efficiency through the negative index lens, which is affected by 

the reflection RNIM and absorption losses ANIM of the material as follows  

NIM NIM NIM1T R A= − − . (4.16) 

ηO is the overlap integral between the electric field profile of the beam at the focal plane 

Ep and the electric field profile of the guided mode in the first-stage waveguide Ew [62] 

2

2 2

*
p w

A
O

p w
A A

E E dA

E dA E dA
η =

∫

∫ ∫
. (4.17) 

TWG is the transmission from free space to the waveguide, dictated by the difference of 

the waveguide refractive index nWG to the free space index nair, which is given for nor-

mal incidence by the Fresnel equation 

2

1 WG air
WG

WG air

n nT
n n

 −
= −  + 

. (4.18) 

The term ηT is the mode conversion efficiency of the taper that can be approximated by 

1 for sufficiently long structures as previously shown. The 2D simulation of the overall 

coupling efficiency using a lossless negative index lens at 1550 nm is estimated to 64%, 

which is mainly limited by the Fresnel reflections at the taper interface. Thus, in order 

to minimize the coupling losses, an antireflection coating (ARC) that eliminates reflec-

tion by destructive interference is applied. Using an ARC of a refractive index nARC and 

a thickness dARC = λ0/(4nARC), TWG is modified to [25] 
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22
ARC
2
ARC

1 WG air
WG

WG air

n n nT
n n n

 −
= −  + 

. (4.19) 

The transmission is then maximized when 

ARC WG airn n n= . (4.20) 

Figure 4.6(b) shows the simulated electric field distribution of the nanocoupling config-

uration including the previously described lossless negative index plano-concave lens, 

an ARC layer on the chip interface, and an adiabatic taper. As the configuration is in-

vestigated using a simplified 2D simulation, the refractive indices of the taper and the 

waveguide are changed by their effective values, which are obtained by calculations 

based on RSoft BeamPROP. 

The total length of the coupler between the fiber and the nanowaveguide is only 15 µm, 

and the overall coupling efficiency reaches 92%. This value, however, is the upper limit 

that can be achieved since the modal overlap in the third dimension is not considered in 

addition to the assumption of an ideal plano-concave lens. 

It should also be noted that the transmission efficiency is often expressed in dB as 

( )dB 1010 logη η= . (4.21) 

 

Figure 4.6: (a) Coupling configuration using a NIM lens and an adiabatic 

taper. (b) 2D simulation of the presented structure with an additional ARC 

layer on the chip edge. 
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4.3. Design of negative index metamaterials 

In the previous simulations, perfect negative index plano-concave lenses are assumed in 

order to show their focusing performance and their potential for nanocoupling purposes. 

The subsequent part deals with the realization of such kind of structures based on con-

crete negative index materials with the target to achieve high transmission in a broad-

band frequency range. 

The realization of a NIM begins with the design of its primitive constituent: the unit 

cell. In order to obtain a homogeneous medium with an effective negative refractive 

index, the unit cells have to feature dimensions in the subwavelength domain. Thus, as 

the material has to be fabricated for light coupling at a wavelength of 1550 nm, these 

dimensions have to be a few tens of nanometers. Indeed, the technological process can 

be challenging and has to be optimized separately to fabricate such structures, but this 

must not prohibit the investigation of NIMs at higher orders of magnitude. In fact, by 

scaling up the wavelength by a factor of e.g. 5×103, which corresponds to a value of 

7.75 mm, the unit cell dimensions become manageable and the fabrication effort is less-

ened considerably. Obviously the material properties are not the same in both frequency 

ranges, and no one-to-one similarities can be assumed, but meaningful deductions can 

be drawn in the optics from investigations at radio frequencies. 

The first task is to design high-performance NIM layers in the Q-band, i.e. at frequen-

cies between 33 GHz and 50 GHz. Afterwards, the single layers are stacked in order to 

achieve a bulk material, and the focusing performance of the lens is investigated. There-

after, the structures are fabricated, and the measurement results are compared to the 

theoretical calculations. Finally, the dimensions are scaled down in order to analyze the 

resulting behavior at telecommunication wavelengths. 

4.3.1. Single layer 

There exists a number of unit cell designs starting from the split ring resonators [88] to 

the cut-wire pairs [89], and fishnet structures [90]. The common feature of all arrange-

ments is the creation of a virtual current loop to produce a magnetic resonance for the 

negative permeability and making use of the negative permittivity of metallic wires. 
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Hence, when designing the parameters adequately, a negative refractive index can take 

place in the overlapping frequency range. The adopted design is based on the polariza-

tion-independent fishnet structure proven to exhibit a double-negative behavior, i.e. 

Re(εr) < 0 and Re(µr) < 0 simultaneously, with relatively low losses at optical frequen-

cies [91], [92]. The fishnet is slightly modified by introducing an additional parameter 

in order to optimize its properties with respect to transmission and bandwidth. This spe-

cial design exhibits a superior performance to standard cross-structures [93] and is 

graphically represented in Figure 4.7. 

The functional layer is composed of 2D periodically arranged unit cells with a period Λ 

and comprises two thin metallic layers of a thickness dm separated by a substrate of a 

thickness ds. The metallic wires have a width wm and are arranged perpendicularly to 

each other, allowing for a polarization-independent behavior. The cylinder of a radius 

Rm represents an additional degree of freedom in order to tune the impedance of the 

overall structure. For / 2m mR w≤ , the effect of the additional cylinder disappears, and 

the design turns into the well-known fishnet cross-structure. 

 

Figure 4.7: Schematic illustration of the functional NIM layer and the ele-

mentary cell. Due to symmetry, the design works for arbitrary linear polari-

zations.  
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The dielectric material used is RT/duroid 5880 with a thickness ds = 250 µm and a rela-

tive permittivity εr = 2.2⋅(1 – j0.0009) at 10 GHz [94]. The choice of this substrate is 

based on its low loss at radio frequencies, which plays a major role for designing highly 

transmissive metamaterials. In addition, the material is laminated with two copper lay-

ers with a thickness of 17.5 µm each, and thus can be processed by conventional etching 

techniques. 

In order to achieve a magnetic resonance below the plasma frequency of the periodic 

structure, and hence a negative refractive index in the Q-band, the missing geometrical 

parameters are determined using the frequency domain solver of the commercial soft-

ware Computer Simulation Technology (CST) Microwave Studio (MWS). The simula-

tion tool discretizes the geometry using a tetrahedral mesh, solves Maxwell’s equations 

at the corresponding nodes for a given frequency value, and delivers the S-parameters as 

well as the field distribution of the structure [95]. The corresponding power transmis-

sion and reflection coefficients are expressed as TNIM = |S21| and RNIM = |S11| respective-

ly. Computing time is reduced by simulating only a quarter of the unit cell including 

input and output hollow waveguides with appropriate symmetric boundary conditions 

[93]. The surrounding walls, furthermore, are set as perfect electric and magnetic con-

ductors, whereas the front and back faces are set as open boundaries for wave excita-

tion. Both waveguides have a length of around λ0 so that the unit cell is placed in the far 

field of the excitation ports. 

The optimization of the geometrical parameters is based on a set of criterions to limit 

the number of simulation steps. First, the operating frequency is chosen at 38.5 GHz, 

around a factor 5×103 lower than the telecommunication frequency of 193.55 THz. Sec-

ond, the retrieved refractive index has to exhibit a value n = –1 with simultaneously 

Re(εr) < 0 and Re(µr) < 0. Finally, high transmission and low reflection properties have 

to be achieved by impedance matching to free space, i.e. z = 1. In general, due to the 

absorption losses in the NIM, which are described by the imaginary part of the refrac-

tive index, there exists an additional definition that can be taken into account, called the 

figure of merit (FOM) [91]. This is defined as 

( )FOM
( )

Re n
Im n

= . (4.22) 
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For transmissive applications such as lenses, it is better to extend the expression by mul-

tiplying the FOM by the total transmission efficiency since the latter definition quanti-

fies only the absorption and does not deliver any information about the reflection losses 

[96]. 

Indeed, there may be several combinations that fulfill the previous conditions. For ex-

ample, using the parameters Λ = 4.8 mm, Rm = 1.8 mm, and wm = 0.3 mm, the simulated 

S-parameters show high transmission and low reflection properties with a phase slope 

change, alluding to a negative refractive index. The amplitude and phase spectra of the 

S-parameters are depicted in Figure 4.8. At the operating frequency, the transmission is 

|S21| = –0.05 dB and the reflection is |S11| = –53.7 dB, which indicates that the imped-

ance is well matched to free space and that low absorption losses are existent. 

 

Figure 4.8: Simulated (a) amplitude and (b) phase spectra of the S-

parameters of the designed NIM single layer. 

The internal properties are determined using the retrieval method previously described 

and are shown in Figure 4.9. The plasma frequency takes place at 40.19 GHz, whereas 

the magnetic resonance frequency is 36.45 GHz and the magnetic plasma frequency is 

42.18 GHz. Hence, the structure exhibits a double-negative behavior in a large band-

width of 3.74 GHz. The effective permittivity and permeability are εr = –1.04 – j0.017 

and µr = –1.04 – j0.035 at the operating frequency, and hence the resulting refractive 

index is n = –1.04 – j0.026, giving a high FOM of 40. 

30 35 40 45

-2

-1

0

1

2

 

 

ar
g(

S 11
), 

ar
g(

S 21
) [

ra
d]

Frequency [GHz]

arg(S11)

arg(S21)

38.5 GHz

30 35 40 45

-60

-50

-40

-30

-20

-10

0

|S11|

 

 

|S
11

|, 
|S

21
| [

dB
]

Frequency [GHz]

|S21|

38.5 GHz

(a) (b) 



 
 
4. Negative index metamaterials 61 

 

Figure 4.9: Retrieved (a) real part of the relative impedance, permittivity, 

permeability, and (b) complex refractive index. 

While the total thickness of the functional NIM layer d = ds + 2dm is in the order of 

λ0/27, the lateral period is much larger and exceeds the value of λ0/2; hence, the homo-

geneity conditions may not be fulfilled to build a bulk material due to possible diffrac-

tion effects. By reducing the period, this problem persists since the resonance suffers a 

shift to higher frequencies so that the requirement λ0/Λ >> 1 can never be met using 

simple fishnet structures. Therefore, the design of simple layers is not sufficient to build 

a negative index lens, and 3D configurations have to be investigated. 

4.3.2. Multilayer 

In general, a 3D fishnet NIM can be realized by stacking N functional layers with a 

spacer separating each two consecutive layers. Using the previously presented structure, 

a NIM stack with N = 10, including air spacers of a thickness dsp = 0.5 mm each, is sim-

ulated. Figure 4.10(a) illustrates the retrieved refractive index of the multilayer. 

It is clear that the behavior is completely different from that of a single layer, and in-

stead of a negative refractive index, positive values are obtained. In fact, the additional 

spacers cause the decrease of the plasma frequency well below the magnetic resonance 

such that no overlapping range exists to constitute a negative index. While retrieving the 

multilayer properties is not trivial due to the several possible solutions of Re(n), the 

phase advance inside the metamaterial can indicate whether the wave is forward or 

backward propagating. The electric field distribution at the stack cross section at the 
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operating frequency is shown in Figure 4.10(b). In this case, the phase velocity and the 

energy flow propagate in the same direction, and thus the metamaterial is right-handed 

and exhibits a positive index of refraction. 

 

Figure 4.10: (a) Retrieved refractive index of the simulated multilayer. (b) 

Electric field distribution at 38.5 GHz at three consecutive phase values 

ωt1 < ωt2 < ωt3. 

The conclusion that can be drawn from the latter results is that a multilayer does not 

necessarily behave like a single layer, and hence it is better to optimize the 3D stack 

despite the considerable computing expenses. Alternatively, the complete system, i.e. 

the plano-concave NIM lens, can be optimized rather than the flat design; however, this 

requires even more computational effort. This is in general a trade-off between the 

available resources and the required properties. The reason for the large difference be-

tween N = 1 and N = 10 is that additional coupling between the functional layers influ-

ences the overall response of the structure. Furthermore, the presence of several propa-

gating Bloch modes in the periodic stack may make the retrieval of the internal proper-

ties meaningless since no effective parameters may be assigned to the material [96]. 

The optimization of the ten-layer structure, including the air spacers, is realized in a 

similar way to the single layer using the procedure described in the previous subsection. 

The stack obtained has the parameters Λ = 5 mm, Rm = 2.2 mm, and wm = 1.8 mm and is 
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38.5 GHz with a 1 dB bandwidth smaller than 0.2 GHz due to the impedance mismatch 

as shown in Figures 4.11(b) and 4.11(c). In fact, the spacer produces a weak coupling 

between the individual layers, and the wave is predominantly absorbed or reflected. In 

addition, the magnetic resonance is relatively weak, and the retrieved permeability is 

negative in a narrow bandwidth of 1 GHz, reaching µr = –0.54 – j0.39 at the operating 

frequency, whereas the permittivity is εr = –1.04 + j0.47. Hence, the refractive index, 

shown in Figure 4.11(d), is n = –0.87 – j0.087, giving a low FOM of 10. 

 

Figure 4.11: (a) Unit cell of the weakly coupled multilayer. (b) Simulated 

S-parameters of the stack. Retrieved (c) real part of the relative impedance, 

permittivity, permeability, and (d) complex refractive index. 
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structure are Λ = 4.9 mm, Rm = 2.3 mm, and wm = 1.45 mm. Figure 4.12 shows the sim-

ulated ten-layer stack and the corresponding properties. In this case, as a consequence of 

the good impedance matching, the transmission and reflection at 38.5 GHz are 

|S21| = –0.56 dB and |S11| = –26.77 dB, and the 1 dB bandwidth is increased to more than 

0.8 GHz. Furthermore, the permittivity and permeability are εr = –1.04 + j0.025 and 

µr = –0.96 – j0.077, giving rise to a refractive index n = –0.997 – j0.0275. Additionally, 

the structure is double-negative in a bandwidth larger than 3.5 GHz, and the resulting 

FOM is higher than 36 at the target frequency, which reflects the high performance of 

the NIM stack. Therefore, this structure is used for further investigations and for the 

realization of the plano-concave lens. 

 

Figure 4.12: (a) Unit cell of the strongly coupled multilayer. (b) Simulated 

S-parameters of the stack. Retrieved (c) real part of the relative impedance, 

permittivity, permeability, and (d) complex refractive index. 
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It should be noted that the transmission of the stack can be further increased by reducing 

the metal width as in the case of a single layer, but unphysical discontinuities in the re-

trieved parameters appear, alluding to the propagation of more than one Bloch-mode 

[96]. These higher-order modes can certainly be damped by introducing more losses to 

the structure; however, this affects the fundamental mode as well. Thus, there is also a 

trade-off between the homogeneity principle and the required transmission. 

The phase advance inside the metamaterial is also investigated to verify the wave prop-

agation behavior. The corresponding electric field distribution across the stack is shown 

in Figure 4.13(a). It is clear that there is a backward propagating wave with a phase ad-

vance opposing the energy flow, and hence the structure exhibits a negative refractive 

index. Furthermore, the effect of stacking more layers is inspected since the NIM lens 

requires the variation of N to obtain the plano-concave shape. Figure 4.13(b) shows the 

retrieved Re(n) obtained by the frequency domain solver for N = 1 up to N = 20 and by 

the eigenmode solver of CST MWS corresponding to N → ∞. Due to the strong cou-

pling between the functional layers, the convergence is slow, and hence the behavior 

depends on N in contrast to the weakly coupled case [97]. At 38.5 GHz, the value of 

Re(n) decreases from –1 for N = 10 to –0.68 for N = 20, which may shift away the focus 

of the plano-concave lens in contrast to conventional NIM GRIN lenses where the re-

fractive index is radially increased [74], [87]. 

 

Figure 4.13: (a) Electric field distribution of the strongly coupled multilayer 

at 38.5 GHz at three consecutive phase values ωt1 < ωt2 < ωt3. (b) Retrieved 

Re(n) of the NIM for different numbers of layers. 
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4.3.3. Focusing ability of the designed metamaterial 

In order to verify the focusing ability of the plano-concave lens based on the designed 

NIM, the shape of one side is modified by varying the number of layers from N = 10 to 

N = 21 following a spherical surface of a radius Ra = 75 mm. This represents a magnifi-

cation of the analyzed perfect negative index lens in chapter 4.2 by a factor of 5×103. 

Figure 4.14 shows the approximated step form of the lens and the simulation setup. The 

concrete sample to be fabricated represents a rotational symmetry of this elementary 

section around the y-axis. To reduce the computational effort, only a quarter of the de-

sign is simulated with appropriate symmetric boundary conditions as previously dis-

cussed. A waveguide port of a width 11 Λ with a BW of around 5 λ0 is used to launch a 

plane wave at 38.5 GHz at a distance of 2 λ0 from the NIM flat surface. The electric 

field distribution is obtained using CST MWS. 

 

Figure 4.14: (a) Spherical curve using a radius Ra = 75 mm and approximated 

concave shape of the designed NIM lens. (b) Schematic illustration of the simula-

tion setup including the input waveguide port. 

The electric field distribution of the simulated NIM lens versus free space is depicted in 

Figure 4.15. The front focal length (FFL), i.e. the distance between the focus and the 

vertex of the lens at x = y = 0 mm, is 44.8 mm, and the transmission at the focal point is 

4.2 dB better than in free space. The slightly higher focal length than predicted is due to 

the dependence of the refractive index on the number of layers in each section as previ-
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ously discussed. The BW of the focused spot is 14 mm, which corresponds to a reduc-

tion of the launched beam width by a factor of 2.8. 

 

Figure 4.15: Electric field distribution (a) of the NIM lens and (b) in free 

space at 38.5 GHz. 

4.4. Characterization of the internal properties 

In order to realize the plano-concave NIM lens, the functional layers with the parame-

ters Λ = 4.9 mm, Rm = 2.3 mm, and wm = 1.45 mm are fabricated based on conventional 

etching techniques at Elekonta. The samples, with dimensions of 20 × 20 unit cells, are 

then characterized individually to verify the reproducibility of the functional layer re-

sponse. Thereafter, the layers are stacked on top of each other without spacers to form a 

strongly coupled NIM as illustrated in Figure 4.16, and the stack is characterized to de-

termine the internal properties. 

 

Figure 4.16: Picture of the fabricated strongly coupled fishnet NIM stack. 
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4.4.1. Measurement setup 

Similar to the simulations, the internal properties of the fabricated NIM structures are 

determined from the macroscopic response by retrieving the complex S-parameters. For 

this purpose, a measurement setup based on a vector network analyzer and two Q-band 

horn antennas is used as shown in Figure 4.17. 

To eliminate the additional losses of the high-frequency cables, adapters, and antennas, 

the setup is calibrated using the thru-reflect-match (TRM) method. The calibration is 

also important to measure the correct phase behavior of the S-parameters. The “thru” 

standard represents the free space distance without any sample between the antennas, 

whereas the “reflect” is operated by placing a metal plate between the space separating 

the antennas. The “match” standard is done by isolating the antennas from the surround-

ing environment using absorber materials so that neither reflection nor transmission 

takes place [93]. 

After calibrating the setup, the NIM sample is positioned in the middle between the an-

tennas, and the S-parameters are measured at frequencies from 30 GHz to 45 GHz. It 

should be noted that the measured phases must subsequently be deembedded since the 

wave encounters an additional phase shift of π after being reflected at the metal plate 

during calibration, whereas the phase of the transmission coefficient includes a value of 

k0d, corresponding to the sample thickness in free space. 

 

Figure 4.17: Graphical representation of the used measurement setup to de-

termine the S-parameters of the fabricated NIM samples. 
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4.4.2. Measured S-parameters and retrieved properties 

Figure 4.18(a) shows a comparison between the simulated and measured amplitude of 

the S-parameters of a single layer. Both results are in good agreement, except for the 

ripples caused by resonant Fabry-Pérot reflections. The FSR amounts to 0.4 GHz and 

yields a resonator length of 37.5 cm, which corresponds to the distance between the 

horn antennas. At 37 GHz, a clear passband with a transmission peak of –1.47 dB is 

observed and originates from the negative index behavior of the fishnet layer. This val-

ue is slightly higher than in the simulation and can be attributed to the lower substrate 

losses than assumed. The second passband takes place at frequencies higher than 

45 GHz where the refractive index tends toward positive values. 

 

Figure 4.18: (a) Simulated and measured amplitude of the S-parameters of a 

single layer with Λ = 4.9 mm, Rm = 2.3 mm, and wm = 1.45 mm. (b) Re-

trieved refractive index of the structure. 

As the impedance matching condition is optimized for N = 10, the single layer does not 

exhibit optimal performance with regard to transmission and reflection characteristics. 

The retrieved refractive index illustrated in Figure 4.18(b) also agrees with the simula-

tion and shows a large bandwidth where Re(n) < 0. It should be noted that the structure 

is not double-negative between 35.5 GHz and 36.6 GHz despite Re(n) < 0. In fact, the 

condition Re(εr) < 0 and Re(µr) < 0 is sufficient but not necessary to obtain a negative 

refractive index. According to [98], the strict requirement for Re(n) < 0 is 
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( ) ( ) ( ) ( ) 0r rr r
Re Im Re Imε µ µ ε+ < , (4.23) 

and thus a negative permittivity with high permeability losses can deliver a negative 

index of refraction. The strongly absorptive characteristic of the structure in the corre-

sponding frequency range, however, limits its use for transmissive applications. 

Figure 4.19(a) depicts a comparison between the simulated and measured amplitude of 

the S-parameters of the ten-layer stack. The transmission reaches –0.47 dB at 38.5 GHz 

and is also slightly higher than the simulated value of –0.56 dB, whereas the reflection 

is –10.5 dB. The 1 dB bandwidth is evidently lower than the theoretical value of 

0.8 GHz but cannot be adequately determined due to the additional Fabry-Pérot reso-

nances. 

 

Figure 4.19: (a) Simulated and measured results of the amplitude spectra of 

the S-parameters and (b) corresponding retrieved refractive index of the 

multilayer. 

Interestingly, the retrieved refractive index illustrated in Figure 4.19(b) shows a discon-

tinuity at around 33 GHz in contrast to the theoretical calculations. The discrepancy 

may originate from the propagation of higher-order Bloch modes, which are not suffi-

ciently damped in the fabricated multilayer due to the lower losses than assumed as it 

can also be observed from the retrieved Im(n). In this case, the homogeneity condition 

in the corresponding frequency range is violated, and no effective parameters can be 

assigned to the material; hence, the internal properties are not meaningfully retrieved 

from the macroscopic response. By introducing more losses, for example using a larger 
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metal width, the higher-order Bloch modes may degenerate and the discontinuity can 

then be eliminated; however, the fundamental mode is affected as well, and the overall 

transmission is reduced. At the operating frequency, the measured refractive index is 

Re(n) = –1.03 and the imaginary part is lower than 0.01. The latter value cannot be de-

termined adequately as well due to the ripples around zero produced by the Fabry-Pérot 

resonances. 

In order to verify the negative index behavior of the designed metamaterial, especially 

at the operating frequency, another method based on the phase-thickness relationship is 

used. As the phase of the transmission coefficient is arg(S21) = –kd, the real part of the 

refractive index can be determined from 

21

0

( )1( ) arg SRe n
k d

∂
= −

∂
, (4.24) 

with k0 the wave number in free space. Indeed, the exact value of Re(n) for a strongly 

coupled stack cannot be calculated from the latter equation since it depends on the num-

ber of layers, but the sign of the refractive index can be estimated. Figure 4.20 shows 

the phase spectrum of three structures with different numbers of layers. It is clear that 

arg(S21) increases with increased thickness at frequencies up to nearly 40.5 GHz, allud-

ing to Re(n) < 0, whereas the behavior is inversed at higher frequencies with Re(n) > 0. 

Hence, the fabricated metamaterial exhibits a negative refractive index at the operating 

frequency 38.5 GHz. 
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Figure 4.20: Simulated and measured phase spectra of S21 of the strongly 

coupled NIM structure with different numbers of layers. 
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4.5. Focusing ability of the fabricated metamaterial 

The fabricated metamaterial stack is extended by eleven layers of different aperture siz-

es to form a plano-concave lens as described in subsection 4.3.3. The number of layers 

varies from N = 10 in the middle of the lens to N = 21 at the edge following an approx-

imate spherical curvature of a radius Ra = 75 mm. The realized structure is depicted in 

Figure 4.21. 

 

Figure 4.21: Picture of the fabricated plano-concave NIM lens. The small-

est and largest apertures have the dimensions 3 Λ × 3 Λ and 9 Λ × 9 Λ re-

spectively. 

4.5.1. Measurement setup 

In order to scan the transmitted field distribution of the plano-concave NIM lens and to 

verify its focusing ability, the measurement setup presented in 4.4.1 is modified accord-

ingly. The receiving horn antenna is replaced by an open-ended waveguide (OEWG) 

antenna with the cross-sectional dimensions of 5.7 mm × 2.85 mm and a length of 

100 mm. The chosen width and height correspond to the dimensions of a standard Q-

band rectangular waveguide [99]. This antenna is mounted on an xy-table composed of 

two microstep linear stages, which are operated by an automated motion controller, and 

serve to scan the field with a resolution of Δx = Δy = 0.5 mm. At the sender side, the 

horn antenna with the cross-sectional dimensions of 55 mm × 41 mm is positioned at 

4 λ0 from the flat face of the plano-concave lens. The transmitted beam from the horn 

antenna can be approximated by a Gaussian function with a BW broadening of the form 

[100] 
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= +  
 

, (4.25) 

where 2w0 ≈ 40 mm is the measured beam diameter at the initial position y = 0 mm, λ0 is 

the wavelength in free space, and n is the refractive index of the surrounding medium 

– in this case air. Thus, the input beam width at the NIM interface amounts to nearly 

41 mm and corresponds to the core diameter of an SMF when scaling the dimensions 

down by a factor of 5×103. Figure 4.22 illustrates the used measurement setup. 

 

Figure 4.22: Graphical representation of the measurement setup to scan the 

transmitted field distribution of the fabricated NIM lens. 

4.5.2. Measured field distribution and focus position 

The measured values of |S21| at different positions behind the NIM lens are mapped in 

Figure 4.23(a). The plane y = 0 mm lies in the vicinity of the concave interface. The 

highest transmission takes place at y = 44 mm and is in perfect agreement with the sim-

ulation results. The relatively weak side lobes originate from diffraction at the periodic 

unit cells and do not considerably limit the focusing ability of the NIM. When the lens 

is removed, the beam diverges as shown in Figure 4.23(b), and the transmission at the 

focus position deteriorates by around 7 dB. 
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The normalized NIM transmission profile at the focal plane is illustrated in Figure 

4.23(c) and shows good agreement with the simulated result as well. The BW of the 

measured focus is 18.3 mm, which corresponds to a reduction of the launched beam 

width by a factor of 2.2. Hence, the fabricated structure exhibits a clear focusing ability 

and high transmission characteristics, which can exceed the performance of convention-

al lenses. 

 

Figure 4.23: Measured transmission distribution at 38.5 GHz (a) using the 

fabricated plano-concave NIM lens and (b) in free space. (c) Comparison 

between the simulated and measured NIM intensity profiles at the focal 

plane. (d) Measured NIM transmission along the y-direction at x = 0 mm 

with respect to free space at different frequencies. 
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The focusing behavior of the NIM along the y-direction is also investigated at different 

frequencies as can be seen in Figure 4.23(d). Here the transmission at x = 0 mm is nor-

malized to free space for each considered frequency. At 37 GHz, the lens shows a clear 

focus at y = 21.5 mm owing to the large negative refractive index, but with a low trans-

mission, due to the high absorption losses as previously described. At the target fre-

quency 38.5 GHz, the structure exhibits a gain larger than 7 dB with an increased focal 

plane distance, and at 40 GHz the transmission decreases again with a still apparent 

focus. At around 41.5 GHz, the focusing ability of the NIM vanishes as the refractive 

index tends toward zero, while at higher frequencies the beam is diverged by the plano-

concave configuration since the metamaterial exhibits an effective positive index of 

refraction. 

In order to emphasize the advantages of the investigated NIM structure, a standard die-

lectric plano-convex lens is also designed, fabricated, and characterized. This lens is 

based on a Teflon substrate of a relative permittivity εr = 2.1⋅(1 – j0.0002) at 10 GHz 

[101] and has a hyperbolic surface – described in appendix C – in order to eliminate any 

spherical aberrations. The fabricated dielectric lens has a diameter D = 72 mm and is 

illustrated in Figure 4.24(a). 

 

Figure 4.24: (a) Picture of the fabricated plano-convex dielectric lens. (b) 

Measured transmission distribution of the lens at 38.5 GHz. 
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The transmission distribution of the lens is recorded using the above described meas-

urement setup and is depicted in Figure 4.24(b). The focus takes place at nearly 95 mm 

from the lens interface with 0.4 dB lower transmission and a much larger width than 

using the NIM structure. In fact, the BW at the focal plane amounts to 38.6 mm and is 

twice larger than in the case of the NIM lens. Hence, the fabricated plano-concave NIM 

lens exhibits better focusing characteristics than its dielectric counterpart with a tighter 

beam spot at the focal plane and an FFL reduced by a factor of two. 

4.6. Negative index metamaterials at optical frequencies 

The outperforming properties of the fabricated NIM and the promising focusing ability 

of the plano-concave lens at radio frequencies are demonstrated in the previous sub-

chapter. As the coupling issue between optical fibers and integrated nanowaveguides 

occurs at telecommunication wavelengths, it is essential to investigate the behavior of 

the proposed fishnet design at optical frequencies. Hence, the dimensions of the unit cell 

are downsized by a factor of 5×103 to operate at a frequency of 193.55 THz. 

While the choice of the dielectric substrate does not represent a major difficulty, the 

metallic material may be decisive for the behavior of the whole structure. In fact, metals 

exhibit high losses at optical frequencies and can limit the practicability of metamateri-

als, especially in the case of transmissive applications such as lensing systems. It is 

known that silver (Ag) has the lowest losses compared to the other conventional metals, 

e.g. gold or copper, and has the strongest magnetic resonance when using fishnet meta-

materials [102]. It is hence chosen for further investigations. 

Following the simulation approach adopted in the previous section, a multilayer based 

on the modified fishnet design with N = 5 is optimized. The unit cell is composed of 

two metallic layers of a thickness dm = 60 nm each separated by a substrate of a thick-

ness ds = 40 nm. The dielectric is assumed as lossless and has a relative permittivity 

εr = 2.2, whereas the frequency-dependent behavior of Ag is described by the Drude 

model with the plasma angular frequency ωp = 1.37×1016 rad/s and the damping coeffi-

cient γ = 8.5×1013 /s [103]. The geometrical parameters of the obtained unit cell are 

Λ = 640 nm, Rm = 224 nm, and wm = 30 nm. As the retrieved properties show unphysi-
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cal discontinuities in the case of strong coupling, an additional spacer of an optimal 

thickness of 80 nm is introduced. 

The amplitude of the simulated S-parameters and the retrieved Re(n) of the structure in 

comparison with a fewer number of layers are shown in Figure 4.25. At the operating 

frequency, the transmission of the stack with N = 5 is –11.6 dB, which is 9.6 dB lower 

than in the case of a single layer. While the transmission is not limited at frequencies 

higher than 193.55 THz, it drastically decreases at lower values. The retrieved refractive 

index of the multilayer and the single layer is n = –0.32 – j0.31 and n = –0.94 – j0.39, 

which corresponds to a FOM of 1 and 2.4 respectively. 

 

Figure 4.25: (a) Simulated transmission spectra and (b) retrieved real part 

of the refractive index using Λ = 640 nm, Rm = 224 nm, and wm = 30 nm for 

different numbers of layers. 

Since the single layer shows a negative refractive index with far fewer losses than the 

multilayer, it is meaningful to design the plano-concave lens using N = 1 in the middle 

while slightly increasing the thickness at the edges. Using a plane wave launch of a 

width around 12 µm, the plano-concave configuration with a spherical curvature radius 

Ra = 15 µm shows good focusing ability and a tight focus with BW = 3.2 µm at an FFL 

of 13.5 µm as depicted in Figure 4.26. However, due to the large refractive index differ-

ence between the layer sections with N = 1 and N > 1, the focal length tends toward 

higher values than in the case of a plano-concave NIM lens having a homogeneous ef-

fective refractive index of –1. 
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Figure 4.26: (a) Electric field distribution of the NIM lens and (b) the corre-

sponding normalized intensity profile at the focal plane at 193.55 THz. 

Indeed, the presented plano-concave NIM lens exhibits an acceptable transmission effi-

ciency of nearly –2 dB with a double-negative behavior in a large bandwidth of 

13.5 THz, which corresponds to a wavelength range exceeding 100 nm, though the 

structure has some critical dimensions that may not be easily fabricated. In fact, the 

metal wires designed have a width of only 30 nm and can be challenging to the techno-

logical process. Increasing this width to a value of e.g. 100 nm, which can be realized 

by means of electron beam lithography, reduces the transmission of the single layer to  

–2.8 dB at a much larger period of Λ = 750 nm. 

4.7. Conclusion 

The exciting field of metamaterials allows the flexible control of the electromagnetic 

response with properties that cannot be seen in nature such as the effect of negative re-

fraction. This phenomenon can be used to realize compact lensing systems with more 

advantages than their dielectric counterparts. In fact, the investigations on fishnet plano-

concave NIMs in the radio frequency range reveal a considerable reduction of the focal 

length with even better transmission properties than standard plano-convex lenses. 

The realization of highly efficient 3D NIMs necessitates the reduction of reflection and 

absorption losses. This is done first by choosing the appropriate materials and the opti-

mization of the unit cell parameters in order to achieve perfect impedance matching to 
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the surrounding environment and low attenuation inside the metamaterial. Furthermore, 

enhancing the coupling between the functional layers guarantees high transmissivity 

with a strong magnetic resonance. However, decreasing the metamaterial losses gives 

rise to possible propagating higher-order modes, which may violate the homogeneity 

principle, and a trade-off between both behaviors has to be made. 

The fabricated metamaterial stack exhibits a high transmissivity of –0.5 dB with a nega-

tive refractive index of –1 at the operating frequency 38.5 GHz. In addition, the plano-

concave configuration has good focusing ability with a reduction of the launched beam 

width by a factor of 2.2 at an FFL of 6 λ0. A comparison between the simulated and 

measured results of the designed NIM lens versus the aspheric dielectric lens is illus-

trated in Figure 4.27. 

Indeed, scaling the dimensions of the NIM lens to THz frequencies enables compact and 

tight focusing, which is advantageous for nanocoupling between optical fibers and inte-

grated waveguides. However, the considerable metal losses decrease the total efficiency 

significantly and limit the applicability of metamaterials in real applications. Hence, 

alternative solutions, for example based on gain media [104] or low loss conducting 

oxides [105], have to be used in order to compensate for these absorption losses at opti-

cal frequencies. 

 

Figure 4.27: Normalized (a) simulated intensity and (b) measured transmis-

sion profiles of the designed NIM plano-concave lens versus a dielectric 

plano-convex lens at the corresponding focal plane. 
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5. Bragg diffraction gratings 

In this chapter, the second coupling method based on Bragg diffraction gratings is dis-

cussed. First, the operating principle of grating couplers and a theoretical estimation of 

the achievable coupling efficiency are introduced. Afterwards, the adopted designs are 

numerically investigated, and a rigorous optimization procedure is described. Finally, 

measurement results of the fabricated uniform and nonuniform gratings are shown. 

5.1. Theory of grating couplers 

The phenomenon of diffraction based on single- and multi-slit apertures is elaborated in 

section 3.2.3. It is shown that a plane wave impinging on periodically arranged slits is 

diffracted at these individual scatterers and leads to an angle-dependent interference 

pattern. When the scattered components interfere constructively, i.e. add up in phase, 

intensity maxima take place at the corresponding angles, defining the diffraction orders. 

The relationship between the wavelength, the period, the incident angle, and these dif-

fraction orders is described by Bragg’s law. 

Another way to illustrate the behavior of Bragg diffraction gratings is based on the 

k-space analysis as shown in the example of Figure 5.1. Here the 1D grating of a period 

Λ along the z-direction is assumed to be at the interface between two media of refractive 

indices nc < ns. An incident wave vector ik


 from medium 1 is scattered at the grating 

and produces a set of diffracted waves. Due to the conservation of momentum law, the 

sum of the horizontal component of the incident wave ki,z and the m-fold of the grating 

reciprocal lattice K = 2π/Λ has to equal the diffracted wave component km,z according to 

[106], [107] 

i ,z m,zk mK k+ = , (5.1) 

where m is an integer. Using i ,z i ik k sinα=  and m,z m mk k sinα= , with αi and αm are the 

incident and diffraction angles respectively, it can be seen that the latter equation is 

identical to (3.46). When no grating is existent, (5.1) turns into Snell’s law. 
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Figure 5.1: k-space diagram of a diffracted wave at a grating separating two 

media with nc < ns and the corresponding possible solutions [106]. 

Similarly, a surface grating coupler is composed of a corrugated layer, which diffracts 

the input beam of a vertical fiber to the horizontal waveguide. The simplest configura-

tion of such a structure is realized by etching periodically arranged 1D rectangular 

grooves of a certain depth into the waveguide film layer. Taking into account the propa-

gation constant in the waveguide βm = k0neff, the grating period can be adjusted to match 

the incident wave exactly to the waveguide mode. In this case, the master equation for 

surface grating couplers is given as 

2
i i mk sin m πα β+ =

Λ
. (5.2) 

The difference between this coupling method and other lateral coupling techniques, 

such as described in the previous chapter, is that light has to change its direction from 

the vertically mounted fiber to horizontally lying waveguides. Indeed, out-of-plane cou-

pling carries several advantages owing to the possibility of wafer-scale testing without 

the need for post-processing steps such as cleaving and edge polishing; however, it also 

necessitates a more complex design that enables matching the mode of the fiber to the 

waveguide. 

Figure 5.2 illustrates the cross section of a simple grating coupler in the SOI platform 

and the corresponding wave vector diagrams for an incident angle αi = 0 and αi > 0 re-
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spectively. Assuming that the Si film layer is sandwiched between two SiO2 layers, both 

semicircles in the diagrams have the same radius. In the case of a vertically incident 

wave, it is clear that there is more than one solution to the Bragg equation. In addition to 

the 0th diffraction order, the input power is symmetrically coupled to the right and left 

parts of the waveguide, which correspond to m = 1 and m = –1 respectively. Indeed, 

both portions can subsequently be added up using a power combiner, but with addition-

al footprint and optical losses. In the case of a tilt angle αi ≠ 0, it is possible to fulfill the 

former phase-matching condition for only the 1st diffraction order so that most of the 

input light is directed to the integrated waveguide on the right hand side without addi-

tional design effort. For a given neff, the latter structure requires a lower K value to satis-

fy the phase matching condition, and hence a larger period. For both configurations, the 

0th diffraction order is always present and constitutes the main loss source for this cou-

pling method. In fact, one part is reflected upwards to the cladding layer, whereas the 

other part is transmitted downwards to the substrate. Thus, in order to increase the cou-

pling efficiency from the fiber to the waveguide, these components have to be eliminat-

ed or recycled. 

 

Figure 5.2: (a) Cross section of a 1D grating in the SOI platform with 

nc = ns and the corresponding k-space diagram for (b) αi = 0 and (c) αi ≠ 0. 

K

m = 0 m = 1

k0nc

k0ns β1

k0neff

ki

αi

K

m = 0 m = 1

k0nc

k0ns β1

k0neff

ki

m = –1

–β1

(b) (c)

(a)

y

x

z
SiO2 (ns)

αi
SiO2 (nc)

Si

Λ



 
 
5. Bragg diffraction gratings 83 

The required grating period Λ to couple light at a certain wavelength can be determined 

from the master equation and is expressed as 

0

eff c in n sin
λ

α
Λ =

−
. (5.3) 

In the simplest case where the fiber is vertically placed on the structure, the period is 

0

effn
λ

Λ = . (5.4) 

According to the coupled mode theory, neff can be approximated by the average of the 

fundamental mode effective indices in the unetched and etched waveguide regions neff,0 

and neff,1 respectively since the wave in the grating film layer propagates in the funda-

mental mode [107]. Assuming that both regions have the same length, it follows  

0 1

2
eff , eff ,

eff

n n
n

+
= . (5.5) 

Using a symmetric Si film layer of thicknesses 250 nm and 180 nm, which correspond 

to an etch depth of 70 nm, the effective indices of the fundamental mode for TE polari-

zation at λ0 = 1550 nm, i.e. with the electric field along the y-direction, can be deter-

mined from equations (3.51) and (3.52) in the third chapter. For sufficiently thick SiO2 

cladding and substrate layers, the effective indices are neff,0 = 2.93 and neff,1 = 2.69. 

Hence, the period is nearly 550 nm for αi = 0°, whereas it amounts to 600 nm for an off-

vertical angle αi = 9°. As tilting the fiber prevents coupling to diffraction orders other 

than m = 1, regardless of the omnipresent 0th order, it is reasonable to investigate off-

vertical angles αi > 0. 

It should also be noted that since the effective refractive index of TE is larger than that 

of TM, the corresponding period has to be smaller, and hence a grating of a given period 

cannot couple both polarizations efficiently. Therefore, these structures are generally 

polarization-dependent. In order to tackle this problem, there are some methods that can 

be used e.g. by coupling the TM state into the –1st diffraction order in 1D gratings [36] 

or also by designing 2D configurations that split the beam into two TE polarized parts 

without the need for an additional polarization rotator [50]. In the following sections, 

only coupling based on the TE polarization is considered. 
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5.2. Diffraction gratings as nanocouplers 

Using Bragg’s law it is possible to determine the exact period value to couple light at a 

certain wavelength and angle. In addition, the k-space diagram offers an insight into the 

possible loss sources such as upward reflection and downward transmission to the sub-

strate. Nevertheless, no information on the amount of these loss factors or on the 

achievable coupling efficiency is given. Hence, it is necessary to analyze the coupling 

procedure starting from the fiber to the waveguide so as to accurately determine the 

total efficiency. 

Figure 5.3 illustrates an optical fiber core placed in free space over a linear grating in 

the SOI platform. The grating is composed of a finite number of grooves periodically 

etched in the Si film layer, which is sandwiched between two sufficiently thick SiO2 

layers. Since the grating must have dimensions in the order of the core diameter to cou-

ple most of the light, the width has to be tapered down to match the dimensions of the 

nanowaveguide. Similarly to the last chapter, the overall coupling efficiency from the 

fiber to the waveguide, defined as the ratio of the output to the input optical power 

η = Pout/Pin, is given by 

C O D TTη η η η= ⋅ ⋅ ⋅ . (5.6) 

TC is the transmission from free space to the cladding, dictated by the difference of the 

SiO2 refractive index nc = 1.444 to the free space index nair = 1, which is given for the 

TE polarization by the Fresnel equation 

2
2 2 2

2 2 2
1 air i c air i

C
air i c air i

n cos n n sin
T

n cos n n sin

α α

α α

 − −
 = −
 + − 

. (5.7) 

ηO is the overlap integral between the electric field profile of the fiber mode Ef and the 

electric field profile of the grating Eg along the longitudinal and lateral directions 

2

2 2

*
f g

A
O O,z O,y

f g
A A

E E dA

E dA E dA
η η η= ⋅ =

∫

∫ ∫
. (5.8) 
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ηD is defined as the directionality [106] and describes the ratio of the diffracted optical 

power from the fiber into the waveguide Pw to the total scattered power Ps 

w w
D

s up down w

P P
P P P P

η = =
+ +

. (5.9) 

Pup and Pdown are the upward- and downward-diffracted optical powers respectively. 

Again, ηT represents the mode conversion efficiency of the taper and can be approxi-

mated to 1 for sufficiently long structures. 

 

Figure 5.3: Coupling configuration from the optical fiber core to the wave-

guide using an integrated surface diffraction grating and an adiabatic taper. 

In order to achieve a high total efficiency, the latter terms have to be optimized sepa-

rately. First, the Fresnel reflections can be eliminated by introducing a matching index 

material between the fiber and the SiO2 cladding layer using, for example, matching 

index liquids (MILs) of a refractive index nMIL ≈ 1.45. In this case, 

2
2 2 2

MIL MIL

2 2 2
MIL MIL

1 1i c i
C

i c i

n cos n n sin
T

n cos n n sin

α α

α α

 − −
 = − ≈
 + − 

. (5.10) 

Second, the overlap integral can be maximized by matching the Gaussian beam form of 

the SMF to the grating field profile. For this purpose, the integral is separated into two 
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terms for lateral and longitudinal matching. While the former factor is optimized by 

calculating the required grating width, the optimization step of the latter parameter is 

not trivial. In fact, the power in a periodic grating does not have a Gaussian-like shape 

in the longitudinal direction but an exponentially decaying form expressed as [106] 

0( ) GC zP z P eκ=  for 0z ≤ , (5.11) 

where κGC denotes the coupling strength of the grating. The position z = 0 corresponds 

to the grating edge, which faces the waveguide where the optical power is to be coupled 

out. The latter equation means that light in the middle of the grating is less coupled than 

in the proximity of the waveguide and is predominantly reflected upwards. Hence, to 

have a high overlap along the z-direction, the coupling strength has to be designed so 

that the grating profile exhibits a Gaussian-like form. This is possible by adapting the 

length of each groove and rib, and therefore the grating is called aperiodic or apodized. 

Finally, in order to enhance the directionality, the diffracted optical power to the Si sub-

strate has to be redirected back to the waveguide using e.g. a high-reflective mirror at an 

adequate distance from the film layer. Certainly, the lower Si/SiO2 interface represents a 

mirror with a reflectivity of 17%, but it is more meaningful to use for example a metal 

layer to recycle all downward optical power. The distance between the mirror and the 

film is of major importance since destructive interference may take place and minimize 

the coupling efficiency if the value is not adequately calculated. 

As previously mentioned, the grating width has to be in the order of the fiber core diam-

eter to couple most of the input power into the film layer. Thus, reducing the width from 

e.g. 10 µm to 400 nm requires a taper with a length of at least 100 µm to achieve a high 

mode conversion efficiency ηT > 95% as demonstrated in the third chapter. That means 

that the advantage of grating compactness is deteriorated by the large taper dimensions. 

The grating coupler can also be designed as a focusing structure so that the taper length 

is dramatically reduced [39]. This is realized by shaping the lines of the grooves and 

ribs to elliptical curves according to 

( ) ( )2 2
0 0

2 2 1
z y

z z y y
R R
− −

+ = , (5.12) 
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with 0
0 2 2 2

c i

eff c i

q n sinz
n n sin

λ α
α

=
−

, 0 0y = , (5.13) 

0
2 2 2

eff
z

eff c i

q n
R

n n sin
λ

α
=

−
, and 0

2 2 2y
eff c i

qR
n n sin

λ

α
=

−
. (5.14) 

q is a positive integer and corresponds to the line number. It is clear that one of the two 

focal points of these ellipses with the coordinates (zf, yf) coincides with the origin as 

q∀ , 2 2
0 0f z yz z R R= − − =  and 0 0fy y= = . (5.15) 

Thus, all grating lines are confocal, and light diffracted to the film layer can be focused 

into a small spot size. In this case, the length of the taper connecting the grating and the 

nanowaveguide can be reduced to only a few micrometers [39]. 

5.3. Design of periodic gratings 

At first view, the design of grating couplers may be tedious due to the large number of 

variables to be calculated; however, the simulation can be simplified by fixing some 

parameters without loss penalty. First, to reduce the computing effort, the 3D problem is 

reduced to a 2D domain as only structures with uniaxial periodicity are investigated. 

The extension into the third dimension can be done afterwards by using an adequate 

width in the case of a linear grating or by shaping the lines of the grooves and ribs to 

elliptical curves when a focusing configuration is needed. Second, the Si guiding layer 

thickness is fixed based on commercially available SOI wafers, whereas the shallow 

etch depth of the grooves is chosen based on standard values used in photonic techno-

logical processes [108], [109]. These two parameters are 250 nm and 70 nm respective-

ly, and hence the obtained effective refractive index at a certain polarization and wave-

length is fully defined. According to (5.3), the required period can then be determined 

for the off-vertical tilt angle αi. Third, the fill factor (FF), defined as 

FF b b
b g

= =
+ Λ

, (5.16) 
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with b and g the rib and groove lengths respectively, is assumed for instance to be 0.5. 

Finally, the length of the simulation domain is delimited by fixing the number of peri-

ods. This is done by calculating the minimum longitudinal size of the grating, which is 

required to couple most of the input power to the film layer. The determined length is 

15 µm and corresponds to N = 25 periods for Λ = 600 nm [110]. 

A cross-sectional illustration of the structure to be simulated and the used parameters 

are depicted in Figure 5.4(a). Furthermore, the tilt angle is fixed to 9° and the launch 

field MFD to 10.4 µm. The top cladding layer is assumed to be 1 µm thick, whereas the 

buried oxide (BOX) thickness dBOX has to be calculated in order to guarantee construc-

tive interference between the reflected field at the lower Si/SiO2 interface and the dif-

fracted field toward the waveguide. The 2D simulation in the xz-plane is done using 

RSoft FullWAVE. As the overlap between the fiber mode and the grating field profile 

depends on the position of the input beam, this parameter is swept in a first step along 

the z-direction. Afterwards, the launch field is fixed at the optimal value, and the total 

coupling efficiency is simulated over the BOX thickness as shown in Figure 5.4(b). 

 

Figure 5.4: (a) 3D cross section of the investigated grating structure. (b) 

Simulated upward reflection Rup, downward transmission Tdown, and cou-

pling efficiency ηGC versus the BOX thickness using Λ = 600 nm and αi = 9° 

at 1550 nm for TE polarization. The used refractive indices of Si and SiO2 

are 3.476 and 1.444 respectively. 
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The Fresnel reflections and the mode conversion loss of the taper are not included in the 

simulation since they can be optimized separately. Hence, the coupling efficiency of the 

analyzed structure can mainly be described by the modal overlap along the z-direction 

and the directionality, i.e. ηGC = ηO,z·ηD. That means that the main loss factors here are 

the upward reflection Rup and the transmission toward the substrate Tdown. If the phase 

matching condition is not fulfilled for only the 0th and 1st diffraction orders, the trans-

mission toward the left part of the waveguide has also to be considered. 

It can be seen from Figure 5.4(b) that the coupling efficiency depends strongly on the 

BOX thickness with maxima at dBOX ≈ (2q + 1)·λ/4 and minima at dBOX ≈ 2q·λ/4, where 

q is a positive integer and λ is the wavelength in the SiO2 layer. The highest achievable 

coupling efficiency attains only –2.17 dB due to the low directionality of this configura-

tion with ±0.13 µm variation tolerance for 1 dB loss penalty. As commercially available 

SOI wafers have predefined BOX thicknesses, a value of 3 µm is selected since it is 

located in the vicinity of a transmission peak. If other standard wafers with a thickness 

for example of 2 µm are chosen, the theoretical efficiency cannot exceed –2.6 dB. 

Hence, this parameter is of main importance when optimizing grating couplers. 

Using dBOX = 3 µm, the spectra of the coupling efficiency and the major loss factors are 

simulated. Figure 5.5 illustrates the electric field distribution at 1550 nm and the ob-

tained wavelength-dependent behavior. When analyzing grating couplers, it is more 

common to plot the spectral efficiency against the wavelength than the frequency. 

 

Figure 5.5: (a) Electric field distribution of the grating with dBOX = 3 µm at 

1550 nm. (b) Simulated spectral efficiency and the main loss factors. 
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At 1550 nm, the simulated efficiency is –2.18 dB with a large 1 dB bandwidth of more 

than 44 nm and a 3 dB bandwidth of 75 nm. While the upward-reflected part of power 

is relatively low and approaches –10 dB, the downward-transmitted part reaches –5 dB 

at the target wavelength. That means that around one-third of the input power is lost in 

the substrate, and hence it can contribute considerably to the coupling efficiency when 

recycled to the output waveguide. The transmitted part to the left side is nearly –50 dB 

and can be neglected. 

5.4. Optimization procedure 

In order to realize highly efficient grating couplers, two important factors have to be 

optimized: directionality and matching the grating field profile to the fiber mode. First, 

the directionality of periodic gratings is improved, while the second step deals with the 

optimization of each groove and rib length to adapt the grating field profile to the fiber 

mode. 

5.4.1. Improvement of the directionality 

As previously discussed, a considerable fraction of the input power is diffracted to the 

lower Si substrate of the wafer, and hence the coupling efficiency of a standard grating 

is usually limited. In order to enhance the directionality, there are two main different 

possibilities. The first approach relies on using an overlay that enforces constructive 

interference of the guided light without downward diffraction and makes the grating 

intrinsically directional [12]. The disadvantage of this technique is that it requires sever-

al additional processing steps, and the thickness of the overlay can be optimized for 

only one orthogonal polarization state. The second approach is based on reflecting back 

the field transmitted toward the substrate by means of an optical mirror such as a dis-

tributed Bragg reflector (DBR) or a metal layer. While the former solution needs multi-

ple sequences composed of thin Si and SiO2 layers with the exact thickness of a quarter 

wavelength each [111], the latter method is commonly realized using a gold metal mir-

ror integrated with the help of wafer-to-wafer bonding [112], [113]. 

The best-known methods to increase the directionality have several drawbacks due to 

the complex realization or CMOS-incompatibility of the fabrication process. Hence, 
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there is a necessity to implement a more cost-effective solution with simple technologi-

cal steps. When an aluminum (Al) layer for example is directly deposited underneath 

the BOX, the reflectivity can be enhanced and a significant power fraction is able to be 

directed toward the waveguide. The integration of the mirror can be realized by etching 

at first a membrane window from the backside through the Si substrate, where the BOX 

serves as an etch stop, and then by sputtering the metal inside these windows. Thus, the 

integration can still be achieved in a CMOS-compatible manner without the need for 

wafer bonding techniques [114]. 

Figure 5.6(a) illustrates a 3D cross-sectional representation of the proposed grating with 

an Al layer underneath. The corresponding coupling efficiency and the loss factors at 

different dBOX values around the target thickness of 3 µm are simulated again and shown 

in Figure 5.6(b). This is important to investigate since the wafer thickness itself varies, 

and hence identical gratings at different positions on the wafer may behave differently 

depending on the variation interval. For the chosen SOI wafer, the variation of the BOX 

thickness amounts to ±0.072 µm [115]. 

 

Figure 5.6: (a) 3D cross section of the grating structure with a mirror un-

derneath the BOX. (b) Simulated efficiency and upward reflection versus 

dBOX using Λ = 600 nm and αi = 9° at 1550 nm for TE polarization. 
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–0.9 dB at the chosen value of 3 µm. Due to the stronger reflection ability than in the 

first case without a metal mirror, the constructive interference shows a flatter behavior 

with a higher variation tolerance of ±0.15 µm for 1 dB loss penalty below the efficiency 

at the target thickness. This value is twice the BOX thickness variation on the wafer, 

and hence it can generate a high yield, which is an important requirement in industrial 

applications. Nevertheless, the destructive interference exhibits lower dips in the order 

of –20 dB, and thus an inadequate choice of the BOX thickness may dramatically dete-

riorate the coupling efficiency. For dBOX = 3 µm, the electric field distribution of the 

structure at the target wavelength and the spectral behavior between 1500 nm and 

1600 nm are depicted in Figure 5.7. 

 

Figure 5.7: (a) Electric field distribution of the grating with dBOX = 3 µm 

and a metal mirror underneath at a wavelength of 1550 nm. (b) Simulated 

spectral efficiency and upward reflection. 
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order to reach higher efficiencies, the upward reflection has to be decreased by adjusting 

the coupling strength along the grating. 

5.4.2. Enhancement of the modal overlap 

Using a periodic grating without a mirror, around 10% of the input power is reflected 

back due to the mismatch between the SMF Gaussian mode and the grating field profile. 

When introducing a metal mirror to enhance the directionality, the upward reflection is 

increased to more than 17% as previously shown. Hence, the second optimization step 

relies on improving the longitudinal modal overlap and reducing the total reflection by 

adjusting the individual elements of the grating. In fact, by decreasing the groove di-

mensions in the proximity of the waveguide, only a small fraction of light can be dif-

fracted, and hence the strong coupling is apodized. When the subsequent grooves and 

ribs are designed adequately, most diffraction can be driven to take place around the 

middle of the grating while diminishing toward the edges so that the field profile can 

have a Gaussian-like shape. 

There exist several approaches to realizing nonuniform gratings. For example, by simul-

taneously varying the groove depth and length, the coupling strength or leakage distri-

bution can be modified to mimic the fiber mode profile and achieve a high coupling 

efficiency [116]. However, the fabrication effort is clearly increased since several etch-

ing levels are required. A second approach is based on determining the coupling 

strength analytically while taking account of the minimum manufacturable dimensions 

[11]. Nevertheless, this method considers only the overlap to the fiber mode and ne-

glects unrecycled power from the reflection at the mirror. It is, therefore, meaningful to 

implement an algorithm that optimizes each groove and rib length with the purpose of 

obtaining the highest coupling efficiency by improving the modal overlap and minimiz-

ing the total upward reflection. 

The simplified flowchart of the adopted algorithm is illustrated in Figure 5.8(a) [110]. 

The starting point is a periodic grating with a metal mirror underneath and the above 

mentioned parameters Λ = 600 nm and FF = 0.5. All elements of the 25 periods have to 

be adjusted to ensure the highest achievable efficiency at the wavelength 1550 nm for 

TE polarization and 9° off-vertical tilt angle. The algorithm starts with optimizing the 
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first rib-groove pair in the proximity of the waveguide by sweeping the corresponding 

FF from 0.01 to 0.99 in steps of 0.02 for a set of periods from 520 nm to 660 nm in 

20 nm steps and saving the dimensions for the best-calculated efficiency. The procedure 

is applied for all subsequent pairs and is defined as a generation. This routine is repeat-

ed for the whole grating again and again until the result converges. The number of itera-

tions is defined as the product of the number of generations and rib-groove pairs. The 

second step of the algorithm serves to refine the obtained dimensions since only a pre-

defined set of periods is used to ensure a short simulation time. Therefore, each element 

is optimized separately starting from a length variation of ±10 nm down to ±1 nm. Here 

a generation is defined when all elements are investigated within a single optimization 

cycle. This routine is also repeated for the whole grating until no higher coupling effi-

ciency is obtained. The number of iterations during this step corresponds to the product 

of the number of generations and elements [117]. 

 

Figure 5.8: (a) Simplified algorithm flowchart for the optimization of the 

individual grating elements. (b) Typical coupling efficiency progression. 
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The optimization algorithm is implemented in MATLAB, and the 2D simulations are 

carried out by the open source software CAMFR based on the eigenmode expansion 

method. The advantage of this method in comparison to the FDTD tool previously used 

is that the simulation domain is not discretized into very fine grids but divided in re-

gions of the same refractive index [118]. Hence, the computational effort is lessened 

and the optimization time is dramatically reduced. However, the final structure is simu-

lated based on RSoft FullWAVE since it delivers a more accurate result. 

It should also be noted that the field excitation in CAMFR occurs in the waveguide and 

not the fiber. Thus, the coupling efficiency is determined from the opposite direction as 

the ratio of the output power in the fiber to the waveguide input power. Owing to the 

reciprocity of the configuration, both directions have to deliver the same results [106]. 

Figure 5.8(b) represents the typical efficiency progression of the optimized structure as 

a function of the total iteration steps. The first iterations are responsible for the fast en-

hancement since it suffices to adapt the FF of the grating region in the proximity of the 

waveguide to decrease the coupling strength and approach the targeted Gaussian profile. 

While this step improves the efficiency by ~0.4 dB, the following refinement step yields 

~0.1 dB enhancement. 

In order to emphasize the origin of the coupling efficiency improvement, the diffracted 

field profiles of the starting periodic structure and the finally obtained aperiodic grating 

are compared to each other. Both profiles and the fiber Gaussian function are depicted 

in Figure 5.9. It is clear that the similarity of the scattered field at the aperiodic grating 

is much better than for the case of a periodic structure. Hence, the modal overlap be-

tween both profiles is larger, and the coupling efficiency is improved to more than 

–0.4 dB. 

The dimensions of the optimized nonuniform structure, called GC1, are shown in Table 

5.1 where the lengths of the individual grooves and ribs are labeled gi and bi respective-

ly. In order to obtain a more accurate result, the grating coupler is simulated using RSoft 

FullWAVE. Figure 5.10 depicts the corresponding electric field distribution at the target 

wavelength and the spectral efficiency between 1500 nm and 1600 nm. 
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Figure 5.9: Fiber and diffracted field profiles of (a) the initial periodic 

structure and (b) the obtained aperiodic grating after the optimization proce-

dure. 

Table 5.1: Dimensions of the optimized nonuniform grating GC1 in nm. g1 

corresponds to the length of the nearest groove to the output waveguide. 

g1 b1 g2 b2 g3 b3 g4 b4 g5 b5 g6 b6 g7 b7 g8 b8 g9 

42 515 81 550 67 471 434 87 516 133 478 149 218 427 156 409 269 

b9 g10 b10 g11 b11 g12 b12 g13 b13 g14 b14 g15 b15 g16 b16 g17 b17 

338 268 318 303 313 277 308 288 312 289 313 291 312 276 319 291 315 

g18 b18 g19 b19 g20 b20 g21 b21 g22 b22 g23 b23 g24 b24 g25 b25 g26 

282 316 296 296 299 320 282 304 274 331 274 303 298 324 289 283 302 

 

 

Figure 5.10: (a) Electric field distribution of the obtained nonuniform grat-

ing at 1550 nm. (b) Simulated spectral efficiency and upward reflection. 
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The electric field distribution shows that the power is less coupled at the waveguide 

edge due to the large FF, which corresponds to a narrow groove length, and the maxi-

mum coupling is shifted toward the middle of the grating. The improved modal overlap 

produces a very high coupling efficiency, which reaches –0.26 dB at 1550 nm, a 1 dB 

bandwidth larger than 43 nm, and a 3 dB bandwidth of 75 nm. In addition, the upward 

reflection is reduced to less than –13 dB. Thus, using a metal mirror and apodizing the 

grating based on the adapted algorithm significantly enhances the coupling efficiency 

while still retaining a large bandwidth. 

The dimensions of the grating in Table 5.1 show that shaping the grating field profile to 

a Gaussian-like function necessitates very narrow grooves in the proximity of the output 

waveguide with lengths smaller than 100 nm in addition to some ribs with similar criti-

cal dimensions. g1 and b4, with values of 42 nm and 87 nm respectively, may be espe-

cially technologically challenging. As these structures are aimed to be concretely fabri-

cated, it is meaningful to carry out the optimization with more relaxed dimensions and 

compare the results with the ideal case. For this purpose, the algorithm is run again with 

different prerequisites. The second grating, called GC2, has to exhibit a minimum rib 

and groove length of 100 nm and 60 nm respectively to be able to be realized by means 

of electron beam lithography. The third structure, meanwhile, called GC3, has to be lim-

ited to nearly 120 nm for both parameters so that it can be fabricated using deep UV 

lithography for example. 

The obtained structures are verified using RSoft FullWAVE, and the corresponding 

spectral efficiencies are shown in Figure 5.11. The critical dimensions of GC2 are re-

laxed to gmin = 60 nm and bmin = 115 nm with a coupling efficiency of –0.33 dB at 

1550 nm, whereas GC3 with gmin = 110 nm and bmin = 115 nm still exhibits a high effi-

ciency of –0.41 dB. The 1 dB bandwidth of all three structures is around 43 nm. Hence, 

it can be seen that relaxing the minimal lengths to values in the range of 100 nm does 

not degrade the performance dramatically, and the theoretically achievable coupling 

efficiency is still better than –0.5 dB. These dimensions are technologically manageable, 

and the resulting gratings can be fabricated using the aforementioned procedures. In this 

thesis, both structures GC2 and GC3 are realized based on the electron beam lithogra-

phy, and the fabrication process is described in chapter 5.5. 
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Figure 5.11: Simulated spectral efficiency of the three designed gratings 

with variable critical dimensions. 

Finally, after optimizing the grating profile in the z-direction, the modal overlap has also 

to be maximized along the lateral direction. In fact, ηO is composed of two terms with 

ηO = ηO,z·ηO,y, where ηO,y is assumed to be 1 in 2D simulations. Thus, in order to obtain a 

high total efficiency using concrete 3D structures, the optimal grating width wGC has to 

be determined. This is done by simulating the fundamental waveguide mode profile for 

different widths and calculating the lateral overlap with the fiber mode. The result is 

illustrated in Figure 5.12 and shows that the grating width has to range between 11 µm 

and 16 µm in order to reach an overlap higher than 90%. Values outside this interval 

yield a modal mismatch and decrease the total coupling efficiency [117]. 
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5.5. Fabrication process 

The designed grating couplers are fabricated at IMS CHIPS using an SOI wafer flow 

process based on standard technological procedures [119]. The fabrication steps are 

schematically detailed in Figure 5.13, starting from the SOI wafer with a 3 µm thick 

BOX and a 250 nm top Si layer, up to the obtained grating with the Al mirror [120]. 

First, the wafer is coated with a positive tone photoresist, and the part of the grating to 

be recessed later is exposed by means of an electron beam writer. Thereafter, the pattern 

transfer into the top Si layer is done by time-controlled dry etching to a depth of 70 nm, 

defining the grating grooves as shown in Figure 5.13(c), and the remaining resist is re-

moved. Then, the wafer is coated again with a positive tone photoresist, and the part 

that defines the waveguide structure is exposed. Using a dry etching process, a 250 nm 

etch step down to the BOX is performed, and the photoresist is stripped afterwards. 

Subsequently, a 1 µm thick SiO2 passivation layer is deposited on the top of the wafer 

and serves as cladding for the film layer. Figure 5.13(f) illustrates the obtained struc-

ture, which represents a standard grating with a relatively low coupling efficiency as 

previously discussed. 

In order to enhance the directionality, metal mirrors are to be added underneath the 

BOX below the gratings. For this purpose, an oxide hard mask is deposited and a posi-

tive tone photoresist is coated on the wafer backside. After defining the membrane win-

dows by means of optical lithography, the hard mask is dry etched and the remaining 

resist is removed. These membrane windows are then wet etched through the 625 µm 

thick Si substrate down to the BOX. The mirror cavities just underneath the gratings 

have an area of 50 µm × 50 µm and can also be realized similarly using a dry etching 

process. When designing different gratings on the wafer, a sufficiently large distance 

between the individual mirrors have to be guaranteed in order to prevent the intercon-

nection of the cavities and ensure the stability of the wafer. Finally, an Al layer is sput-

ter-deposited in the membrane cavities as shown in Figure 5.13(k). Hence, the adopted 

fabrication procedure is CMOS-compatible, cost-effective, and is considerably simpler 

than other methods, which implement such metallic layers based on the extensive wa-

fer-to-wafer bonding technique. 
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Figure 5.13: Cross-sectional 3D illustration of the technological process 

flow including the steps: (a) initial SOI wafer, (b) photoresist coating and 

exposure using an electron beam writer, (c) 70 nm depth etching, (d) second 

photoresist coating and exposure, (e) 250 nm depth etching, (f) top pas-

sivation, (g) hard mask backside deposition, (h) photoresist backside coating 

and exposure, (i) hard mask etching, (j) mirror cavity etching, and (k) metal 

deposition. 

Figure 5.14 shows a microscopic picture of a fabricated structure including two identi-

cal grating couplers, which are connected by a 15 µm wide and 1 mm long waveguide 

and serve as input and output optical power interfaces. The insets represent a close-up 

of the mirrors front and backside. Due to reciprocity, coupling in from the fiber to the 

grating exhibits the same characteristics as coupling out from the grating to the fiber. In 

addition, the waveguide between both interfaces is designed with a large width so as to 

omit additional losses. Hence, this structure allows a simple determination of the grating 

efficiency by averaging the difference between the output and input power. When using 

thin waveguides to connect the gratings, the insertion loss of the tapers and these nano-

(a) (b) (c) (d) 
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waveguides, especially caused by sidewall roughness, must also be taken into consid-

eration as shown in appendix D. 

 

Figure 5.14: (a) Microscopic picture of a fabricated structure including two 

grating couplers with backside mirrors and linked by a waveguide. (b) Front 

and (c) backside view of the metal mirror. 

5.6. Characterization of the structures 

5.6.1. Measurement setup 

In order to determine the coupling efficiency of the fabricated grating couplers, a meas-

urement setup composed of a tunable laser source working in the wavelength range 

1460 nm – 1580 nm, a polarization controller, and an optical power meter is used as 

depicted in Figure 5.15(a). The fibers are aligned on the input and output grating cou-

plers in the three orthogonal directions by means of piezoelectric actuators. In order to 

prevent Fresnel reflections between the fibers and the gratings, a MIL with a refractive 

index of 1.4486 at 1550 nm is applied on the chip surface [121]. This nearly corre-

sponds to the refractive index of the fiber and also of the cladding layer. Figure 5.15(b) 

illustrates the input and output fibers immersed in the MIL over the grating couplers. 

Using equation (4.25), it can be shown that the fiber MFD suffers an expansion of only 

1% at a distance of 11 µm from the fiber end-face. Hence, the beam divergence can be 

50 µm 

(a) 

(b) (c) 
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neglected as the fibers are positioned in the immediate vicinity of the 1 µm thick clad-

ding. 

As previously mentioned, the device under test (DUT) is composed of two identical 

gratings linked by a waveguide of the same width as these gratings with negligible in-

sertion losses. Thus, the measured coupling efficiency in dB can be expressed as  

( ),dBm ,dBm
1
2GC L P SP P aη = − − − , (5.17) 

where PL,dBm is the laser optical input power in dBm, PP,dBm is the measured optical out-

put power at the power meter in dBm, and aS is the setup loss in dB including connect-

ors and polarization controller losses. The latter factor is determined by directly con-

necting the laser source to the power meter through the polarization controller and cal-

culating the average difference between the output and input power for each wavelength 

at different polarization states. 

 

Figure 5.15: (a) Graphical representation of the measurement setup for the 

characterization of the fabricated grating couplers. (b) Microscopic picture 

of two fibers immersed in the MIL and positioned in the immediate vicinity 

of the grating couplers. 
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5.6.2. Periodic grating couplers 

After calibrating the setup for the determination of the loss factor aS, the measurement 

of the integrated structures is realized first by actively positioning the fibers on the grat-

ings at the adjusted off-vertical tilt angle and the target wavelength. Afterwards, the TE 

polarization at the end-face of the input fiber is set up by using the polarization control-

ler and monitoring the transmitted optical power through the structure to the power me-

ter. In fact, since the designed 1D gratings serve as polarization filters with a rejection 

ration higher than 20 dB, the maximal coupling efficiency can only be achieved for the 

TE polarization. Coupling of the TM polarization to the 1st diffraction order can be real-

ized using larger periods in the order of 860 nm for the operating wavelength 1550 nm 

or to the –1st order using larger tilt angles as shown in the appendices E.1 and E.2 re-

spectively. It should be noted that both routines of adjusting the fiber position and the 

desired polarization state have to be repeated until no further increase of the received 

optical power is observed. Finally, the wavelength is swept over the specified range, 

and the coupling efficiency is calculated according to (5.17). 

Figure 5.16(a) shows an SEM picture of a periodic grating on the chip after the removal 

of the top passivation layer. As previously mentioned, the theoretical coupling efficien-

cy of uniform gratings with a backside mirror is around –0.9 dB; however, the highest 

experimentally achieved value in literature reaches only –1.6 dB [111], [113]. Thus, it is 

necessary to investigate the limit of these structures owing to their simple design and 

fabrication. Figure 5.16(b) illustrates the measured spectral efficiency of a periodic grat-

ing with Λ = 600 nm and wGC = 15 µm at different off-vertical tilt angles. At 9°, the 

efficiency reaches its maximum –1.08 dB at 1551 nm, which is in agreement with theo-

retical calculations. The difference to the simulation result is lower than 0.2 dB and 

demonstrates the high quality of the fabrication process. Furthermore, the 1 dB and 

3 dB bandwidths achieved are larger than 42 nm and 73 nm respectively. 

In the wavelength range considered, the efficiency maxima are identical within a margin 

of less than 0.1 dB, whereas the wavelength difference amounts to roughly 15 nm per 

degree. Hence, αi represents an important parameter that can compensate for fabrication 

tolerances while covering a large wavelength range. The second important parameter 

when designing uniform gratings is Λ. Figure 5.16(c) illustrates the measured efficiency 
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behavior for different periods at αi = 9°. The wavelength difference of the efficiency 

maxima is around 25 nm for ΔΛ = 10 nm, which means that varying the period within 

less than 15 nm enables coupling in the whole C-band. 

In both graphs, there are spectral ripples to be observed with an amplitude that depends 

on the investigated structure and the wavelength range, whereas the FSR is constant and 

amounts to 1.4 nm. Using equation (3.31), this value yields a resonator length of around 

280 µm, which corresponds to the writing field size of the used electron beam system 

[122]. Hence, the Fabry-Pérot resonances do not originate from the designed gratings 

and are caused by reflections at stitching errors between adjacent exposure fields along 

the connecting waveguides. 

 

Figure 5.16: (a) SEM picture of a periodic grating on the chip. (b) Meas-

ured coupling efficiency of a grating with Λ = 600 nm and wGC = 15 µm at 

different off-vertical tilt angles. (c) Measured coupling efficiency of grating 

couplers with different periods at αi = 9°. 
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5.6.3. Aperiodic grating couplers 

The aperiodic grating coupler GC2 is fabricated on the same chip as the uniform struc-

tures previously investigated and is depicted in Figure 5.17. This grating has dimensions 

of 15 µm × 15.2 µm, which reveals the advantage of compactness in comparison to oth-

er coupling techniques such as SSCs. The critical groove and rib lengths amount to 

gmin = 60 nm and bmin = 115 nm respectively and are shown to be properly fabricated in 

the insets. The calculated theoretical coupling efficiency of this structure is –0.33 dB at 

the wavelength 1550 nm. 

 

Figure 5.17: SEM picture of the designed grating coupler GC2. The insets 

show the corresponding critical dimensions with minimal rib and groove 

lengths of 115 nm and 60 nm respectively. 

Figure 5.18(a) represents a comparison between the theoretical and experimental effi-

ciency spectra of the designed grating coupler GC2 at αi = 9°. Both curves are in excel-

lent agreement with a transmission peak in the proximity of the target wavelength, ex-

cept for the 0.4 dB lower measured efficiency. This difference, which is slightly larger 

15 µm 

60 nm 115 nm 
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than in the case of uniform gratings, originates partly from the wafer properties varia-

tion and partly from some fabrication deviations, especially of the critical grooves and 

ribs. In addition, the simulations are based on 2D calculations, whereas the measured 

grating has a defined width of 15 µm in the lateral direction. Thus, the efficiency may 

be improved when the width value is optimized accordingly. Nevertheless, the meas-

ured efficiency at the adjusted angle of 9° still reaches a high value of –0.73 dB at 

1552 nm with a 1 dB bandwidth larger than 38 nm. 

In order to investigate the origin of the discrepancy, the wafer properties are analyzed. 

For this purpose, the thicknesses of the top Si layer and the BOX are characterized by 

means of spectroscopic ellipsometry and illustrated in Figures 5.18(b) and 5.18(c). 

While the thickness of the film layer shows values between 248 nm and 250 nm in a 

large area of the wafer, the BOX exhibits values around 2.96 µm, which are much 

smaller than the nominal thickness of 3 µm. Hence, the maximum efficiency tends to 

shift to smaller wavelengths, and therefore to larger angles. 

The structure is measured at αi > 9°, and the obtained curves are illustrated in Figure 

5.18(d). In fact, the coupling efficiency increases to –0.67 dB at 1540 nm and 10°, 

whereas it attains its maximum of –0.62 dB at 1531 nm and 11° with a large bandwidth 

of Δλ1dB = 40 nm and Δλ3dB = 67 nm. At 12° the value decreases and reaches –0.65 dB 

at 1517 nm. This means that the behavior is blue-shifted by nearly 20 nm due the 40 nm 

lower actual BOX thickness than assumed. Hence, nonuniform structures are more sen-

sitive to parameter deviations than periodic structures as the grating profile is optimized 

for specific properties that may not easily be compensated. Nevertheless, at the target 

angle and wavelength, the grating still exhibits a record efficiency with a large band-

width. 

It should be noted that the measurement accuracy is within close range of ±0.02 dB ow-

ing to the high precision of the used setup and the simple designed configurations. 

When using structures with additional tapers and narrow waveguides with a width of 

400 nm for example, extra attention must be given since more insertion loss factors 

have to be determined beforehand and may decrease the accuracy of the calculated grat-

ing coupler efficiency. 
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Figure 5.18: (a) Simulated and measured efficiency spectra of GC2 at 

αi = 9°. Characterized (b) top Si layer and (c) BOX thickness over the whole 

wafer in nm based on ellipsometric measurements. (d) Measured spectral ef-

ficiency of GC2 at different angles. The inset is a zoom-in of the coupling 

efficiency spectrum at 11°. 
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Another wafer property that has to be investigated is the variation of the Si substrate 

thickness. According to [115], this parameter varies in a range of 625 µm ± 15 µm. In-

deed, the fluctuation of the substrate thickness does not directly affect the grating as 

much as the BOX layer, but it can cause some constraints to the mirror fabrication, and 

hence to the reproducibility of the high efficiency over the whole wafer. For this pur-

pose, the same configuration including the grating couplers GC2 is placed on different 

positions on the wafer, and all 19 structures are characterized separately. 

Figure 5.19 illustrates the measured spectral efficiencies and the corresponding micro-

scopic pictures of some fabricated mirrors. It is clear that 14 gratings exhibit a high 

coupling efficiency of more than –0.75 dB, whereas the remaining 5 structures have an 

inferior performance, giving a yield of nearly 75%. The gratings with the lower effi-

ciency possess poor quality mirrors as can be observed in the inset of Figure 5.19. In 

fact, due to the substrate thickness fluctuation, some residuals can persist in the cavity 

windows after the backside etching step, and thus the metal deposition is not realized 

properly. These remaining Si clusters increase the optical path above the mirrors and 

prevent the constructive interference of the reflected optical power part with the dif-

fracted part toward the waveguide. This problem can be solved, however, by overetch-

ing the substrate without affecting the BOX layer. 

 

Figure 5.19: Measured spectral efficiency of the 19 fabricated grating cou-

plers GC2 on the whole wafer. The insets show a microscopic picture of two 

backside mirrors at different positions on the wafer. Top: membrane win-

dow with a perfect mirror; bottom: window with a defect mirror. 
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Finally, the grating coupler GC3 with the relaxed minimal groove and rib lengths 

gmin = 110 nm and bmin = 115 nm respectively is characterized. This structure is fabricat-

ed on the same chip as the structures previously described with the help of an electron 

beam writer, but it can also be realized optically using deep UV lithography for exam-

ple. Figure 5.20 represents the measured efficiency spectra of the grating for different 

wGC values ranging from 10 µm to 40 µm. It is clear that even with a larger minimal rib 

width of 115 nm the grating still exhibits a high efficiency of –0.73 dB at 1531 nm with 

a 1 dB bandwidth of 37 nm. This value is measured using wGC = 15 µm and decreases to 

–1.07 dB for a width of 10 µm and to –1.56 dB for 20 µm. Thus, optimizing the modal 

overlap in the lateral direction is an important parameter that cannot be neglected and 

has to be further investigated. 

 

Figure 5.20: Measured efficiency spectra of the grating coupler GC3 at 

αi = 11° for different width values. The inset is a zoom-in of the curve using 

wGC = 15 µm. 

5.7. Conclusion 

The realization of highly efficient gratings to couple light between optical fibers and 

photonic integrated waveguides based on the Bragg diffraction effect necessitates a 

careful design of several parameters. Starting from standard periodic structures, the first 

optimization step deals with the choice of the adequate BOX thickness in order to guar-

antee constructive interference between the downward optical power part and the part 

diffracted to the waveguide. In fact, the coupling mechanism is unfortunately combined 
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with excitation of the 0th diffraction order, and hence there is a considerable amount of 

light transmitted to the substrate in addition to the upward reflection. The substrate loss-

es then, secondly, have to be recycled, which is done by integrating backside mirrors 

underneath the gratings below the BOX layer. Finally, the upward reflection losses are 

minimized by improving the modal overlap between the grating and fiber profile along 

the lateral and longitudinal directions. This is realized by adjusting the grating width 

and by optimizing the individual groove and rib lengths while considering the minimal 

manufacturable dimensions. 

The fabrication is achieved at IMS CHIPS according to a CMOS-compatible process, 

and the platform used is a standard SOITEC wafer with a BOX thickness that fulfills the 

requirements for high-performance grating couplers. A comparison between the simu-

lated and measured results of the designed uniform and nonuniform grating couplers is 

illustrated in Figure 5.21. At the target telecommunication wavelength of 1550 nm, the 

optimized structure achieves a theoretical coupling efficiency of –0.33 dB and a meas-

ured value of –0.74 dB, representing an improvement of nearly 2 dB to standard grating 

couplers. 

At a slightly larger angle and lower wavelength, the same structure also exhibits a rec-

ord efficiency of –0.62 dB, which is the highest measured coupling efficiency between 

SMFs and PICs based on diffraction gratings up to date. 

 

Figure 5.21: (a) Simulated versus (b) measured efficiency spectra of de-

signed uniform and nonuniform grating couplers with and without a metal 

mirror underneath. 
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6. Summary and outlook 

6.1. Summary 

Coupling from optical fibers to photonic integrated circuits, especially in the SOI plat-

form, is not a trivial task due to the large dimension mismatch between the fiber core 

and the nanowaveguides on the chip. There certainly exist several approaches to solve 

this issue based for example on 3D tapers or dielectric lenses, but with many disad-

vantages. The main requirements for the realization of efficient nanocouplers are high 

transmission from the fiber to the waveguide, large bandwidth, and compactness. 

In this thesis, two different coupling techniques are adopted. The first method relies on 

the emerging field of metamaterials, whereas the second method is based on diffraction 

Bragg gratings. The main difference between both approaches depends on the interac-

tion of the electromagnetic waves with the constituting unit cells. While metamaterials 

gain their properties from the overall response rather than from the subwavelength indi-

vidual elements, Bragg gratings take advantage of diffraction since the period is in the 

order of the wavelength. 

The investigation of focusing negative index metamaterials is done in the millimeter 

wave range owing to the simplicity of the fabrication and characterization. The imple-

mentation of such structures starts with the optimization of the unit cell parameters and 

the coupling between the functional layers to realize highly efficient planar structures. 

At a frequency of 38.5 GHz, the fabricated multilayer exhibits a high transmission of 

–0.5 dB and a negative refractive index of –1. Second, the shape of the stack is modified 

following a spherical curvature, and a focusing negative index plano-concave lens is 

fabricated. This configuration shows a reduction of the launched beam width by a factor 

of more than 2 at a distance of only 6 λ0 from the metamaterial interface. Hence, very 

compact and highly efficient coupling is possible using the proposed NIM, which also 

outperforms standard dielectric lenses.  
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In order to verify the coupling behavior at telecommunication wavelengths, the dimen-

sions of the NIM lens are scaled down by a factor of 5×103. In this case, the absorption 

losses of the metal become considerable, and the transmission of the multilayer decreas-

es significantly to lower than –10 dB. When reducing the number of layers further, the 

coupling efficiency can be improved and is estimated to around –2 dB, but this is still 

lower than the target value of –1 dB. 

Indeed, the field of metamaterials offers the advantage of molding the flow of light in a 

flexible manner with numerous possible applications such as focusing and coupling. 

However, these benefits can only be meaningfully used at frequencies where the metal 

absorption is negligible, e.g. at radio frequencies. Thus, at infrared wavelengths focus-

ing based on NIMs is not the adequate solution for the coupling issue due to these metal 

losses. 

The second approach adopted in this thesis deals with the direct realization of coupling 

gratings to operate at telecommunication wavelengths. These structures have the ad-

vantage in comparison to the first investigated technique of being fabricated with the 

integrated waveguides on the chip, but they necessitate a higher optimization effort. The 

first step relies on improving the directionality by implementing a mirror at an adequate 

distance from the film layer. Furthermore, the modal overlap to the fiber profile is en-

hanced by calculating the exact length of the individual grooves and ribs. 

The fabricated grating coupler with an Al mirror underneath exhibits unprecedented 

results with a record coupling efficiency of –0.62 dB at 1531 nm, which is the highest 

measured value so far, and a large 1 dB bandwidth of 40 nm. In addition, the grating has 

very compact dimensions as small as 15 µm × 15.2 µm and can be connected to the 

nanowaveguides by means of adiabatic tapers or other focusing schemes. The structures 

are fabricated in a CMOS-compatible technological process, and the metal mirrors are 

integrated cost-effectively without the need for wafer bonding techniques. 

Thus, in summary, Bragg gratings offer the possibility of highly efficient coupling, 

which exceeds the performance of focusing metamaterials. In addition, the compactness 

of these structures makes them more favorable than other standard coupling techniques 

such as SSCs despite the slightly lower efficiency. Nevertheless, the theoretical results 
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predict efficiencies even better than –0.3 dB, which can be certainly achieved when 

optimizing the fabrication process. 

6.2. Outlook 

Despite the notable losses in metamaterials due to the absorptive behavior of metals at 

optical frequencies, this field remains interesting as it enables the achievement of arbi-

trary electromagnetic properties that can initiate novel effects not found in nature. Thus, 

in order to make use of metamaterials in the infrared and visible range, the use of con-

ventional metals has to be replaced by other alternative materials with lower losses such 

as transparent conducting oxides [105] or enhanced by loss-compensating active media 

[104]. 

For the application of nanocoupling between optical fibers and integrated waveguides, 

diffractive gratings have been proven to exhibit higher performance and more ad-

vantages than any other coupling technique. Indeed, the achievable bandwidth can cover 

the totality of one telecommunication band; however, covering more bands can be real-

ized only by changing the fiber tilt angle or by implementing particular structures with 

larger loss penalty. Here the use of active media can also be advantageous as the fiber 

can be kept fixed while the transmission peak is tuned over the wavelength. This can be 

done for example by doping the grating region in order to achieve a refractive index 

change when applying an electric field, and hence a change of the operating wave-

length. 
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Appendix 

A. Diffraction at different slit apertures 

The intensity distribution of a diffracted wave having a wavenumber k on an aperture of 

an area A is proportional to the Fraunhofer integral as follows 

2
j k r

A

I C e dA−= ∫
 

, (A.1) 

where C is a constant. Thus, the diffraction pattern depends solely on the aperture ge-

ometry and the wave properties. In the following subsections, the intensity distribution 

of three different configurations is shown.  

A.1. Rectangular single-slit aperture 

In the case of a sufficiently long, rectangular single-slit aperture with a width w and a 

length l, the intensity can be expressed as 
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A.2. Circular single-slit aperture 

For a circular aperture of a diameter D, the intensity distribution is given as 

0
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The expression 
0

cj cosj e cos d
π

γ θ θ θ
π
−

∫  is known as the Bessel function of the first kind of 

order 1 and is denoted by 1( )cJ γ  [123]. 

Hence, 
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A.3. N-slits aperture 

The intensity distribution originating from diffraction of an incident wave at an angle αi 

at N periodic, sufficiently long, rectangular slits of a width w each, a length l, and a pe-

riod Λ is expressed as 
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B. Equivalent LC circuit of a fishnet NIM  

In order to obtain a metamaterial with a negative refractive index, the unit cell has to be 

designed so that Re(εr) < 0 and Re(µr) < 0 are in the same frequency range. While the 

negative permittivity is obtained using periodically structured metallic wires, the nega-

tive permeability is generated by exciting circular currents that produce a magnetic res-

onance. Using a single layer of the adopted fishnet structure in this thesis with the pa-

rameters Λ = 4.9 mm, Rm = 2.3 mm, and wm = 1.45 mm, it is clear that the current densi-

ty on the substrate surfaces reaches high values at a frequency of 36.8 GHz with three 

virtual loops as shown in Figure B.1(a). These loops in the upper, middle, and bottom 

part of the unit cell can be represented by the inductances Lu, Lm, and Lb, which depend 

on the geometrical parameters of the unit cell and can be summarized in a total induct-

ance L. On the other hand, both metallic sheets separated by the substrate layer repre-

sent a capacitor C, and hence the overall response can be described by an inductive-

capacitive behavior with a magnetic resonance 1m / LCω =  [124]. 

 

Figure B.1: (a) Current density distribution on the substrate surfaces of a 

unit cell with Λ = 4.9 mm, Rm = 2.3 mm, and wm = 1.45 mm at 36.8 GHz. 

(b) Corresponding equivalent circuit of the metamaterial. 
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Figure B.1(b) illustrates the equivalent circuit of the single layer with the parameters 

mentioned above. Due to the additional substrate and metal losses, the elementary LC 

circuit is extended by the resistances Ru, Rm, and Rb. Using the values Lu = Lb = 0.1 nH, 

Lm = 0.212 nH, C = 0.06 fF, and Ru = Rm = Rb = 10 Ω, the obtained amplitude and phase 

of the simulated S-parameters using the commercial software Agilent Advanced Design 

System (ADS) are illustrated in Figures B.2(a) and B.2(b). It is clear that the results 

agree well with the CST simulations and demonstrate the effect of the LC behavior on 

the overall metamaterial response to achieve a magnetic resonance. In addition, the re-

trieved internal properties are depicted in Figures B.2(c) and B.2(d) and show the pres-

ence of a common frequency range with Re(εr) < 0 and Re(µr) < 0, and hence Re(n) < 0. 

 

Figure B.2: Comparison between the simulated (a) amplitude and (b) phase 

of the S-parameters and the retrieved (c) real part of the permittivity, perme-

ability, and (d) complex refractive index using CST MWS and ADS. 
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C. Design of an aspheric lens at radio frequencies 

The dielectric plano-convex lens is designed based on a hyperbolic shape in order to 

eliminate any spherical aberrations. The design of the aspheric lens is realized following 

the theoretical calculations in [125]. 

The used dielectric is a Teflon substrate with a relative permittivity εr = 2.1 and a thick-

ness T = 10.8 mm. The diameter of the lens is chosen as D = 72 mm to have almost the 

same area as the plano-concave NIM lens. Thus, the 3D form of the lens is fully de-

scribed using the equation 

( ) ( )2 2 21 2 1r rx y z F zε ε+ = − + − , (C.1) 

and a graphical representation of the structure is shown in Figure C.1. The focal length 

of the lens can then be determined to 

21 1
2 21 r

r

T DF
T

ε
ε

  = − +  −    
, (C.2) 

which gives F = 120.4 mm and FFL = 109.6 mm. The FFL of the fabricated structure is 

measured to a smaller value of nearly 95 mm, which can be attributed to fabrication 

deviations of the hyperbolic surface. 

 

Figure C.1: Schematic drawing of the designed plano-convex dielectric 

lens. 
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D. Waveguide losses 

In order to determine the exact coupling efficiency of the fabricated grating couplers, 

different loss factors, including the insertion loss of the setup and the waveguiding 

structures on the chip, have to be taken into consideration. As the input and output grat-

ings are generally connected by a thin waveguide of a length LW, the additional losses of 

the tapers 2aT and of the waveguide aWLW have to be measured separately. The coupling 

efficiency is then determined as follows 

( ),dBm ,dBm
1 2
2GC L P S T W WP P a a a Lη = − − − − − . (D.1) 

When using a waveguide of the same width as the gratings, the tapers are saved and 

only the waveguide losses may play a role. By varying the waveguide length and aver-

aging the fiber-to-fiber transmission, the waveguide loss per length aW can be then cal-

culated from the slope of the curve since 

,dBm ,dBm 2P L W W GC SP P a L aη− = − + − . (D.2) 

Figure D.1(a) illustrates a structure composed of two gratings linked by a waveguide 

with a width of 14 µm. The measured transmission as a function of the waveguide 

length at a wavelength of 1550 nm is depicted in Figure D.1(b), and the waveguide loss 

per length is calculated to aW = 0.06 dB/mm. Thus, for relatively large widths these 

losses are negligible and the grating coupler efficiency can be determined directly from 

the difference of the input and output optical powers after subtracting the setup losses. 

When the waveguide width is decreased, the losses increase dramatically due to the 

stronger interaction of the fundamental mode with the waveguide faces, especially for 

the TE polarization. Here the sidewall roughness caused by the fabrication process and 

the stitching errors of the electron beam writer represent scattering centers for the guid-

ed electromagnetic wave. Figure D.2(a) represents a microscopic picture of a structure 

composed of two gratings linked by a thin waveguide with a width of 400 nm and two 

adiabatic tapers. The measured transmission as a function of the waveguide length at a 

wavelength of 1550 nm is depicted in Figure D.2(b), and the waveguide loss per length 

is calculated to aW = 1.2 dB/mm. It should be noted that this loss factor is smaller for 
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TM than for TE since the electric field interacts with the top and bottom waveguide 

faces rather than with the sidewalls. 

 

Figure D.1: (a) Microscopic picture of a structure composed of two gratings 

linked by a waveguide with a width of 14 µm. (b) Measured transmission as 

a function of the waveguide length at 1550 nm for TE polarization. 

 

Figure D.2: (a) Microscopic picture of a structure composed of two gratings 

linked by two tapers and a 400 nm wide waveguide. (b) Measured transmis-

sion as a function of the waveguide length at 1550 nm for TE polarization. 
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E. 1D Bragg gratings for TM coupling 

In this thesis, only coupling of the TE polarization based on 1D Bragg gratings is con-

sidered. In order to couple light using a polarization-independent configuration, 2D 

gratings can also be used with the additional functionality to rotate the other orthogonal 

TM polarization inherently into the TE mode. 

When a pure TM wave has to be coupled, the period of the 1D grating has to be calcu-

lated accordingly since the effective refractive index of the fundamental TM mode is 

lower than that in the TE case. Alternatively, the 1D grating can be designed to couple 

both TE and TM waves in a polarization splitting configuration. 

E.1. Single polarization coupling 

Based on the calculations in the fourth chapter, coupling of a pure TM wave to the first 

diffraction order m = 1 can be realized for example at αi = 9° and λ0 = 1550 nm using 

Λ = 860 nm. The coupling efficiency spectrum of this periodic structure, including a 

metal mirror underneath, is illustrated in Figure E.1 with a maximum value of –1 dB. In 

order to enhance the transmission, the grating elements are optimized based on the in-

troduced algorithm, and the simulated coupling efficiency is also shown in the same 

graph. In this case, the efficiency at 1550 nm is increased to –0.33 dB. The dimensions 

of the individual ribs and grooves are listed in Table E.1. 
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Figure E.1: Simulated coupling efficiency spectrum for TM coupling at 

αi = 9° using a periodic grating with Λ = 860 nm and an aperiodic grating 

with the dimensions listed in Table E.1. The BOX thickness is 2.96 µm. 
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Table E.1: Dimensions of the optimized nonuniform grating for TM cou-

pling in nm. g1 corresponds to the length of the nearest groove to the output 

waveguide. 

g1 b1 g2 b2 g3 b3 g4 b4 g5 b5 g6 b6 g7 b7 g8 b8 g9 
60 733 62 730 87 674 98 683 104 665 158 629 383 454 384 465 386 

b9 g10 b10 g11 b11 g12 b12 g13 b13 g14 b14 g15 b15 g16 b16 g17 b17 
475 344 482 388 490 338 490 358 486 366 503 318 495 382 463 368 472 

g18 b18 g19 b19 g20             

381 507 339 548 324             

 

E.2. Polarization beam splitting 

The second method to couple a TM wave using a 1D grating relies on exciting a diffrac-

tion order different from the 0th and 1st modes. In this case, the structure is designed in a 

polarization splitting configuration by transmitting the TM wave to the other side of the 

waveguide following m = –1, while the TE wave is transmitted to the conventional di-

rection following m = 1. This is achieved initially by determining the required combina-

tion of Λ and αi. 

In order to achieve identical transmission to both waveguide parts, the number of peri-

ods and the position of the fiber have to be additionally optimized in a second step. Us-

ing a periodic structure with Λ = 640 nm, αi = 16°, N = 15, and having a metal mirror 

underneath, the coupling efficiency at 1550 nm reaches –1.5 dB for both polarizations 

with an extinction ratio better than 23 dB at the two outputs as shown in Figure E.2(a). 

Here outputs 1 and 2 correspond to the diffraction orders 1 and –1 respectively. 

The efficiency is enhanced to more than –1.2 dB by optimizing the individual grating 

elements using a slightly modified algorithm [110], and the transmission spectrum of 

the aperiodic grating with the dimensions listed in Table E.2 is illustrated in Figure 

E.2(b). The extinction ratio is larger than 21 dB at 1550 nm and exceeds 20 dB in a 

wavelength range of more than 60 nm. 

It should be noted that the common efficiency cannot reach the values obtained in the 

last subsection since the maximal transmission of each orthogonal polarization takes 

place at a different fiber position on the grating. 



 
 
Appendix 126 

 

Figure E.2: (a) Simulated transmission spectrum at αi = 16° using (a) a pe-

riodic grating with Λ = 640 nm and (b) an aperiodic grating with the dimen-

sions listed in Table E.1. The number of periods is 15 and the BOX thick-

ness is 2.96 µm. Both structures have a metal mirror to enhance the direc-

tionality. 

Table E.2: Dimensions of the optimized nonuniform polarization beam 

splitter in nm [36]. g1 corresponds to the length of the nearest groove to the 

TE output. 

g1 b1 g2 b2 g3 b3 g4 b4 g5 b5 g6 b6 g7 b7 g8 b8 g9 
204 391 302 368 288 352 288 352 307 333 294 346 310 340 293 343 294 

b9 g10 b10 g11 b11 g12 b12 g13 b13 g14 b14 g15      
339 299 341 290 321 324 307 350 281 335 345 171      
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