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Abstract (German) 

Plasmonik ist eine Technik, um Licht mit Hilfe metallischer Leiter zu 

beeinflussen. Plasmonische Bauteile gehören zu einer neuen Generation 

höchst-integrierter photonischer Schaltungen, deren Abmessungen weitaus 

kleiner als die Lichtwellenlänge sein können. Die verfügbare Chipfläche wird 

dadurch optimal genutzt, was die Produktionskosten zukünftiger 

optoelektronisch integrierte Schaltkreise (integrated circuit, IC) dramatisch 

reduzieren könnte. Darüber hinaus reduziert die Plasmonik den 

Energieverbrauch optoelektronischer Grundelemente der Telekommunikation 

wie Modulatoren, Schalter und Router. Zusätzlich bieten plasmonische 

Modulatoren und Schalter aufgrund ihrer kompakten Abmessungen und ihrer 

ultra-kleinen RC-Zeitkonstanten höchste Schaltgeschwindigkeiten. 

Diese Arbeit beschäftigt sich mit den Grundlagen plasmonischer optischer 

Schaltungen und konzentriert sich auf die Entwicklung von neuartigen, 

plasmonischen Modulatoren. In den entwickelten Bauteilen wird die optische 

Phase oder die Ausbreitungsdämpfung von Oberflächen-Plasmon-Polaritonen 

(surface plasmonic polariton, SPP) durch eine angelegte elektrische Spannung 

moduliert. Wir zeigen zwei verschiedene Konzepte plasmonischer 

Modulatoren, eines, um die Phase der SPP zu beinflussen, und eines zur 

Veränderung deren Intensität. 

Um die SPP-Phase zu modulieren, verwenden wir einen plasmonischen 

Wellenleiter, der mit einem nichtlinearen Dielektrikum gefüllt ist und das über 

den Pockels-Effekt – auch bekannt als linearer elektrooptischer Effekt – die 

Ausbreitunggeschwindigkeit eines SPP verändert. Zum ersten Mal konnten wir 

zeigen, dass ein plasmonischer Phasenmodulator, integriert auf einem 

Silizium-Chip, einem optischen Träger Datenraten von 40 Gbit / s 

aufmodulieren kann. 

Anschließend erörtern wir das Konzept eines SPP-Absorptionsmodulators 

mit einer Länge von nur wenigen Mikrometern. Wir zeigen, dass mit dünnsten 

Schichten von transparenten Metalloxiden wie Indium-Zinn-Oxid (indium tin 

oxide, ITO) ultra-kompakte und damit hochgeschwindigkeitstaugliche 

Intensitätsmodulatoren realisiert werden können. 

Um die optischen Einfügeverluste der plasmonischen Strukturen zu 

minimieren, entwickeln wir effiziente Übergänge (Modenkonverter), welche 

die effiziente Kopplung eines SPP an den Grundmodus eines 

Streifenwellenleiters aus Silizium gestattet. Darüber hinaus entwickeln wir 

einen speziellen Modenwandler, der polarisationsselektiv sowohl den TE- als 

auch den TM-Modus eines Silizium-Streifenwellenleiters in das entsprechende 

SPP konvertiert. Bei Kombination eines plasmonischen Modulators mit einem 

der oben erwähnten Modenwandler kann einem optischen Träger ein 
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Datenstrom in einer der beiden Polarisationen aufmoduliert werden. Werden 

zwei orthogonale Polaristation in einem Polarisations-Multiplex zur 

Übertragung genutzt, kann man die Datenrate einer optischen Verbindung 

zwischen zwei silizium-photonischen Schaltungen verdoppeln. 

Polarisationsmultiplex erfordert die Zusammenführung und die Trennung 

orthogonaler Poarisationen, was mit einem Polarisationsstrahlteiler 

(polarization beam splitter, PBS) erreicht werden kann. Wir entwickeln einen 

ultra-kompakten plasmonischen PBS, dessen Länge kleiner als 5 m ist und 

der die TE- und TM-Moden eines Streifenwellenleiters aus Silizium trennt 

oder vereint. Plasmonische PBS werden sowohl im Sender als auch im 

Empfänger genutzt. 

In zwei Anhängen werden einerseits die mathematischen Grundlagen der 

Arbeit erläutert und andererseits die Herstellung der Bauteile sowie die 

Experimente im Detail geschildert. 

 



 

 

Preface 

Plasmonics is a technology that uses metals to manipulate the electromagnetic 

waves at optical frequencies. Plasmonics is considered to be an alternative path 

towards a new generation of more densely integrated photonic circuits with 

dimensions that would not be possible with any other conventional photonic 

technology [1, 2]. The small footprint of plasmonic devices can reduce the 

production costs of current optoelectronic integrated circuits (ICs). In addition, 

plasmonics can have a great impact on minimizing the energy consumption of 

optoelectronic devices such as modulators, switches and routers, which play a 

major role in the field of telecommunications. Furthermore, plasmonic 

modulators and switches inherently offer high-speed operation because of their 

compact dimensions and of their ultra-small RC time constants due to the high 

conductivity of metals. 

In this thesis, we focus on the development of novel plasmonic modulators, 

wherein the surface plasmon polariton (SPP) is modulated by an electrical 

signal. We demonstrate two concepts of plasmonic modulators for controlling 

the phase and the intensity of the SPP. First, we use the Pockels effect (also 

known as linear electro-optic effect) in electro-optic organic materials to 

modulate the phase of the SPP. We demonstrate 40 Gbit / s operation of 

plasmonic phase modulators (PPM) integrated on a silicon-on-insulator 

photonic chip. Then, we introduce the idea of an SPP absorption modulator 

with a length of only few micrometres. We show that ultra-compact and high 

speed SPP intensity modulators can be realized by using thin layers of 

transparent metal oxide such as indium tin oxide (ITO). 

To minimize optical insertion losses in plasmonic modulators we develop 

efficient schemes to excite the modulator’s SPP with the fundamental mode of 

a silicon strip waveguide. Specifically, we design photonic-to-plasmonic mode 

converters that can be used to convert both TE and TM modes of a silicon strip 

waveguide into the proper SPP. By combining a plasmonic modulator with the 

mode converters mentioned above, we can encode a data stream in either of 

both polarizations of a silicon strip waveguide. The simultaneous transmission 

of two polarizations in one waveguide doubles the aggregate data rate. To 

make such a polarization diversity scheme work with silicon photonic circuits, 

we propose an ultra-compact plasmonic polarization beam splitter (PBS) with 

a sub-5 m length. These plasmonic PBSs (de-)multiplex orthogonal 

polarizations (TE and TM modes) of a silicon strip waveguide. 

The thesis is organized as follows. In Chapter 1, the motivation for this work 

is given, and the state of the art of optical modulators is presented and 

compared to the plasmonic modulators developed by us. 
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In the first part of Chapter 2, we give an overview of the basic theory of 

linear and nonlinear electromagnetic field theory. We discuss the optical 

properties of metals and give the classical models for the linear susceptibility. 

In the second part of Chapter 2, we give a brief introduction to the theory of 

surface plasmon polaritons. The SPP dispersion relations for various metallic 

structures are discussed, and the most important properties of SPP are 

explained. 

In Chapter 3, we present the passive plasmonic components developed 

within this thesis. First, we report on a novel photonic-to-plasmonic mode 

converter, which can efficiently convert a quasi-TM mode of a silicon strip 

waveguide into the gap SPP of horizontal metallic slot waveguide (MSW). The 

concept of a metallic taper as a mode converter (MTMC) is introduced in the 

second part of Chapter 3. We present the optimum configuration of the MTMC 

mode converter and discuss the performance of the fabricated device. Finally, 

the operation principle of a novel ultra-compact polarization beam splitter is 

described and design parameters are reported. The content of Chapter 3 has 

been published in one journal [J1] and one conference paper [C1]. 

In Chapter 4, we demonstrate two concepts of plasmonic modulators. First 

we introduce a plasmonic phase modulator (PPM) and experimentally compare 

the performance of two generations of fabricated PPMs. Detailed optical and 

RF characterization results of the second generation (2nG) PPM are presented, 

and operation in high temperature environments are experimentally confirmed. 

The operations of the 1stG and 2ndG PPMs at data rates of up to 40 Gbit / s are 

demonstrated. Finally, we describe the operation principle of a surface plasmon 

polariton absorption modulator (SPPAM). We show how the plasma dispersion 

effect in an ultra-thin ITO layer can be used to manipulate the wavelength 

dependent peak of the SPP absorption spectrum. We show that a device with a 

length of only a few micrometers is required to attain desired modulation 

properties, with an estimated RF bandwidth exceeding 100 GHz. Theoretical 

predictions are validated by a proof-of-principle experiment performed with 

the fabricated SPPAM. The content of Chapter 4 has been published in two 

journal contributions [J2, J3] and two conference papers [C2, C3]. 

In Appendix A, we give the theoretical derivations of the concepts that are 

essential for understanding, describing and predicting the performance and 

operation of the plasmonic components designed in this work.  

Finally, in Appendix B, the fabrication and experimental details of the 

investigated plasmonic phase modulators are described.  



 

 

Achievements of the Present Work 

In this thesis, novel plasmonic modulators are designed and demonstrated. The 

main achievements within the thesis are summarized as: 

Surface plasmon polariton phase modulator: A novel high speed plasmonic 

phase modulator is designed and demonstrated based on the 

Pockels (electro-optic) effect in an electro-optic organic material. The 

demonstrated plasmonic phase modulator is integrated with other silicon 

photonics circuits on the same silicon-on-insulator chip. The modulator 

occupies an area as compact as 1  29 m
2
, has ultra-wide RF and optical 

bandwidths, and can operate at high temperatures. For the first time ever, a 

plasmonic modulator is demonstrated to work at a bitrate of 40 Gbit/s. 

Surface plasmon polariton absorption modulator: A novel plasmonic 

absorption modulator has been designed and demonstrated on a silicon-on-

insulator platform. The modulator can be as short as (1 …  m with an 

extinction ratio of around 1 dB. The RF bandwidth of the modulator is 

estimated to be in the THz range, and is limited only by the charging time of 

the small intrinsic metal-insulator-metal capacitor. Such modulators with a 

footprint of only a few square micrometers can be used in future high-

density integrated optoelectronics. 

Photonic-to-plasmonic mode converter: A novel approach has been proposed 

for converting the silicon strip photonic mode to the gap surface plasmon 

polariton (SPP) of a horizontal metallic slot waveguide. The scheme 

provides more than 85 % conversion efficiency for the horizontal metallic 

slot waveguide having a slot size of (30 … 50) nm. The converter can be 

used in plasmonic phase modulators with a horizontal metallic slot 

waveguide configuration. 

Plasmonic polarization beam splitter: A novel polarization beam splitter has 

been proposed for application in silicon photonic circuits exploiting the 

properties of a horizontal metallic slot waveguide. The device has a length 

of 3.5 m and provides an extinction ratio of 10 dB. Such compact 

polarization beam splitters can be applied in short-haul and long-haul 

communication systems that employ polarization diversity schemes.
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1 Introduction 

The global semiconductor industry has been outperforming expectations for 

the last 40 years by continuously increasing the transistor densities on 

integrated circuits (IC) [3]. Reducing the single transistor size has resulted in a 

significant increase in the CPU clock frequency [4]. However, as the feature 

sizes reach 22 nm, leakage currents become increasingly problematic and limit 

the speed of a CPU [5, 6]. In this scenario the memory and I/O access times 

limit the processing rate rather than the outright CPU clock frequency. [7]. In 

this case the speed limiting factor is not the CPU clock frequency any more, 

but rather the memory and I/O access times [8]. Current chip-to-chip copper 

interconnects suffer from bandwidth limitations and from a large energy 

consumption. High-speed interconnects with the lowest energy consumption 

can be realized by optical means, which so far have shown to be capable of 

transmitting signals with a data rate of 26 Tbit /s [9]. However, chip-to-chip 

optical interconnects require high-speed optical transceivers which need to be 

monolithically integrated on electronic ICs [10]. Optical transmitters are 

necessary to convert digital information from the electrical to the optical 

domain. A typical high-speed optical transmitter comprises an electronic 

driver, a light source, and an optical modulator that is responsible for 

electrical-to-optical signal conversion [11]. To reduce the production cost of 

optical transmitters, the optical modulators should be fabricated with a process 

compatible with complementary metal oxide semiconductor (CMOS) 

technology [10]. Silicon photonics is forecast to be the most promising 

platform for the realization of silicon optical transmitters that can be, 

monolithically integrated with electronic ICs on the same chip. Silicon 

modulators should feature small area footprint and the lowest energy 

consumption to lower the fabrication and the operating costs, respectively [11]. 

Furthermore, modulators should offer a large RF bandwidth and an operation 

across a large optical wavelength range around 1550 nm. 

In an optical modulator, light is controlled by an electrical signal [11]. This 

can be done in a waveguide modulator by changing its refractive index. A 

control of the real part of the refractive index (phase modulator, PM) can be 

done by the thermo-optic effect [12–17], the electro-optic (EO) effect [18–26], 

and the plasma dispersion (PD) effect [27–45]. The imaginary part of the 

refractive index (intensity modulator, IM) is influenced by the electro-

absorption (EA) effect [46–53], the plasma dispersion effect [54–57], or by a 

phase transition of a medium [58–61]. The change of the real part of the 

refractive index in a liquid crystal [62–64] is useful for phase tuning, but far 

too slow for a fast data modulation. This is also true for thermo-optic [12–17] 
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and for some phase transition modulators [58]. Only the modulators employing 

EO, EA and PD can provide modulation speeds up to 40 Gbit / s. 

Intensity modulators (IM) 

In IMs, the intensity of light is directly modulated by an electrical signal U (t), 

see Figure 1.1. The most important characteristics of an IM are the radio 

frequency (RF) bandwidth for the modulation section, and the modulator’s 

extinction ratio which is defined by the ratio of the high level output optical 

power P1 and the low level output power P0, 

  1 0ER 10lg P P . (1.1) 

The RF bandwidth and the extinction ratio of IMs should be maximized to 

ensure a high-quality optical signal in the presence of noise.  

 

Figure 1.1 Optical transmitter based on the electro-absorption modulator. (a) The 
electrical and optical parts of the transmitter are depicted in blue and red, respectively. 
Light intensity is modulated by the electrical signal U (t). (b) The optical signal at the 
output of the transmitter is characterized by its high and low power levels with powers 

of P1 and P0, respectively.  

Compact IMs are realized using the Franz-Keldysh (FK) effect in bulk 

semiconductors, and the quantum-confined Stark (QCS) effect in quantum 

wells [65, 66]. These effects (also known as electro-absorption effects) 

describe the change in an optical absorption of a semiconductor due to the 

applied electric field [67]. IMs employing either of the electro-absorption 

effects are named as electro-absorption modulators (EAMs). EAMs with 

lengths of around 50 m are realized on silicon by epitaxially growing Ge or 

GeSi compounds on silicon-on-insulator wafers [46–53]. A device with an ER 

of 6 dB is reported for a drive voltage as low as U = 2.8 Vpp. [49] However, the 

EAMs show optimum operation only within a limited wavelength range, 

which, however, has been shown be tunable by varying the amount of Si the in 

GeSi layer. 

IMs on silicon can also be constructed using ring resonator devices, these 

type of modulators are also known as ring resonator modulators (RRMs) [19, 

27, 30, 31, 40, 41, 44]. In RRMs, the resonant wavelength is tuned by 

modulating the refractive index of the ring. This is typically done by using the 
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plasma dispersion effect in silicon [27–31, 40–43]. The RRMs offer ultra-

compact dimensions. For instance, a device with a footprint of 9 × 9 m
2
 has 

been demonstrated based on the plasma dispersion effect through carrier 

injection [27]. Devices based on the carrier injection process exhibit an RF 

bandwidth of only few GHz [27, 29], because of the long carrier recombination 

lifetime. Nevertheless, by pre-emphasizing the electrical drive signal, an RRM 

can produce a data stream at 50 Gbit / s as has been demonstrated 

recently [40]. The pre-emphasis is not required in RRMs which employ the 

plasma dispersion effect due to the fast carrier depletion process in silicon [30, 

31, 41–43]. A device with a footprint of 12 × 12 m
2
 and an operating speed of 

44 Gbit / s is demonstrated using the carrier depletion effect in silicon [42]. 

RRMs require small drive voltages and have an energy consumption as low as 

32 fJ / bit, however, for an extinction ratio of only 1.1 dB [41]. In addition, 

ring resonators show an optimum operation only near their design 

wavelengths, therefore, they are quite sensitive with respect to temperature 

fluctuations, and have a limited RF bandwidth because of the finite photon 

lifetime in a resonator. 

In this thesis, we first report on a compact IM which is realized using 

plasmonics and surface plasmon polaritons (SPPs) [J3, C3]. Our approach to 

realizing an IM is based on the plasma dispersion effect in a metal-oxide 

layer [54, 68]. We show that ultra-fast IMs with lengths of only 1 … 2 m and 

extinction ratios of still 1 dB can be realized by employing a thin layer of 

indium tin oxide (ITO) in a metal-insulator-metal plasmonic waveguide 

structure. Using the same effect, other researchers have reported extinction 

ratios larger than 1 dB for a plasmonic IM comprising a layer stack of silicon-

silica-ITO-gold [68]. The high extinction ratio is achieved by modulating the 

absorption coefficient of a photonic-plasmonic hybrid mode [69] through the 

plasma dispersion effect in ITO. However, the large resistivity of the intrinsic 

silicon layer makes the device reported in Ref. [69] useful only for low-speed 

applications; fast modulation of hybrid SPPs yet to be shown. 

Phase modulators (PM) 

For the vast majority of silicon optical modulators, the phase of the light is 

modulated by an electrical signal [67]. PMs have shown to be tolerant to 

temperature fluctuations, and to provide RF and optical bandwidths that are 

larger than the ones of conventional EAMs and RRMs [11]. 

The strength of the phase modulation  (t) in a PM is proportional to its 

length and to the strength of an electrical drive signal U (t) [67]. Hence, there 

is a compromise between the electrical energy consumption and the device 

footprint. To accurately evaluate and compare the performance of reported 

phase modulators, the performance metric of the voltage-length product U L 
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that results in a static phase shift of  =  is used. A PM that is characterized 

by a smaller U L product has a smaller footprint and consumes less energy. 

Phase modulators are also building blocks of amplitude or intensity 

modulators. When PMs are positioned in the arms of a Mach-Zehnder 

interferometer (MZI), see Figure 1.2, the phase modulation is converted to an 

intensity modulation at the MZI output. Such a device is known as a Mach-

Zehnder modulator (MZM). If the phase modulators are driven with electrical 

signals U1 (t) and U2 (t), the respective optical phase shifts 1 (t) and 2 (t) 

result. Depending on the phase difference 1 (t)  2 (t), the output intensity of 

a MZM can vary from maximum transmission (constructive interference) to 

minimum transmission (destructive interference) as schematically shown in 

Figure 1.2(b) [70]. The transfer characteristic of the IM has a raised-cosine 

shape. When the electric field is considered, the transfer characteristic is a sine 

as in Figure 1.2(c) [70]. The operating point (a relative phase difference 

between two arms in the case of 1 (t) = 0 and 2 (t) = 0 ) is defined by adding 

an extra phase  to one of the arms, see Figure 1.2(a). 

A signal’s in-phase (I) and quadrature-phase (Q) component can be 

modulated with two MZMs nested in the two arms of another MZI (IQ 

modulator) having a relative phase difference of  / 2 [71]. IQ modulators are 

needed for advanced modulation formats, where both amplitude and phase of 

an optical carrier is varied [71]. 

 

Figure 1.2 The configuration of an optical transmitter based on the Mach-Zehnder 
modulator ( MZM ). (a) The transmitter comprises a light source, electrical drivers 
and two high speed phase shifter built within the arms of the Mach-Zehnder 
interferometer [70].(b) The intensity and (c) the amplitude transfer functions of the 
single MZM. 

Most of the silicon-based MZMs employ high speed phase modulators 

which use either the plasma dispersion effect in silicon (all-silicon MZMs) [36, 

43–45, 72–75] or the Pockels effect in an electro-optic organic cladding. This 

technology is also known under the keyword “silicon organic 

hybrid (SOH)” [18, 22, 23]. The majority of the work done in developing 

MZMs was directed towards energy efficiency and small footprint [36, 43–45, 

72–75]. A 750 m long silicon MZM with an operating speed of 60 Gbit / s 
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and an energy consumption of about 3.5 pJ / bit was demonstrated using the 

plasma dispersion effect [45]. Even lower energy consumption has been 

achieved with the SOH technology [23]. Devices fabricated in SOH 

technology benefit from the strong interaction of light with an electro-optic 

organic cladding, so that the required drive voltage is greatly reduced. Such 

phase modulators and MZMs are operate at speeds of 40 Gbit / s with an 

energy consumption of only 1.6 fJ / bit [76]. The bit rate can be further 

increased to 112 Gbit / s when using an IQ modulator and a 16 QAM 

format [22]. 

Typical voltage length product U L are in the order one Vcm. For a low 

drive voltage, the device length has to be several hundreds of micrometers. 

Large dimensions of the MZMs make them costly and energy inefficient. 

Furthermore, all-silicon and SOH MZMs have limited RF bandwidth because 

of their large RC time constants and the mismatch between electrical and 

optical group velocities [77]. 

More compact MZMs have been achieved by using photonic crystal (PC) 

phase shifters (PC-MZM). A PC-MZM is demonstrated operating at 40 Gbit / s 

and having a length of 90 m [19, 44, 78, 79]. However, the optical bandwidth 

limitations imposed by PCs make the PC-MZM not practical for 

communication systems utilizing wavelength diversity schemes. The 

performance of PC-MZMs is also extremely sensitive to fabrication errors and 

requires highly accurate lithography and precise etching. 

In this thesis, we use plasmonics as an alternative path to realizing high-

speed, compact and low-voltage phase modulators [J2, C2]. Using surface 

plasmon polaritons (gap SPPs) and the Pockels effect in electro-optic organic 

materials, we show that a plasmonic phase modulator (PPM) is feasible with a 

footprint of only 5×6 m
2
 and with an RF bandwidth exceeding 65 GHz [J2]. 

The performance of our plasmonic modulator in comparison to state-of-the-art 

devices is given in the Table 1. It can be seen that our plasmonic phase 

modulator (PPM) not only offers the largest RF bandwidth, but also the 

smallest footprint with low electrical energy consumption comparable to very 

sensitive ring resonator modulators. 
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Table 1. State-of-the art silicon modulators compared to our plasmonic modulator 

Equation Chapter (Next) Section 1

 Photonic 

crystal 

[44] 

Ring 

resonator  

[40] 

Ring 

resonator  

[41] 

Si-WG  

MZM  

[45] 

SOH 

MZM  

[80] 

 This 

Work 

Phase  

modulation 

yes no no yes yes yes 

U L [V cm] NA     2 0.5 0.13 

f3dB   [GHz] NA 1 NA 27.8 22 > 65 

Bit-rate [Gbit/s] 40 50 40 60 40 40 

Pre-emphasis  no yes no no no no 

Operating  

range [nm] 

12 < 1 < 1 broad broad 120 

Footprint [m
2
] ~540 ~150 ~150 > 10

4
 > 5250 ~ 29 

Energy per bit 

@ 40Gbit/s  

[fJ/bit] 

N. A. N. A. 32 (+ 

FCS

) 

3500 420 60 

Insertion  

Loss [dB] 

6.2 5.2 10.5 6.5 6 12 

 
Energy consumption of the feedback control system that is needed to stabilize the device temperature 



 

 

2 Theoretical Background 

Photonics and plasmonics are technologies which are concerned with 

generation, manipulation and detection of light [67]. In order to understand and 

improve the operation of photonic / plasmonic components such as 

waveguides, splitters, couplers and modulators, consideration of the wavelike 

nature of light is often sufficient. Here we review the classical 

electromagnetic (EM) wave theory according to [81, 82]. 

In this chapter, we first discuss the theory of classical electromagnetics in 

both dielectrics and metals. We discuss how the refractive index can be 

influenced by a second-order nonlinear polarization which can be exploited to 

construct electro-optic modulators. The basic theory of surface plasmon 

polaritons (SPPs) is given in the last section of this chapter along with the 

description of various SPP waveguides and the concept of the plasmonic phase 

modulator. 

2.1 Theory of Electromagnetic Fields 

Maxwell’s four equations give a complete classical description of the electric 

and magnetic field interaction with matter. Maxwell’s equations connect the 

electric displacement D, the magnetic induction B, the electric field E and the 

magnetic field H. The quantity net is the total net charge density, the J is the 

electric current density. In differential form we have  [81] 

 

( , ) ( , ),

( , ) 0,

( , )
' ( , ) ,

( , )
' ( ) ( , ).

netCoulomb law t t

Absence of freemagnetic pole t

t
Faraday s law t

t

t
Ampere s law t t

t

 

 


  




  



D r r

B r

B r
E r

D r
H r, J r

 

  (2.1) 

The displacement field D and the magnetic field H relate to the electric field E 

and magnetic inductance B, respectively, via the constitutive equations 

 

0

0

( , ) ( , ) ( , ),

( , )
( , ) ( , ),

r t t t

t
r t t





 

 

D E r P r

B r
H M r

 (2.2) 

where  6

0 8.85419 10 As/ Vm    and  6

0 1.25664 10 Vs/ Am    are 

vacuum permittivity and permeability, respectively. The quantities P and M are 

macroscopic polarization and magnetization. For nonmagnetic materials the 

macroscopic magnetization M equals zero, which further simplifies the second 
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equation of Eq. (2.2). The macroscopic polarization P is the sum of all dipole 

moments per volume of a material induced by an external stimulus E. The 

response of a spatially local material is described by a macroscopic 

polarization P, which in general has a nonlinear dependence on the electric 

field E [83]  

 

(1)

0

0

(2)

0

0 0

( , ) ( , ) ( )d

( , , ) : ( , ) ( , )d d ,

t t t t t

t t t t t t t t

 

 



 

     

        



 

P r r E r,

r E r E r

 (2.3) 

where 
( )n  is the n

th
 order tensor of the influence function that defines the 

temporal memory of the material. The influence function is causal, 
( )

1 2( , , , t ) 0n

nt t r  for 1 2, , t 0nt t  , which is expressed by the lower 

integral boundaries in Eq. (2.3). The above expression between a polarization 

and an electrical field is valid for both isotropic and anisotropic materials as 

well as for dispersive and lossy media. It takes into account the fact that the 

polarization at time t is not only defined by the instantaneous electric field 

( , )tE r , but also by the field at previous times. The integral in the first line of 

Eq. (2.3) describes the linear response of the material, while the following 

integrals describe the nonlinear parts of the response. The contributions of the 

nonlinear polarizations in the material response must be taken into account in 

the case of a strong electric field E. 

Electric and magnetic fields wave equations can be obtained by eliminating 

either E or H in the Maxwell’s equations. The wave equation for the electric 

field E results when taking the curl  of both sides of Faraday’s law, 

 

 
   

   

2 2

0 0 0 02 2

2

0 0 0 2

  ,   ,
  ,

  ,   ,
.

L NLt t
t

t t

t t

t t

   

  

 
   

 

 
 

 

P r P r
E r

J r E r
 (2.4) 

We have separated the linear PL and the nonlinear PNL terms of the polarization 

P. As in our case the current density J  is induced by the exciting electric field 

E, it can be regarded as a material property like the polarization P.  

2.1.1 Linear Optics 

In linear optics, the strengths of electric fields interacting with matter are 

considered to be weak, and thus the nonlinear terms of the polarization are 

neglected resulting in a linear dependence of a displacement D  on an electric 

field E  
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 (1)

0 L 0 0

0

( , ) ( , ) ( , ) ( , ) ( , ) ( , )d .t t t t t t t t   


       D r E r P r E r r E r  

  (2.5) 

The linear term of the polarization is denoted as PL. We can replace the 

convolution integral in Eq. (2.5) with the more favorable multiplication 

operator by using a Fourier transform Eq. (A.1) of the physical quantities D, E 

and P, and by writing Eq. (2.5) in the frequency domain 

 
(1)

0 0( , ) ( , ) ( , ) ( , ),       D r E r r E r  (2.6) 

where is the angular frequency. The wave equation in the frequency domain 

can be derived from Eq. (2.4) for a linear medium, by assuming a linear 

dependence of electrical current density J  on the electric field E  

 
 

2 2 (1)

0 0 0 0 0

  ,

( , ) ( , ) ( , ) j ( , ) ( , ).r



             

 

  

E r

E r r E r E r
 

  (2.7) 

The quantity ( , ) r  is the conductivity of a medium. The linear dependence 

of an induced current density on the external electric field gives a possibility to 

combine all the terms of the RHS and write the wave equation Eq. (2.7) in a 

simpler form [1] 

  
2

(1)

2

0

( , )
, 1 ( , ) j ( , ) 0.

c

  
   



 
     

 

r
E r r E r  (2.8) 

We have defined the speed of light in vacuum as 0 01  c . The modified 

form of the wave equation Eq. (2.8), which is valid for both non-conductive 

and conductive materials shows that no differentiation can mathematically be 

given between an imaginary part of the complex susceptibility j      

and a conductivity ( , )r  . Advanced ellipsometric techniques can measure 

the complex susceptibility at optical frequencies, and is often an easier 

measurement technique to implement than that of measuring the conductivity 

directly. Therefore, for the sake of convenience, we will assume zero 

conductivity throughout this thesis. Instead of regarding the conductivity, we 

will define a complex susceptibility whose imaginary part is responsible for all 

the absorption mechanisms, and which can be assessed easily by experiment 

and modeled in theory.  

In optics, the linear susceptibility can be redefined as a relative permittivity 

or a refractive index to describe material properties, see Table 2. Even though 

all three descriptions are equivalent, the refractive index is mostly preferred, 

due to its direct connection to the wave velocity, see also Eq. A.2, 
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2

2

2
  , ( , ) ( , ) 0,n

c


    E r r E r  (2.9) 

where jn n n    is the complex refractive index tensor, whose real part n  is 

related to the phase velocity of light, and whose negative imaginary part n  

determines the attenuation of a wave amplitude as shown in Eq. A.2 

(extinction coefficient). 

Table 2 Connection of linear susceptibility to the relative permittivity and the 
refractive index 

Relative Permittivity Refractive Index 

(1)j 1         (1)j 1n n n       

In the case of isotropic materials, the tensor quantities reduce to scalars, and 

the underscores are dropped. 

2.1.2 Material Properties 

Generally speaking the frequency dependence of the susceptibility is unknown 

and should be measured by, e. g., ellipsometry. However, for some isotropic 

materials the susceptibility 
(1)  can be calculated by using simple classical 

Lorentz or Drude models [84]. The modelling of the susceptibility is important 

when a solution to the frequency dependent wave equation Eq. (2.8) should be. 

In the classical Lorentz model, the macroscopic response of a material is 

modelled assuming that it consists of a collection of microscopic harmonic 

oscillators representing the nuclei of an atom with an surrounding electron 

cloud [84]. In this case, the equation of motion of an electron in an electron 

cloud oscillation, under excitation by an external electric field can be given as 

 
2

2 j

2

d d
( , ) .

d d

t

e e e Lm m m e e
t t

     
r r

r E r  (2.9) 

The term on the LHS describes the drive force which oscillates with a 

frequency of  The quantity em  is the electron mass, e is the value of 

electronic charge, L  and   are the resonance frequency and the damping 

constant (collision frequency) of the oscillator, respectively. The second term 

on the RHS of Eq. (2.9) describes the energy loss mechanism, while the third 

term is the elastic restoring force. The solution of the above equation of motion 

can be used to describe the microscopic dipole moments of individual 

atoms [85] 
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The macroscopic polarization can be found by summing up all the dipole 

moments  [85] 
2

(1) (1)

0 2 2

0

1
( , ) ( , ) ( , ), where ( , ) ,

je L

Ne
N r

m
      

   
  

 
P r p r E r  

  (2.9) 

where N is the number of oscillators per volume and 0 is the vacuum 

permittivity. Eq. (2.9) gives the susceptibility of a material in the classical 

Lorentz model and defines the macroscopic linear polarization that is a result 

of the bound electron oscillating around a nucleus. The quantum mechanical 

analogy of Lorentz model are interband transitions of electrons between the 

energy levels with a separation close to L  [85]. To model the frequency 

dependence of the susceptibility over a large frequency range, the contribution 

of all of the oscillations with various resonance frequencies should be added 

together 
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   (2.9) 

The parameter Ni is the number of electrons per volume that are bound to the 

nucleus with a resonance frequency of 
iL . Multiple resonances expressed in 

Eq. (2.9) describe the peaks in the absorption spectrum as well as the 

frequency dependence of the real part of the susceptibility, i.e. refractive index. 

Generally, the frequency dependence of the refractive index results in the 

spreading of optical pulses, therefore this effect is called dispersion. 

The contribution of free electrons to the optical response of metals can be 

taken into account by the Drude model. In this case there is no restoring force (

L =0) in Eq. (2.9), and the complex susceptibility is  

 
2 2
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 (2.9) 

The parameter  is the frequency independent background permittivity. The 

so-called plasma frequency p is defined as 
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2

0
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e

Ne

m



  (2.9) 

The quantum mechanical analogy of the free electron response to an external 

electrical field is an electronic intraband transition [85]. 

When modelling the susceptibility of real metals at high photon energies, 

more often than not the Drude model is insufficient, and oscillations of the 

bound electrons in the inner electronic shells need to be considered as 

well [85]. This can be seen for instance in Figure 2.1(a), where the measured 

real part of the relative permittivity of silver is given in comparison to the 
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values predicted by the Drude model (only free electrons) and by the Drude-

Lorentz model (including bound electrons with three different resonance 

frequencies). It can be seen that the frequency dependence of the relative 

permittivity of silver can be precisely modelled in a wide frequency range 

using the Drude-Lorentz model. Nevertheless, the Drude model alone can still 

be considered to be a good approximation for susceptibilities of metals in the 

low-frequency range, see Figure 2.1(a). Figure 2.1(b) gives the refractive index 

and the extinction coefficient of silver as a function of the frequency . Metals 

show large extinction coefficients below their plasma frequency because of the 

large negative real part of the relative permittivity. Therefore, light in the 

frequency range below the plasma frequency does not propagate and has a very 

short penetration depth in into the metal. 

 

Figure 2.1 The relative permittivity and the refractive index of silver as a function of 
the optical frequency . (a) Experimental values of the relative permittivity Ref. [86] 
and the theoretical fits assuming the Drude model (free electrons only, dashed line) 
and the Drude-Lorentz (solid line, three resonance frequencies for bound electrons). 
The dotted line shows the contribution of the Lorentz model only. (b) Measured 
refractive index (black circles) and extinction coefficient (red circles) of silver [86], 
and fit with a Drude-Lorentz model (solid lines). 

In Appendix A.10, we give the optical properties and Drude parameters for 

silver, gold and copper. These noble metals are particularly interesting because 

of their relatively small electron collision frequencies (damping constant). 

Silver shows the least power dissipation at optical frequencies. Therefore, the 

insertion loss in plasmonic devices can be significantly reduced by using 

plasmonic silver waveguides. However, because silver oxidizes quickly, it is 

sometimes preferable to use gold despite of its large electron collision 

frequency [86], see Appendix A.10. Gold is known for its long-term stability 

which is important whenever the overall lifetime of a device matters most. 

Moreover, copper is widely used in CMOS technology, and therefore might be 

the only choice of metal available when designing mass-produced plasmonic 

ICs. 



2.1: Theory of Electromagnetic Fields 13 

 

 

2.1.3 Nonlinear Optics and Second-Order Nonlinear Polarization 

The nonlinear polarization in Eq. (2.3) must be taken into account either for 

large optical intensities, or for materials with strong nonlinear 

susceptibilities [87]. The interaction of light with a nonlinear medium is 

described with a nonlinear wave equation, which can be derived from Eq. (2.4)

, 

    
2

2 2

0 NL2
  , ( , ) ( , ) , .n

c


       E r r E r P r  (2.10) 

It can be seen that the nonlinear polarization acts as a secondary source giving 

rise to new spectral components in the EM wave spectrum [82]. The second-

order nonlinear polarization term is only [82] 
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        P r r E r E r  (2.11) 

The second-order polarization in the frequency domain is simply [83] 

 (2) (2)
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n m

       P r r E r E r  (2.12) 

The quantities ( , )nr E  and ( , )mr E  are the complex amplitudes (phasors) of 

the incident EM wave at frequencies n  and m , respectively, and 
(2) ( , )r P  is 

the Fourier transform of the second-order nonlinear polarization at    n m . 

The summation in Eq. (2.12) extends over all positive and negative pairs of 

frequencies  , n m which lead to the same  . 

We assume now that the incident EM wave is a superposition of two 

monochromatic plane waves with frequencies of 1 and 2  

    1 2j j

1 1 2 2

1 1
( , ) ( , ) . . ( , ) . . .

2 2

t tt e c c e c c     E r E r E r  (2.13) 

Here, the positive and negative frequency components generate nonlinear 

polarization terms oscillating with various frequencies determined by all 

permutations of the incident frequencies for the special case 1 2  , Table 3. 

Table 3 Frequency components of the second-order nonlinear polarization for two 
monochromatic incident plane waves with 1 2  . 

SHG SFG DFG EOR 

1 1 12     

2 2 22     
1 2   1 2   1 1   

2 2   

SHG – second harmonic generation,   

SFG – sum frequency generation,   

DGF – difference frequency generation,   

EOR – electro-optic rectification. 
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When one of the fields in Eq. (2.13) is a static or low-frequency electric 

field with 2 0  , the second-order nonlinear polarization has a non-zero 

complex amplitude at the fundamental frequency of 1 . Denoting the field 

strength of the low-frequency electric field as ( ,0)r , we can write 

 
(2) (2)

1 0 1 1 1( , ) 2 ( , ,0) : ( , ) ( ,0).P r r E r r      (2.14) 

Therefore, while solving the wave equation Eq. (2.10) for a fundamental 

frequency 1 , the linear and second-order nonlinear polarizations can be 

combined on the LHS resulting in a wave equation similar to Eq.(2.9) valid for 

linear materials 
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   E r E r  (2.15) 

For simplicity, the frequency 1  is replaced by  . It can be seen that the 

propagation of a wave in a non-centrosymmetric material can be described like 

wave propagation in a linear material with a refractive index NLn  which 

depends on the static electric field, 

 
2 2 (2)( , ) ( , ) 2 ( , ,0) ( ,0).NLn n    r r r r  (2.16) 

This effect, where the refractive index seen by an EM wave is varied by the 

presence of a static electric field is known as the Pockels effect or the linear 

electro-optic effect [82]. Many optical modulators employ the Pockels effect to 

modulate the phase of light, see Appendix A.3. In Chapter 4.1, we demonstrate 

a plasmonic phase modulator which uses Pockels effect to modulate the phase 

of the plasmonic signal. 

Historically, an alternative mathematical formulation of the Pockels effect 

has been given using an electro-optic tensor rijk that describes the change of the 

index ellipsoid under the influence of the applied static electric field [82]. If 

the material is anisotropic and non-dispersive, the displacement field relates to 

the electric field via the relative permittivity tensor  , 
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For lossless and non-dispersive materials it can be shown that the permittivity 

tensor is a symmetric matrix with elements  ij ji
 [82]. Moreover, the relative 

permittivity tensor can be converted to diagonal form by choosing an 

appropriate coordinate axes [88], which for linear materials results in 
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The quantity ew is the electric field energy density which is constant for 

lossless materials [82]. The , ,x y zD D D  are the Cartesian components of the 

displacement field in the newly chosen coordinate system, and , ,  xx yy zz
 are 

the diagonal coefficients of the transformed relative permittivity tensor. Eq. 

(2.18) describes an ellipse in its principle-axis system. Going back to an 

arbitrary Cartesian coordinate system , ,x y z , the so-call index ellipsoid 

results [82], 
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The quantities (1/n
2
)ij are constants that describe the optical indicatrix in the 

new coordinate system [82]. The first-order change of the index ellipsoid due 

to the applied static electric field is linearly proportional to the applied field, 
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  (2.20) 

The term on the RHS of Eq. (2.20) defines the optical indicatrix in the 

presence of the static electric field k . The parameters rijk are known as 

electro-optic coefficients and give the rate at which the coefficients (1/n
2
)ij 

change with the applied electric field. Similar to the permittivity tensor, the 

electro-optic tensor should be symmetric with respect to the indices ij [82]. 

This means that there are only 18 independent non-zero coefficients within the 

rijk tensor instead of full 27 coefficients. It allows us to construct the electro-

optic matrix rsk where ij indices are replaced with one index  1, 2, 3, 4, 5, 6s   

and the index  , ,k x y z  is redefined as  1, 2, 3k   
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. (2.21) 

If the material belongs to one of the crystallographic point groups, several 

coefficients of the matrix rsk are zero, because the matrix rsk must be invariant 

with the same symmetry operations that transform the crystal onto itself [89]. 

This then can simplify calculations. 

Electro-optic (EO) organic materials are known for their large electro-optic 

coefficients [87]. They are primarily centro-symmetric because of the random 

distribution of dipole moments. Therefore, EO organic materials intrinsically 

do not show linear electro-optic effect. However, by breaking the centro- 
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symmetricity of EO organic materials, via the so-called poling procedure, one 

can activate their electro-optic properties. The poling is normally done by 

applying a static electric field Epol across the organic material at an elevated 

temperature [18, 87]. The poling field Epol destroys the centro-symmetric 

nature of the EO organic material and creates an optical preference direction. 

Assuming that Epol is oriented along the z-axis, we find the vanishing 

coefficients of the electro-optic matrix r by considering that it must be 

invariant with respect to a rotation around the z-axis 
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Finally, the static electric field induced change in the index ellipsoid of an 

electro-optic organic material poled along the z-axis can be written as 

 

2 2 2 2 2 2

13 13 332 2 2 2

42 422 2

1 1 1 1
2

1 1
2 2 2 2 1.

z z z

xx yy zz yz

y x

xz xy

x r x y r y z r z yz
n n n n

r yz xz r xz xy
n n

       
             

       

   
       

   

  (2.23) 

Therefore, the static electric field z polarized along the poling direction z 

induces a refractive index change along all three axes. In case, if the incident 

optical wave has its dominant electric field component along the z-axis, the 

refractive index change EOn  seen by the wave can be given [87] 

  
3

EO EO 33

1
.

2
zn n r    (2.24) 

We have assumed that the material is poled along the z-axis which resulted in a 

non-zero r33 coefficient and a refractive index change that can be described by 

Eq. (2.24). In case the poling direction is not along the z-axis the relation for 

the electro-optic tensor Eq. (2.22) does not hold. This is the case when later on 

discussing plasmonic phase modulators, where we assume a poling direction 

along x-axis. In this case, we use Eq. (2.24) to calculate the refractive index 

change along the x-axis while still keeping the r33 notation for the electro-optic 

coefficient.   
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Plasma dispersion effect 

The nonlinear polarization induced in a medium can also be a result of the 

nonlinear dependence of the electron concentration N on an electric field. 

This can for example happen in metals and semiconductors, where the charge 

density can be changed locally due to the electric field screening effect. Any 

locally induced charge density modifies the Drude parameter N, and therefore 

the susceptibility of a medium. In this case, Eq. (2.3) can be written as [90] 
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Basically, the free carrier density N and the damping constant  become 

functions of the static electric field ( ,0)r . However, we assume that the 

damping constant  remains independent of ( ,0)r , because in metals and in 

semimetals, the main collision mechanism is primarily governed by electro-

phonon scattering. The field-induced charge carrier density change N results 

in a refractive index change n  similar to Eq., 
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The equation describes the plasma dispersion effect, where an electric field 

induced change of the charge carrier density modifies the refractive index. The 

effect is exploited widely in all-silicon modulators [11]. For an arbitrary 

conductor, the calculation of the refractive index change given by Eq. (2.26) 

requires an estimation of the carrier density change N . In Chapter 4.2 we 

discuss a general method for calculating the induced charge carrier density 

change N  by solving the Poisson equation in Thomas-Fermi approximation.  

2.1.4 Optical Waveguide Theory 

Examples of waveguide geometries are given in Figure 2.2. Here we have 

defined the propagation direction along the z-axis. A strip waveguide 

comprises a high-refractive index dielectric core surrounded by a low 

refractive index substrate with a cladding material on top, see Figure 2.2 (a). 

Light is confined to the core by total internal reflection [91]. However, a slot 

waveguide as in Figure 2.2 (b) confines the light to the low-index region of the 

slot between the rails with refractive indices of nrl [91]. In both cases, the 

refractive indices of cladding ncl and substrate nsb must be smaller than the 

refractive indices of the core ncr and of the rails nrl. 
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Figure 2.2 Examples of optical waveguide geometries. (a) Strip waveguide 
comprising a high refractive index ncr core surrounded by a low index substrate and 
cladding materials with refractive indices of nsb and ncl, respectively. Light is guided 
along the z-axis confined in a core material due to the total internal reflection. (b) Slot 
waveguide comprising two rails with refractive indices nrl. Light is confined to the 
low-index region of the slot between the rails. 

Fields in a longitudinally invariant waveguide can be divided into two 

groups. The first group represents the waves that are guided along the 

waveguide while maintaining their transverse field profiles. These waves are 

called guided modes. The second group includes the waves that describe a 

power radiation away from the waveguide, and are called radiating 

modes [92], 
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The quantities ( , , )x y e  and ( , , )x y h  are the field structures of the th
 

guided mode of a waveguide and can be found by solving the corresponding 

eigenvalue problem [93]. The quantity   is the propagation constant of the 

th
 mode. Given the frequency , the values of   are determined from an 

eigenvalue problem [92]. The resulting so-called dispersion relation  ( ) 

includes both the material dispersion and the waveguide dispersion. The 

parameter   is often specified relative to the vacuum wave vector 0 k c  

using an effective refractive index neff, 

 0 eff .k n   (2.28) 

Different modes are characterized by different propagation constants   which 

determines the phase velocity vp of the th
 mode, see Eq. (A.12) in 

Appendix A.3. If a waveguide sustains only one propagating mode, it is said to 

be singlemoded, otherwise it is multi-moded. In general, the transverse 

components of the electric ( , , )x y e  and the magnetic ( , , )x y h  field 

structures are complex. However, for a guided mode in a lossless dielectric 

waveguide they are real [92]. Thus, based on the discussion in Appendix A.2, 

the Cartesian components of the fields profiles ( , , )x y e  and ( , , )x y h  are 

in phase, see Appendix A.2. 
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Figure 2.3 Fundamental quasi-TE and quasi-TM modes of a silicon strip waveguide 
with an EO organic cladding.(a) Field profiles of a quasi-TE (a) and a quasi-TM (b) 
modes and corresponding effective refractive indices (c). 

In the general case, the electric and magnetic field profiles ( , , )x y e  and 

( , , )x y h  have non-zero components along all three axes in a Cartesian 

coordinate system. Nevertheless, while the polarization of the modes varies 

across the cross-section, a mode can still be characterized by its dominant 

polarization. A mode is said to be quasi-TE if it has a dominant electric field 

component parallel to the substrate, i. e., along the x-direction, see Figure 

2.3(a). Similarly, a quasi-TM mode has a dominant electric field that is 

perpendicular to the substrate plane as can be seen in Figure 2.3(b). Figure 

2.3(c) gives the effective refractive index as a function of the wavelength for a 

silicon strip waveguide with a height of 220 nm and a width of 450 nm. 

Because of the asymmetry of the silicon waveguide geometry, the quasi-TE 

mode is confined stronger to the silicon core than the quasi-TM mode. 

Consequently, the quasi-TE mode has effective indices that are larger than the 

ones of the quasi-TM mode. 
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2.2 Introduction to Surface Plasmon Polaritons 

Surface electromagnetic waves exist at the interface of materials which have 

opposite signs of their respective permittivity [1]. It has been discussed in 

Section 2.1.2 that metals show a negative relative permittivity below their 

plasma frequency p. Thus, in the same frequency range, metal-insulator 

interfaces sustain EM surface waves, which are also called surface plasmon 

polaritons (SPPs) [2]. 

2.2.1 Single Metal-insulator Interface 

The basic structure sustaining a SPP is a single metal-insulator interface given 

in Figure 2.4. Here, the SPP dispersion relation can easily be derived using the 

wave equation in the frequency domain, Eq. (A.5), and considering a slab 

configuration with metal (Layer 1) and insulator (Layer 2) filling the half 

spaces 0x   and 0x , respectively [1]. Fields 
 1

yh

 and 

 2

yh

 of the guided 

SPPs decay exponentially along positive and negative x-directions. Therefore, 

the ansatz for the electric and magnetic fields of transverse magnetic wave 

(TM wave) can be written for each half space as [1] 
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 (2.29) 

 

Figure 2.4 Single metal-insulator interface supporting a surface plasmon polariton. 
(a) Permittivity, (b) electric and (c) magnetic field distributions across the interface. 

We assumed that the wave propagates along the positive z-direction with a 

complex propagation constant of   whose real part gives the phase evolution 

and the imaginary part the amplitude decay along z, see Appendix A.2. The 

complex quantities k1 and k2 are the magnitudes of the transverse wave vectors 

along the x-axis. In the ansatz of Eq. (2.29) we have assumed that only the y-
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component of the magnetic field is non-zero, which means that the y-

component of the electric field must be zero based on the Faraday’s. The 

relation between propagation constant  and transverse wave vectors k1,2 can 

be found by substituting the ansatz Eq. (2.29) of the magnetic field into the 

wave Eq. (A.5)  for each half space, 

 2 2

1,2 1,2 1,2 0 1,2jk k k k       . (2.30) 

The quantity 0 k c  is the wave vector of light in vacuum. Relative 

permittivity  propagation constant  as well as transverse wave numbers are 

complex quantities Using boundary conditions for the transverse magnetic 
1 2

y yh h   and the longitudinal electric 1 2

z ze e   fields, the SPP dispersion 

relation can be derived [1] 
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 (2.31) 

The SPP dispersion relations for a silver-silica and a silver-silicon interface 

are plotted in Figure 2.5. Here, the frequency dependence of the relative 

permittivity of silver is taken into account by the Drude model, see Section 

2.1.2. For frequencies up to the so-called surface plasmon frequency sp, the 

real part of the SPP propagation constant is larger than the propagation 

constant of a hypothetical plane wave in the insulator layer adjacent to the 

metal, see Figure 2.5(a) and Figure 2.5(b) [1]. Consequently, the transverse 

components k1 and k2 of the wave number have large negative imaginary parts 

1
k  and 2

k . Bound SPPs are confined to the metal-insulator interface and have 

exponentially decaying fields both along the positive and the negative x-

direction. Therefore, the transverse components of the wave numbers k1 and k2
 

have to be chosen such that their imaginary parts are negative, see Figure 

2.5(c) and Figure 2.5(d). The penetration depth 1 ik   describes the field decay 

in material i. For frequencies
sp  , the penetration depth in metal is much 

shorter than that in the insulator. Moreover, the penetration depth in the 

insulator decreases significantly when increasing the carrier frequency, while 

the penetration depth in the metal stays relatively constant up to p0.4  , see 

Figure 2.5(c). Increasing the relative permittivity of the insulator increases the 

SPP propagation constant for a given frequency as well as it reduces the 

frequency range up to sp corresponding to the guided SPPs, see Figure 2.5(a) 

for a silver-silica interface and Figure 2.5(b) for a silver-silicon interface. 

When approaching the surface plasmon frequency sp, the SPP attenuation 

constant increases strongly. The increase of the SPP propagation loss at 

frequencies close to 
sp  can be attributed to the reduction of the SPP group 

velocity as can be seen in Figure 2.5(a) and Figure 2.5(b). For real-world lossy 

conductors the transverse wave numbers 1k  and 2k  have non-zero real parts, 

see Figure 2.5(e) and Figure 2.5(f). This indicates that there is a power flow 
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Figure 2.5 SPP dispersion diagrams for a single metal-insulator interface. The 
normalizing plasma frequency is p = 2×2190×10

12
 s
1

. The minimum frequency for 
the curves is  = 2×100×10

12
 s
1

. Left column: Silver-silica interface. Right column: 
Silver-silicon interface. (a),(b) Longitudinal SPP wave numbers. Real part 
   (black), negative imaginary part    (red). Light lines in green. (c),(d) Negative 
imaginary parts of the transverse SPP wave numbers (decay constants) in metal 

1k   (red) and in insulator 2k   (black). The frequency sp defines the upper cutoff 
frequency until which bound SPPs exist. The larger the insulator’s permittivity 2 , the 
narrower the frequency range of bound SPPs. Well below sp the decay constant in 
metal is significantly larger than in the insulator layer. For frequencies close to sp, 
SPPs are strongly confined to the metal-insulator interface with similar decay 
constants in both metal and insulator layers. (e),(f) Real parts of transverse SPP 
wave numbers in metal 1k   (red) and in insulator 2k   (black). Light lines in green. A 
positive transverse wave number 1k   in the metal (inset, x < 0) shows that for small 
frequencies the power flow is directed away from the interface into the metal. With 
larger frequencies, the sign of 1k   is negative, and the power flow is directed towards 
the dielectric. 
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also in the transverse x-direction.Inside the insulator (x > 0), the transverse 

component of the Poynting vector is directed along the negative x-direction for 

frequencies up to 
sp , whereas inside the metal the transverse wave number 

and therefore the Poynting vector changes sign from negative to positive at low 

frequencies, see lower left inset of Figure 2.5(e). 

2.2.2 Metal-insulator-metal Configuration 

A better confinement of SPPs can be achieved by using more advanced 

plasmonic structures comprising more than one metal-insulator interfaces. In 

this case, the SPPs propagating along the various interfaces couple to each 

other, which leads to a degeneracy of the dispersion diagram. Metal-insulator-

metal (MIM) and insulator-metal-insulator (IMI) structures are examples of 

such plasmonic waveguides [94, 95]. Both for MIM and IMI configurations, 

the SPPs of both the metal-insulator interfaces result in two guided SPP modes 

with symmetric and anti-symmetric field structures [94, 95]. In the case, SPPs 

are classified to be either symmetric or anti-symmetric based on the sign of the 

longitudinal components of their electric fields and on the charge distribution 

at the metal surfaces [96]. This differs from the definition usually encountered 

in other fields of photonics, where modes are classified either symmetric or 

anti-symmetric based on a transverse component of the electric field. In the 

case of MIM and IMI structures, the dispersion relation can be numerically 

calculated by applying the matrix method as described in Appendix A.9. 

 

Figure 2.6 Dispersion relation of silver (Ag)-silicon dioxide (SiO2) -silver (Ag) 
MIM waveguide. Dispersion relation of both symmetric and anti-symmetric SPPs for 
an insulator thicknesses of 250 nm (a) and 100nm (b). The dispersion relation of a 
plane wave propagating in SiO2 is given as a green solid line. 

The dispersion relations of symmetric and anti-symmetric SPPs for an Ag -

 SiO2 - Ag structure with a SiO2 thicknesses of 250 nm and 100 nm are given 

in Figure 2.6(a) and Figure 2.6(b), respectively. The symmetric SPP exhibits a 

cut-off frequency which is defined by the material properties and by the 

thickness of an insulator layer sandwiched between two metals. Figure 2.6 
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shows that the lower cut-off frequency increases with decreasing insulator 

thickness. Unlike the symmetric SPP, the anti-symmetric mode does not 

exhibit a cut-off frequency and covers the entire frequency range of the single-

interface SPP as shown in Figure 2.5. The real part of the electric and magnetic 

field profiles for a frequency of 900 THz are given in Figure 2.7. Both 

symmetric (red) and anti-symmetric (black) SPPs modes are plotted for the 

Ag - SiO2 - Ag structure with a SiO2 thickness of 100 nm. The electric field of 

an anti-symmetric mode is strongly confined to the insulator layer as can be 

seen from the transverse fields in Figure 2.7(middle row). 

 

Figure 2.7 Symmetric and anti-symmetric SPPs of Ag-SiO2-Ag waveguide with a 
SiO2 thickness of 100 nm. Non-zero components of the electric and magnetic 
transverse fields (middle and lower row) are plotted for the symmetric SPP (red solid 
line, left column) and for the anti-symmetric SPP (right column, black solid line). The 
upper row shows the longitudinal symmetric and anti-symmetric electric fields.  
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For applications in the infrared range, the anti-symmetric mode is in 

particular interesting because it shows a strong confinement of the field to the 

insulator layer for all operating frequencies and all insulator thicknesses. The 

effective refractive index and the group refractive index are given in Figure 2.8 

as a function of the wavelength for various insulator refractive indices. It can 

be seen that the SPP phase velocity, which is defined by the effective refractive 

index neff, reacts sensitively to the refractive index of an insulator sandwiched 

between the metals. This fact is used later on for building plasmonic 

modulators. Moreover, the sensitivity of the SPP phase velocity when changing 

the refractive index of an insulator increases for shorter wavelengths because 

of the reducing group velocity, Figure 2.8(b). In general, the insulator 

thickness and the insulator refractive index are important parameters that can 

be used to tune phase and group velocity of an SPP. 

 

Figure 2.8 Effective and group refractive indices for an Ag-SiO2-Ag slab waveguide 
with a 100 nm thick SiO2 layer. (a) Effective refractive index and (b) group refractive 
index as a function of the operating wavelength for various insulator refractive indices 
from 1.4 to 2.0.  
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2.2.3 Surface Plasmon Polariton Waveguides 

The three-dimensional (3D) analogue of a metal-insulator-metal slab 

waveguide is a metallic slot waveguide (MSW), see Figure 2.9 [94, 96–100]. 

Two configurations of MSWs have been reported in the literature with either 

vertical or horizontal slot orientations, Figure 2.9 [99]. Here we assumed that 

the substrate is made of silicon dioxide (SiO2). 

 

Figure 2.9 Cross-sections of 3D metallic slot waveguides (MSW) with (a) vertically 
orientated (vertical MSW) and (b) horizontally oriented slots (horizontal MSW). 

In the previous section, we showed that the slot size h is a geometrical 

parameter that can be used to tune the properties of SPPs of the MIM slab 

structure. For real three-dimensional MSWs such as in Figure 2.9, the 

geometry of the metal defines the SPP dispersion diagram. In particular, metals 

dimensions w and l influence the effective and group refractive indices. The 

propagation constant and the field profiles of SPP modes of both vertical and 

horizontal MSWs can be numerically found using the software package based 

COMSOL Multiphysics which employs a the finite-element-method, see 

Appendix A.8. 

A vertical MSW comprises two metal rails separated by a distance of several 

tens of nanometers, see Figure 2.9(a). The slot between the rails is filled with 

an insulator which is often chosen to be the same as the entire cladding 

material on top of the substrate. Unlike the high-index dielectric strip 

waveguide discussed in Section 2.1.4, the MSW cladding can have an arbitrary 

refractive index. Multiple metal-insulator interfaces within a MSW lead to 

various SPP modes with symmetric and anti-symmetric charge distributions 

similar to the MIM slab waveguides. Figure 2.10 gives the transverse 

components of the electric fields of four lowest-order SPP modes in a vertical 

MSW. The electric SPP fields in a vertical MSW have non-zero components 

for all three coordinate axes. Thus, unlike a MIM slab waveguide, the modes 

can only be classified as quasi-TM or quasi-TE, similar to the dielectric strip 

waveguide discussed in Section 2.1.4. The anti-symmetric SPP, a so-called gap 

SPP, is shown in Figure 2.10(Mode 4). The gap SPP has the highest effective 

refractive index among all guided SPPs and shows the highest confinement to 

the slot. 
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Figure 2.10 SPP modes of a vertical metallic slot waveguide (vertical MSW) with a 
slot width h = 140 nm and a metal width l = 750 nm, ordered according to the 
effective refractive indices (fundamental mode at bottom row).The metal thickness w 
is chosen to be 150 nm. The metals’s complex refractive index is 0.55 j11.1 Silica 
with a refractive index of 1.44 is taken both as cladding and substrate material. SPP 
modes are given in terms of the transverse components of the electric field ex and ey. 
Both components ex and ey are normalized by the maximum value of ex. 
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Figure 2.11 Calculated effective refractive indices neff and power propagation loss dB 
of the gap SPPs in vertical MSWs made of silver, gold and copper. The metal 
properties were measured [86] and interpolated for drawing the graphs. (a), (c), (e) 
Effective refractive index of a gap SPP as a function of wavelength for various slot 
widths h of 20 nm (black), 60 nm (red), 100 nm (green), 140 nm (blue), and 
180 nm (cyan).   (b),(d),(f) Power propagation loss as a function of the operating 
wavelength for slot widths of 20 nm (black), 60 nm (red), 100 nm (green), 
140 nm (blue), and 180 nm (cyan). It can be concluded that silver has the smallest 
propagation loss by far. 

We plot the effective refractive index and the power propagation loss dB of 

a gap SPP as a function of wavelength for three different metals and for five 
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different slot widths h of 20 nm (black), 60 nm (red), 100 nm (green), 

140 nm (blue), and 180 nm (cyan). We consider silver, gold and copper 

because of their low optical losses. Wavelength dependence of the measured 

complex refractive indices of silver, gold and copper are fitted with a 

polynomial as described in Appendix A.10. Fitted values of the complex 

refractive indices are then used in the simulations. The MSW is assumed to be 

covered with an electro-optic organic material M3 with a refractive index of 

1.68. For this example, we choose the metal thickness w = 150 nm and the rail 

width l = 2 m. Similar to the slab MIM waveguide, the effective refractive 

index increases when reducing the operating wavelength  and the slot size h, 

see Figure 2.11. For a fixed wavelength, the reduction of the slot size increases 

the gap SPP dispersion. Consequently, SPP group velocity reduces similar to 

the case of an MIM as discussed previously. However, this then increases the 

power loss of a gap SPP similar to the case of a single interface as discussed in 

Section 2.2.1. Figure 2.11 also gives the power loss dB Eq. (A.15) as a 

function of the operating wavelength . The expected loss of 0.2 …3 dB / m 

is typical for a gap SPP at a wavelength of 1550 nm and makes its use in the 

integrated optics and in telecommunications really challenging. The power loss 

dB of the gap SPP in a silver MSW with a slot size h = 100 nm can be as low 

as 0.2 dB / m. A power loss of about 1 dB / m is estimated for MSWs made 

of both gold and copper layers. 

 

Figure 2.12 (a) Effective refractive index neff and (b) power loss dB of a gap SPP at a 
wavelength of 1550 nm as function of slot width h. The results are given for three 
different metal thicknesses of 100 nm (black), 150 nm (red), and 200 nm (green). 

The effective refractive index and the power loss of a gap SPP are given in 

Figure 2.12 as a function of the slot size h. To understand the influence of the 

finite extension w of the metal layers, we consider three different metal 

thicknesses of w = 100 nm (in black), w = 150 nm (red), and 

w = 200 nm (green). The effective refractive index of the gap-SPP abruptly 

increases when reducing the slot size h, as can be seen in Figure 2.12. The 

length of a plasmonic device employing a MSW with the slot width of 
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70 … 150 nm should preferably not exceed 30 … 40 m in order to be still 

practical. Devices longer than 40 m are expected to suffer from extremely 

high power loss of about 16 … 28 dB. The effective refractive index neff and 

the attenuation constant dB exhibit only a slight dependency on the metal 

thickness w, see Figure 2.12.  

 

Figure 2.13 (a) Effective refractive index and (b) attenuation constant dB of the gap 
SPP as a function of the metal width l for five different slot sizes of 20 nm (black), 
60 nm (red), 100 nm (green), 140 nm (blue) and 140 nm (cyan). 

Figure 2.13 gives the effective refractive index neff and the power loss dB of 

a gap SPP as function of the metal width l. The parameter l plays only a 

negligible role in defining the dispersion diagram of the SPP whenever it is 

l ≤ 0.5 m holds. The metal width l can, however, influence the confinement of 

the gap SPP to the insulator slot whenever it is made smaller than 0.5 m. The 

minimum acceptable metal width l defines the overall footprint 2  l  L of a 

device, where L is the device length. 

2.2.4 Plasmonic Phase Modulator 

It has been previously discussed that the propagation constant and the power 

loss of a gap SPP strongly depend on the refractive index of the insulator 

which fills the slot. For instance, filling the slot with an electro-optic material 

discussed in Section 2.1.3, the phase of the gap SPP can be modulated by an 

applied static electric field. A device where the phase of an SPP is modulated 

by an electrical signal is called a plasmonic phase modulator (PPM). Applying 

the first-order perturbation theory discussed in Appendix A.7 [19], the phase 

modulation   achieved in a PPM can be calculated for a MSW with a length 

of L and a slot size of h by 
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where   is the change in a propagation constant of a gap SPP due to the 

small refractive index perturbation 
3
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   , U is the voltage 

between the metals and k0 =  / c is the wave vector of light in vacuum. We 

define an interaction factor  as  
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The quantity 0 0 0Z    is the vacuum wave impedance. The interaction 

factor  is a parameter which describes how strong the light-matter interaction 

is in a PPM. It is determined by the geometry of the PPM, by material 

properties of the metal and of the nonlinear material as well as by the operating 

wavelength. An important parameter for such a phase modulator is the voltage 

πU  which results in a phase change of   

 π 3
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2 h
U L

k r n





. (2.34) 

As a quality measure, the voltage-length product πU L  is useful: The smaller 

the πU L  product is, the better the performance of the device. A phase 

modulator with a small πU L  product has a small footprint (small L) and 

consumes little energy (small U). In Figure 2.14, we give the values of πU L  

products that can be achieved in a plasmonic phase modulator with vertical 

configuration, filled with a nonlinear material with an electro-optic coefficient 

of r33 = 70pm / V, see Appendix A.10. The πU L  values as a function of the 

operating wavelength are displayed for five different slot widths and for three 

different metals, namely silver, gold and copper. Similar πU L  values are 

estimated for all three metals. The πU L  decreases when reducing the operating 

wavelength and the slot size h, see Figure 2.14. This is a consequence of the 

reduction of the SPP group velocity as already discussed in the previous 

sections. A product π 100μmVU L   can be achieved with MSWs having sub-

50 nm slot widths. However, one should note that reducing the operating 

wavelength and the slot size can dramatically increase the propagation loss of 

the gap SPP as discussed in Section 2.2.3. Thus, a more meaningful quality 

metric (figure-of-merit, FOM) refers the effective SPP propagation length Le to 

the πU L  product (see Appendix A.2), 
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A device with a large FOM combines small optical loss with a small footprint 

and a small electric energy consumption. It can be seen that silver provides the 

largest FOM because of its small power attenuation. It is important to note that 

the device performance is better for short operating wavelengths despite the 

resulting large propagation loss. Moreover, the FOM increases with reducing 

the slot size h. This is a result of the fact that by decreasing the slot size h the 

πU L  product decreases faster than the effective propagation length Le. 

 

Figure 2.14 Characteristics of plasmonic phase modulators (PPMs) utilizing an 
electro-optic material with r33 = 70 pm / V. The U  L product and the 

 πFOM eL U L  are given for PPMs made of silver (a), gold (b) and copper (c) 
electrodes. The best device performance can be achieved in a PPM made of silver. 
Equation Chapter (Next) Section 1



 

 

3 Passive Plasmonic Components 

Merging plasmonics with silicon photonics requires efficient converters 

between the elements fabricated in different technologies. Particularly, to use 

gap SPPs for optical modulation, efficient methods are needed to convert a 

photonic mode of a silicon strip waveguide into a gap SPP [101–115]. 

In this chapter, we introduce two mode conversion schemes for efficient 

conversion of the photonic modes of a silicon strip waveguide into the gap 

SPPs of MSWs in both vertical and horizontal configuration. In addition, we 

demonstrate how the strong polarization sensitivity of a MSW can be used for 

building polarization beam splitters for silicon photonics. 

3.1 Photonic-to-plasmonic Mode Converter: TM-modes 

The content of this section is a direct copy of the Journal publication [J1]. 

A. Melikyan, M. Kohl,
 
M. Sommer, C. Koos, W. Freude, and J. Leuthold, 

„Photonic-to-plasmonic mode converter,“ accepted for publication in Optics 

Letters. 

Minor changes have been done to adjust the position of figures and notations 

of variables. 

[Start of Paper] 

Abstract: A novel photonic-to-plasmonic mode converter for efficiently 

converting a silicon strip waveguide mode to a gap surface plasmon 

polariton (SPP) of a metallic slot structure is proposed. A conversion efficiency 

of more than 85 % is found for metallic slots with a slot size of 30-50 nm. 

Calculations show that high conversion efficiencies can be achieved for 

various cladding materials with refractive indices of 1.44, 1.6 and 1.7. The 

optical operating bandwidth of the converter is around 40 nm. The proposed 

mode converter shows a good tolerance with respect to fabrication errors, and 

it requires a simple fabrication procedure only. 

3.1.1 Introduction 

Surface plasmon polaritons (SPP) are key to a new generation of plasmonic 

integrated circuits (ICs) with dimensions that are compatible with electronic IC 

sizes [2, 116]. A bottleneck of plasmonics is, however, the high optical loss 

originating in metals. A typical 0.5 dB / m propagation loss of a SPP [117] 

confines their application range to ultra-short components only. To solve this 

issue, the combination of compact plasmonic active components such as 

modulators, switches, phase shifters and lasers with other low-loss silicon 

photonic strip waveguides (WG) seems to be attractive and might lead to new 
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ICs comprising SPP devices, photonic circuits and electronics [118]. The 

merging of plasmonics and low-loss silicon photonics, however, calls for an 

efficient coupling scheme. 

 

Figure 3.1 Metallic slot waveguides in two different configurations. (a) Vertically 
oriented and (b) horizontally oriented metallic slot waveguides. 

A basic plasmonic building block which can easily be cointegrated with 

electronic ICs is the metallic slot waveguide (MSW) [94, 97–99, 119]. MSWs 

are not just plasmonic waveguides but can be used as, e. g., plasmonic 

photodetectors, light sources and modulators. The latter for example can be 

achieved by filling the slot with an active material, such as an electro-optic 

organic material [24, 25, 120–122], a semiconductor[37, 38] or a metal 

oxide [54, 55, 68, 123], and by applying a modulation voltage. Two 

configurations of MSWs have been reported[99] with either vertically [94, 97–

99, 119] or horizontally [100] orientated slots as shown in Figure 3.1(a) and 

Figure 3.1(b), respectively. When MSW structures are used as modulators, it is 

of particular important that the separation h between the metals is designed to 

be small, i.e., below 100 nm, and that the width w is larger than 150 nm for 

achieving a strong field enhancement in the slot. However, fabrication of a 

metallic slot in Figure 3.1(a) with a large w / h aspect ratio as well as excitation 

of its gap SPP becomes challenging. While several methods have been reported 

to excite the gap SPP in vertical MSWs [101, 102, 104], fabrication of high 

aspect ratio slots in a vertical configuration is still a major issue. Alternatively, 

the horizontal MSWs of Figure 3.1(b) can more easily be fabricated with a 

large aspect ratio by means of a bottom-up approach. However, so far, the 

proposed approaches to excite the gap SPP in the horizontal MSW require a 

highly accurate lithography step and do not provide easy control over the 

coupling efficiency [100]. 

In this letter, we propose a novel coupling scheme between a silicon strip 

waveguide and a horizontal metallic slot waveguide with a conversion 

efficiency of more than 85 % over a broad band of optical frequencies. 

Particularly, we show that a photonic mode of the silicon strip waveguide with 

a height of 340 nm and a width of 300 nm can be fully converted into a gap 

SPP of a sub-50 nm metallic slot filled with an insulator material having 

refractive indices of 1.44, 1.6 and 1.7. We also discuss the influence of various 
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fabrication errors on the coupler performance. The proposed converter can be 

used in various plasmonic devices where an efficient and controllable 

excitation and extraction of the gap SPP is needed. 

3.1.2 Design and Analysis 

The operation principle of the proposed mode converter is based on similar 

ideas as underlying the multimode interference coupler (MMI), see Figure 

3.2 [124]. A photonic mode propagating through a silicon strip waveguide 

excites supermodes in the photonic/plasmonic MMI-based coupling section 

(CS) of length L. By properly selecting the length L and other geometrical 

parameters, a gap SPP can efficiently be excited in the end of the CS. 

Depending on the application, the silicon waveguide can either be terminated 

after the CS or extended beyond this point. Here, for the sake of the example 

we select a silicon strip waveguide with a height of 340 nm and a width of 

300 nm. 

 

Figure 3.2 (a) Cross-section  and (b) top view of the suggested coupler. The TM mode 
launched into the silicon strip waveguide couples to a plasmonic waveguide via a 
coupling section of length L. 

We optimize the device’s performance employing the simplified eigenmode 

expansion (EME) [125] method. To find the coupling strength of arbitrary 

eigenmodes i and j, we use the general orthogonality relation, see also 

Appendix A.5 (replacing  with i,  with j) [92] 
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Thus, the normalized overlap integral between modes i and j can be given by 

Eq. (A.28) by replacing in with j,  with i  
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Neglecting backward propagating waves, we study light propagation in the CS 

as a superposition of all supermodes, including guiding, leaky and radiating 

modes. The distributions of the electric 
CS( , )E r and the magnetic fields 

CS( , )H r  in the CS can be written as 
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E r = e

H r = h

 (3.2) 

Here, the indices  and s stand for supermode and silicon strip waveguide 

photonic modes, respectively. The quantities ( , , )x y e  and ( , , )x y h  are 

the electric and the magnetic fields of the th
 supermode. The propagation 

constant and the excitation efficiency of the th
 supermode are defined as   

and 

sc , respectively. The excitation efficiency 

sc  is calculated as an overlap 

integral Eq. (3.2) between the silicon waveguide photonic mode and a specific 

supermode th
. 

The supermodes of the CS are simulated with a finite element 

method (FEM), see Appendix A.8 and [126]. To estimate the final photonic-to-

plasmonic mode conversion efficiency, first the gap SPP is independently 

simulated for a homogenous cladding, and then the distributions of the electric 

MSW( , , )x y e  and the magnetic field MSW ( , , )x y h  are calculated. The final 

conversion efficiency is computed as a normalized overlap integral CS

MSW ( )c z  of 

the gap SPP with the field distributions at the CS CS( , )E r  and 
CS( , )H r . 

 

Figure 3.3 Electrical field distribution CS( , )E r
y

 in the mode converter with a width 
w of 300 nm, slot height of h of 60 nm is given for an organic cladding with a 
refractive index of 1.7. The conversion efficiency is given as a function of a length L 
for two different distances d of 20 nm (red) and 60 nm (black). 

Figure 3.3(b) shows the magnitude of the overlap integral 
CS

MSW ( )c z  versus 

the z coordinate for a distance d of 20 nm (red) and 60 nm (black). The 
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maximum value of CS

MSW ( )c z is taken as the best conversion efficiency, and the 

corresponding z-coordinate is the respective optimum CS length L. As can be 

seen, the distance d mainly influences the coupling length L. The larger the 

distance d, the longer the coupling length L becomes. 

3.1.3 Results and Discussion 

The conversion efficiency CS

MSWc and the coupling length are given in Figure 3.4 

as a function of the distance d and the slot height h for MSWs with a width w 

of 200 nm and for various cladding materials. Glass with a refractive index of 

1.44, see Figure 3.4(a), (b), and organic materials with refractive  

 

Figure 3.4 (a), (c), (e) Conversion efficiency
CS

MSWc
and (b), (d), (f) optimum CS 

length L for a MSW with a width w of 200 nm and for various cladding materials: (a) 
and (b) for glass, (c) and (d) for organic materials with refractive indices of 1.6, and 
(e) and (f) for refractive index of 1.7. 
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indices of 1.6, see Figure 3.4(c), (d), and 1.7, see Figure 3.4(e), (f), are 

considered. For all three types of cladding materials, conversion efficiencies 

exceeding 85 % can be achieved for MSWs with sub-50 nm slots. Moreover, 

by varying geometrical parameters, e.g., the distance d, the conversion 

efficiency can be tuned. This might be needed e. g. in the case of plasmonic 

lasers. The proposed coupling scheme shows great tolerance with respect to 

fabrication errors, which impair the target length L. Additionally, the variation 

in conversion efficiency, associated with errors of ±20 nm in defining the 

distance d, is below 5%. 

 

Figure 3.5 Conversion efficiency and coupling length for a horizontal MSW with a 
width w of 300 nm and a cladding refractive index of 1.7. (a) Conversion efficiency 
and (b) coupling length for various distances d and slot sizes h. 

Furthermore, we study the influence of the MSW width w on the device 

performance. The conversion efficiency and the CS length as calculated for a 

300 nm wide MSW with a cladding refractive index of 1.7 are given in Figure 

3.5(a) and Figure 3.5(b), respectively. A conversion efficiency of 80 % can be 

achieved for a metallic slot with a height of 50 nm, i.e., for a MSW with an 

aspect ratio of 6. MSW with such a large aspect ratio are difficult to realize in a 

vertical configuration, whereas in the horizontal configuration they can easily 

be fabricated. 

To investigate how the performance of the proposed mode converter 

depends on the carrier wavelength, we investigate the mode conversion 

mechanism in a converter with a silicon dioxide cladding numerically using a 

finite-difference time-domain (FDTD) method [127]. In this particular 

simulation, a metallic slot height h of 30 nm and a distance d of 60 nm are 

chosen. A continuous silicon waveguide is used with a CS length of 2  L of 

6.8 m, as plotted in the inset of Figure 3.6. Transmission and reflection 

spectra are given in Figure 3.6. The wavelength dependence of the optical 

properties of Au is taken into account by an appropriate Drude model. No 

strong resonance behavior is seen in the optical response of the mode 
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converter. The operating wavelength region of the proposed device is in the 

range of 40 nm, which is comparable to the one reported for metallic tapered 

mode converters. 

 

Figure 3.6 Transmission and reflection spectra in the converter with a height h of 
30 nm, a distance d of 60 nm and a cladding material with a refractive index of 1.44.In 
addition, the electric field distributions for three different carrier wavelengths are 
given in the graph on the right-hand side. It can be seen that the photonic mode is 
fully converted into a gap SPP for a wavelength of 1550 nm. 

3.1.4 Conclusion 

To conclude, we report on a novel photonic-to-plasmonic mode converter for 

silicon photonics. The approach provides more than 85 % conversion 

efficiency for a gap SPP in a horizontal metallic slot waveguide, where the 

sub-50 nm slot is filled with various insulator materials. The proposed mode 

converter does not exhibit any resonant behavior and can be operated in a wide 

wavelength range. It requires only a simple “bottom-up” fabrication approach 

and shows good tolerance with respect to fabrication errors. 

 

[End of Paper]  
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3.2 Photonic-to-plasmonic Mode Converter: TE-modes 

Light contained in the mode of a dielectric waveguide can be converted into a 

gap SPP in a vertical MSW efficiently by using metallic tapered mode 

converters (MTMC) [101, 105–107, 109–111]. 

In this section, we present the design of an MTMC that can be used to 

efficiently convert the quasi-TE mode of a silicon strip waveguide, shown in 

Figure 2.3(a), into a gap SPP of the vertical MSW filled with an electro-optic 

organic material with a refractive index of 1.68. We discuss the performance of 

an optimized MTMC and present the characterization results of the fabricated 

converters. 

3.2.1 Design and Analysis 

A metallic tapered mode converter comprises a tapered dielectric waveguide 

with a certain tapering angle of  and two metal electrodes located in both 

sides of the waveguide, see Figure 3.7 (a). Light guided through the dielectric 

waveguide launches the SPP hybrid modes at the tapered section which is then 

adiabatically guided into the MSW. We use MTMCs for converting a silicon 

strip waveguide mode give in Figure 2.3(a) in a gap SPP of a vertical MSW 

covered with an electro-optic cladding of M3. Figure 3.7 (b) gives the electric 

field distribution in such a mode converter. We design the MTMC for a 

silicon-on-insulator platform with a silicon device layer of 220 nm. We select a 

silicon strip waveguide width of 450 nm to have relatively small initial mode 

diameter. The MSW is made of gold electrodes with an optimum thickness of 

150 nm as discussed in Section 2.2.3. 

 

Figure 3.7 Metallic tapered mode converter (MTMC) that can be used to convert a 
dielectric waveguide mode in a gap SPP of a MSW. (a) Top view of a MTMC with a 
tapering angle of , metallic slot width of h. (b) Electric field distribution in a MTMC 
between silicon strip waveguide with a width of and plasmonic metallic slot 
waveguides for a slot width of 140 nm and silicon strip . 

The geometrical parameters that influence the photonic-to-plasmonic 

conversion efficiency are the tapering angle and the distance ds shown in 
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Figure 3.7(a). We use a numerical solver employing a frequency domain finite 

integration technique to find the optimum values of  and ds which result in the 

maximum conversion efficiency [128], see also Appendix A.8. The power 

conversion efficiency is measured as the ratio of the input power from the 

silicon waveguide that is converted into the gap SPP, 

  
2

s MSW
MWS

s

P
c

P
 . (3.3) 

More than 80 % of the input power can be converted in a gap SPP of MSWs 

with sub-200 nm slots. The results are shown in Figure 3.8. For a MSW with a 

slot width of 140 nm, we select an optimum distance 
sd  of 500 nm and 

tapering angle of 15˚. This geometry shows relatively good tolerance with 

respect to the fabrication errors in defining the ds and . 

 

Figure 3.8 Amplitude conversion efficiency of a MTMC as a function of the distance 
ds for five different taper angles  = 13˚(black), 15˚(red) up to 21˚(cyan). The 
amplitude conversion efficiencies are given for vertical MWSs with a slot width h of 
60 nm (a), 100 nm (b), 140 nm (c) and 180 nm (d). 

3.2.2 Results and Discussion 

We fabricated metallic tapered mode converters as described in Appendix 

B.1. Pairs of MTMCs are fabricated for both photonic-to-plasmonic and 

plasmonic-to-photonic mode conversions. By varying the length LMSW of the 
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MSW between the pairs of MTMCs we can extract the conversion efficiency 

similar to the standard cut-back measurement [129]. We successfully 

fabricated three devices with MSW lengths LMSW of 1 m, 29 m, and 44 m, 

see Figure 3.9. The slot width is about 140 nm for all three cases. 

 

Figure 3.9 Fabricated metallic tapered mode converters with three different MSW 
lengths LMSW of (a) 1 m, (b) 29 m, and (c) 44 m. The slot size h is about 140 nm 
for all three devices. 

The measured silicon-to-silicon waveguide transmission spectra for the three 

different MSW lengths LMSW are given in Figure 3.10. The measured 

transmission spectra are normalized to the measured reference spectra for a 

silicon strip waveguide without a plasmonic section. As can be seen, the 

tapered mode converters exhibit large conversion efficiency in a wide 

operating wavelength range. A total conversion loss of 1 dB is estimated for 

two transitions. This is in good agreement with the theoretically expected 

conversion efficiency of 2…3 dB. The difference between theoretically 

calculated and experimentally measured conversion efficiencies is attributed to 

small differences of the fabricated slot widths and variations of the sidewall 

roughness of the metallic slots. 

 

Figure 3.10 Measured transmission spectra of the fabricated MTMCs. (a) 
Transmission spectra for MTMCs with MSW lengths LMSW of 1 m (black), 
29 m (red) and 44 m (green). Oscillatory features in the spectra are attributed to 
Fabry-Perot reflections in the device. (b) Power transmission versus device length 
LMSW. Transmission spectra where the oscillations have been averaged on a linear 
scale are taken for estimation of the coupling loss. 
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3.2.3 Conclusion 

We optimized the MTMC design in order to convert the quasi-TE mode of a 

silicon strip waveguide in a gap SPP of a silicon MSWs filled with the electro-

optic organic material M3 having a refractive index of 1.68. We fabricate and 

characterize MTMCs with MSWs with a slot width h of 140 nm. A mode 

conversion efficiency of about 1 dB is measured.  
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3.3 Plasmonic Polarization Beam Splitter 

Parts of this section have been published in [C1]. 

A. Melikyan, C. Gärtner, K. Koehnle, A. Muslija, M. Kohl, C. Koos, W. Freude, 

J. Leuthold, “Integrated wire grid polarizer and plasmonic polarization beam 

splitter,” in Optical Fiber Communication Conference (OFC’12), Los 

Angeles (CA), USA, paper OW1E.3, 2012. 

[Start of Paper] 

Abstract: Ultra-compact, low loss, high extinction ratio polarization beam 

splitter is proposed integrated on SOI platform. The device is 3.5 m in length 

and provides more than 20 dB extinction ratio with plasmonic losses of about 

2 dB. 

3.3.1  Introduction 

Ultra-compact, lowest loss polarization beam splitters (PBSs) are vital 

elements that are needed if CMOS compatible silicon photonics is going to be 

deployed. The reason for the small footprint requirements on photonics are 

simply because of the expense associated with every square micrometer in a 

CMOS fab. Moreover, for the next generation of optical interconnects between 

chips employing polarization and wavelength diversity schemes, PBSs should 

provide broadband operation through the entire communication band. In 

addition, the PBSs should be simple to fabricate, and be compatible with 

silicon photonics. 

Previously, polarization beam splitter cubes have been widely used for 

polarization multiplexing and demultiplexing due to their high extinction 

ratio (ER) and broadband operation [130]. Nowadays, polarization beam 

splitter cubes provide more than 20 dB extinction ratio in the entire 

communication band. Another historical approach to separate two orthogonal 

polarizations is the wire grid polarizer (WGP), first time reported for radio 

waves by Heinrich Hertz in 1888 , and afterwards applied to optical 

frequencies by C. H. Brown in 1940 [131]. Wire grid polarizers consist of 

metallic wires which are separated by a distance smaller than the wavelength 

of the incident electromagnetic (EM) wave. An EM wave polarized 

perpendicularly to the metallic wire grids passes through the polarizer, while 

the EM wave polarized parallel to the gird is partially reflected back and 

partially absorbed. However, these devices are bulky and not well suited for 

integrated silicon photonics. 

More compact PBSs have been proposed making use of, e. g., photonic 

crystals [132–134], directional couplers [135], gratings [136, 137], and surface 

plasmon polaritons [138]. However, the above mentioned devices exceed the 

footprint of the PBS proposed in this work and require relatively complicated 
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fabrication procedures. Recently, a polarization beam splitter consisting of a 

metal nano-ribbon and two dielectric waveguides was proposed and 

numerically investigated [139]. While the length of the PBS is shorter than 

3m, the fabrication issues coming from the enormously large aspect ratio of 

the nano-ribbons are still to be solved. 

Here, we propose a new, simple to fabricate, integrated plasmonic PBS with 

an ultra-compact size of 3.5 m and with a high extinction ratio. Our PBS is 

compatible with the standard SOI platform. The scheme takes advantage of the 

fact that two orthogonal polarizations can efficiently be separated with 

negligible losses by making use of a vertical metallic slot waveguide (MSW). 

The operation principle is similar to the wire grid polarizers and provides 

broadband performance. Unlike to other published approaches, our PBS avoids 

unnecessary losses and resonances, and it has a very high directivity unlike 

polarization beam splitters based on photonic crystals [132–138]. 

3.3.2 Design and Analysis 

The polarization beam splitter is built on a silicon dioxide substrate, see Figure 

3.11. It consists of two parallel silicon strip waveguides (SWG) separated by 

200-300 nm. Each SWG has a thickness of 340 nm and a width of 300 nm. The 

cladding material is taken to be silicon dioxide with a refractive index of 1.44. 

Similar performance can be also achieved in the case of a PMMA cladding, 

because PMMA and silicon dioxide have similar refractive indices. A vertical 

MSW consisting of two silver bars is placed between silicon strip waveguides. 

The MSW supports a highly confined gap SPP which has a dominant electric 

field along the y-axis. This gap SPP, therefore, can be excited only via a quasi-

TM mode of the SWG as discussed in Section 3.1. A quasi-TE mode of the 

SWG can excite SPPs at the sidewalls of the metal bars only (i. e., at the SiO2-

silver interface). This SPP does not significantly extend into the slot. Thus, in 

our case, the MSW can act as a polarization selective channel between two 

SWGs. 

 

Figure 3.11 Schematic of the polarization beam splitter. (a) Cross-section and (b) top 
view of the PBS. When launching a quasi-TM mode (c) from Port 1, light couples to 
the right SWG through the MSW and propagates to Port 4. The quasi-TE mode 
launched from Port 1 passes through the device almost undisturbed and couples to 
Port 3. 
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When a quasi-TE mode enters at Port 1, the two vertically stacked metal 

bars act as one, because a SPP cannot be excited, and they prevent the incident 

wave from coupling to the neighboring SWG. Therefore, the quasi-TE mode 

can pass undisturbed to Port 3. For a quasi-TM excitation, however, the wave 

from the left SWG excites an SPP which couples to the right SWG. Thus, the 

MSW connects the two quasi-TM modes of the SWGs. Choosing an 

appropriate cladding and the proper waveguide dimensions, the coupling 

efficiency of two quasi-TM modes of the SWGs can significantly be increased, 

leading to a high polarization extinction ratio. 

 

Figure 3.12 Supermodes of the polarization beam splitter (PBS) with d = 50 nm and 
h = 50 nm. The amplitude coupling efficiency 

TM1c  for quasi-TM excitation at Port 1 
is given below each mode profile. The relative phase of the dominating electric field 
component in the cross-section (Ey or Ex for quasi-TE or quasi-TM, respectively) is 
represented with (+) and (−)-signs. Second, third and sixth supermode when excited 
by a quasi-TM at port 1 (left-hand side SWG). 

The PBS length and the coupling efficiency of the quasi-TM mode at Port 1 

to the quasi-TM mode at Port 4 are calculated using the simplified eigenmode 

expansion method (EME) described in Section 3.1.2. First, we calculate the 

quasi-TM mode at Port 1, see Figure 3.11(c). Second, the supermodes of the 

coupling section are simulated. Using Eq. (3.1) and Eq. (3.2) the overlap 

integral 
TM 1c  between the quasi-TM mode of Port 1 and each supermode  is 

calculated. Six supermodes of the coupling section are given in Figure 3.12 

with their respective excitation efficiencies 
TM 1c . The field distribution in the 

PBS due to the propagation of these supermodes can be expressed as in 

Eq. (3.2) by replacing s with TM 1, 
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E r = e

H r = h

 (3.4) 

The excitation efficiency of th
 supermode is 

TM1c  and 
e and h  are the 

complex electric and magnetic fields of the th 
 supermode, respectively. In our 

case, the summation includes N = 10 supermodes. 

Third, the normalized overlap integral 
CS

4 ( )c z  between the field distribution 

Eq. (3.4) and the quasi-TM mode of the right SWG is calculated as a function 

of the z-coordinate using again Eq. (3.2) by replacing j with CS and i with 

TM 4. The resulting amplitude coupling coefficient 
CS

4 ( )c z  represents the 

coupling efficiency of the quasi-TM mode at Port 1 and the quasi-TM mode at 

Port 4 as a function of length 
CSz L  of the straight coupling section, 

excluding the waveguide bends. The larger 
CS

4 CS( )c L , the larger the coupling 

coefficient 
TM 1

4c  of the quasi-TM mode at Port 1 to the quasi-TM mode at Port 

4 would be, and the smaller the coupling is to Port 3, meaning that the 

polarization extinction ratio becomes high. To achieve this goal, the coupling 

length CSL  has to be optimized. 

3.3.3 Results and Discussion 

We plot 
TM 1

4c  and CSL  as a function of the distance d for three different slot 

sizes h of 30 nm (black), 40 nm (red), and 50 nm (green), see Figure 3.13. The 

quasi-TM mode at Port 1 can almost completely be coupled to Port 4 with a 

device length in a sub-10 m length, see Figure 3.13.  

 

Figure 3.13 (a) Coupling efficiency of the quasi-TM mode at Port 1 to the quasi-TM 
mode at Port 4 and (b) the corresponding coupling length LCS. The quasi-TM mode at 
Port 1 can be efficiently coupled to Port 4 in a PBS with a sub-5 m length. 
Geometrical properties taken within the blue circles are considered in the operating 
bandwidth study by performing finite integral technique simulations. 
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To check the optical bandwidth of the designed PBS, we carried out full 

wave finite-integration simulations for the structure depicted in Figure 3.12. 

Figure 3.14(a) and Figure 3.14(b) gives the magnetic field distribution in the 

PBS for both quasi-TE and quasi-TM excitation. It can be seen that the quasi-

TM mode excited from the left SWG couples through the MSW and reaches 

Port 4, while the quasi-TE mode stays in the left SWG. Figure 3.14(c) and 

Figure 3.14(d) show that at a wavelength of 1550 nm, a polarization splitting 

with an extinction ratio of about 20 dB is possible for a device length of less 

than 5 m. Moreover, our PBS exhibits a broad optical operating range of at 

least 40 nm, and this is actually required in high-capacity short range as well as 

in long-haul telecommunications links when both polarization and wavelength 

diversity schemes are employed. 

 

Figure 3.14 Field distribution in the polarization beam splitter (PBS) and transmission 
spectra at Port 3 and Port 4 for both TM and TE excitation. Magnetic field distribution 
in the PBS for the case of TE (a) and TM (b) excitations at a wavelength of 1550 nm. 
The quasi-TM mode launched from Port 1 couples through the MSW reaches Port 4, 
while the quasi-TE mode passes through the PBS, but remains in the left-hand side 
SWG. Transmission spectra at Port 3 (c) and Port 4 (d). In a plasmonic PBS with a 
coupling length of only 3.5 m, exinction ratios of more than 20 dB are feasiblity 
across a broad wavelength range. 



3.3: Plasmonic Polarization Beam Splitter 49 

 

 

3.3.4 Conclusion 

We propose an ultra-compact, low loss, broadband and high extinction ratio 

plasmonic polarization beam splitter integratable on the SOI platform. The 

device requires simple fabrication approach and is well suited for on-chip 

polarization-multiplexed WDM systems.  

Equation Chapter (Next) Section 1 
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4 Active Plasmonic Components 

In this chapter, we firstly present the concept of plasmonic phase modulator 

based on the Pockels effect of electro-optic organic material. We discuss 

various characteristic of the proposed modulator and demonstrate its operation 

at the data rate of 40 Gbit/s. In the last part of this chapter a surface plasmon 

polariton absorption modulator is presented and theoretically studied. 

Characterization results of a surface plasmon polariton absorption modulator 

fabricated on a silicon-on-insulator platform are reported. 

4.1 SPP Phase Modulator 

The content of this section is a direct copy of the Journal publication [J2]. 

A. Melikyan, L. Alloatti, A. Muslija, D. Hillerkuss, P. C. Schindler, J. Li, R. 

Palmer, D. Korn, S. Muehlbrandt, D. Van Thourhout, B. Chen, R. Dinu, M. 

Sommer, C. Koos, M. Kohl, W. Freude and J. Leuthold, “High-speed plasmonic 

phase modulators,“ Nat. Photonics 8, 229–233, (2014). 

Minor changes have been done to adjust position of figures and notations of 

variables. 

[Start of Paper] 

To keep pace with the demands in optical communications, electro-optic 

modulators should feature large bandwidths, operate across all 

telecommunication windows, offer a small footprint, and allow for CMOS 

compatible fabrication to keep cost low [11]. And while many platforms have 

been tried, plasmonics has been forecast as a potential solution. Here we 

demonstrate a new ultra-compact plasmonic phase modulator based on the 

Pockels effect in a nonlinear organic material. The device has a length of only 

29 m and operates at 40 Gbit / s. Its modulation frequency response is flat up 

to 65 GHz and beyond. The modulator has been tested to work across a 

120 nm wide wavelength range centred at 1550 nm, and is expected to work 

also way beyond this range. Its operation has been verified for temperatures up 

to 85˚ C, and it is easy to fabricate. To the best of our knowledge, this is the 

most compact high-speed phase modulator demonstrated so far. 

4.1.1 Introduction 

High speed, ultra-compact and power efficient electro-optic modulators are 

currently in the spotlight of research as they are key components in optical 

transmission link [11, 77]. To this day the majority of silicon-based modulators 

exploit either the plasma dispersion effect in silicon [27, 30, 31, 33, 34, 40, 41, 
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44, 45, 140] or the Pockels effect in a nonlinear cladding, a technology also 

known as silicon-organic hybrid (SOH) [18, 19, 21]. The configuration of 

silicon modulators can be classified as resonant [19, 27, 30, 31, 40, 41, 44] or 

non-resonant [18, 33, 34, 45, 140]. Resonant modulators can be very compact. 

A device with a footprint as small as 78 µm
2
 has already been shown [27]. This 

size is due to the large quality factor of the resonant cavity, which enhances 

nonlinear interaction by several orders of magnitude. However, resonant 

modulators suffer from bandwidth limitations and need to be optimized for a 

certain operating wavelength range. In addition, resonant modulators are 

sensitive to temperature fluctuations and fabrication tolerances. In contrast, 

non-resonant modulators offer operation across a large spectral window. They 

are typically based on a traveling wave configuration. To achieve a long 

interaction time between the optical and the modulating RF signal these 

devices are often several millimetres in length which increases the RF losses 

on the device. Such bulky dimensions prevent also an economically efficient 

co-integration with electronics. A further disadvantage of the travelling wave 

approach is the requirement of terminating the RF transmission line with 

matched impedance, which reduces the modulating voltage to half of the 

generator’s open circuit voltage. 

Surface plasmon photonics or “plasmonics” is the art of controlling, guiding 

and detecting surface plasmon polaritons (SPPs). The SPP is an 

electromagnetic surface wave at a dielectric - metal interface, coupled to the 

charge density oscillation in the metal surface [1, 2]. Plasmonics is a means of 

providing ultra-compact and high-speed components such as modulators, 

switches and detectors [116, 141–143]. Since the 1980s the realization of a 

plasmonic modulator was in the focus of many research groups [16, 24, 25, 37, 

54, 68, 120, 123]. Modulation of an SPP with an electrical signal has been 

shown by employing the thermo-optic effect [16], the Pockels effect [24, 25, 

120], and the plasma dispersion effect either in semiconductors or in 

metals [37, 54, 68, 123]. However, despite the many approaches pursued in the 

past 30 years, an electro-optical high-speed plasmonic modulator has never 

been shown. 

Here, we present a plasmonic phase modulator (PPM) that combines the 

large RF bandwidth of a traveling wave modulator [18, 21, 33, 34, 45, 140], 

the compactness of a photonic crystal modulator [19, 44] and the energy 

efficiency of a ring modulator [27, 30, 31, 40, 41]. In particular, the reported 

PPM has an RF bandwidth, which exceeds the bandwidth of known silicon 

modulators [18, 19, 21, 27, 30, 31, 33, 34, 40, 41, 44, 45, 140], while its 

footprint is still among the smallest [19, 27, 30, 31, 40, 41, 44]. 
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4.1.2 Design and Fabrication 

Our PPM consists of two metal tapers performing the photonic-to-plasmonic 

mode conversion, and a phase modulator section in-between, see Figure 4.1(a). 

The metal taper narrows down at an angle of 15˚ and is used as an interface 

between silicon photonics and plasmonics [101]. Light guided through the 

silicon nanowire efficiently excites the SPP via the metal taper. The SPP is then 

guided into the phase modulator section, which consists of two metal pads 

separated horizontally by a nanometer-scale vertical slot, see Figure 4.1(b), (c). 

The slot is filled with a nonlinear organic material, the refractive index n of 

which can be changed via the Pockels effect by applying a static electric field 

U / h (modulating voltage U, gap width h). With the electro-optic coefficient 

r33, the change of the refractive index amounts to 

  3

EO 33 EO1 2n r n U h    [82]. By modulating the refractive index of the 

polymer in the slot, the information is encoded in the phase of the SPP. At the 

end of the modulator section, the SPP is back-converted into a photonic mode. 

 

Figure 4.1 Plasmonic phase modulator and field distributions. (a) Schematic of 
plasmonic phase modulator. Continuous-wave infrared light guided by the upper-left 
silicon nanowire is coupled through a metal taper to the plasmonic slot waveguide. 
The slot in the metal sheets is filled with a linear electro-optic (Pockels effect) 
nonlinear organic material. The phase of the surface plasmon polariton (SPP), which 
propagates in the slot, is changed by applying a modulating voltage. A second taper 
transforms the SPP back to a photonic mode in the lower-right nanowire. Mode 
profiles of the SPP (b) and of the RF-signal (c), respectively, showing the colour-
coded modulus of the complex electric field vector. 
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Noble metals such as gold (Au) or silver (Ag) exhibit negative dielectric 

permittivity below their plasma frequency. For such metals, the modulus of the 

permittivity at communication wavelengths is typically two orders of 

magnitude larger than the permittivity of the nonlinear organic material [86]. 

This large permittivity contrast at the metal-polymer interface results in an 

optical field enhancement in the slot, see Figure 4.1(b). Moreover, both optical 

and modulating fields are strongly confined to the slot, resulting in a near-

perfect overlap between optical and RF signal, see Figure 4.1(b) and Figure 

4.1(c). Consequently, the U voltage for a phase shift of  at a given device 

length L is small, leading to a small voltage-length product U × L. Therefore, 

a sub-50 µm PPM with a sufficient modulation index  (unit rad) becomes 

feasible. In our device, we employ the Pockels effect in a nonlinear organic 

material, thereby avoiding the speed limitation typically associated with the 

carrier lifetime in plasma-effect based injection-type modulators [27, 34, 40]. 

High conductivity of metal sheets and the small capacitance of the device 

result in an ultra-small RC time constant which does not pose a practical speed 

limitation [18, 19, 21, 27, 30, 31, 33, 34, 40, 41, 44, 45, 140]. Furthermore, the 

lumped structure of our PPM avoids bandwidth limitation caused by the walk-

off of electrical and optical signals. The device’s purely capacitive nature and 

the small U make it also energy efficient. Optical broadband operation of the 

PPM is ensured by the weak wavelength-dependence of the electro-optic 

organic material, by the inherently broadband metallic slot waveguide, and by 

the metallic tapers. 

4.1.3 Characterization 

We fabricate two generations of PPM on the SOI platform, see Appendix B.1. 

The first generation (1stG) of PPM has been fabricated in a ground-signal-

ground (GSG) configuration with metallic slots, having a length of 34 m and 

a slot width of 200 nm, on each side of the signal electrode. In the second 

generation (2ndG) PPM, the slot size has been reduced down to 140 nm, and 

the length was reduced to 29 m. The 2ndG device was designed to have a 

ground - signal (GS) configuration. A scanning electron microscope (SEM) 

picture of the 1stG device is shown in Figure 4.2(a). 

We measured the optical loss of the modulator section by taking an equal-

length SOI strip waveguide as a reference. The fabricated PPMs show 

broadband optical transmission, Figure 4.2(b). The average total loss is 12 dB 

for both modulators. The electrical properties of the 1stG modulator are 

studied by investigating the S11 RF reflection factor. The cross-section of the 

device and its equivalent electrical circuit are given in Figure 4.2(c). An RF 

reflection factor |S11| is measured to be larger than 95 % across a 60 GHz 

frequency range, see Figure 4.2(d). We fit the measured electrical reflection 
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factor with a lumped equivalent circuit depicted in Figure 4.2(c) and find that 

the capacitance of each of the metallic slots is C1stG ≈ 2.2 fF. By geometrically 

scaling with respect to the slot width (140 nm vs. 200 nm) and to the length 

(29 µm vs. 34 µm) we estimate the capacitance of the 2ndG to be 

C2ndG ≈ 2.7 fF.  

 

Figure 4.2 Characteristics of fabricated plasmonic phase modulators. (a) Scanning 
electron microscope (SEM) picture of the 1stG plasmonic phase modulator with a 
length of 34 m. The photograph is taken before coating the sample with an electro-
optic polymer. The lower-right inset shows the clearly defined silicon nanowire taper 
as well as the good alignment of taper and slot. (b) Comparison of the measured 
optical transmission of the 1stG device (black solid curve) with 2ndG modulators (red 
solid line) after coated with an electro-optic polymer. A flat transmission across a wide 
spectral range is seen. (c) Lumped element model of the 1stG modulator used for 
electrical characterization with a ground-signal-ground (GSG) probe. (d) Magnitude 
and phase of the S11 RF reflection factor for frequencies up to 60 GHz. In addition, the 
modulus (left axis) and the phase of S11 (right axis) as calculated for the lumped 
element model depicted in c is given (blue solid line). 

We characterized the electro-optic frequency response of the modulators 

using the measurement setup given in the inset of Figure 4.3(a). The 

modulators are driven with a sinusoidal RF signal with an amplitude of Um and 

the resulting modulation index is measured, see Appendix B.2.2. The measured 

phase modulation index for the 2ndG modulator is shown in Figure 4.3(a) as a 

function of the RF modulation frequency up to 65 GHz. To cover the entire RF 

frequency range of the driver we have selected relatively small drive voltage 

amplitude of Um = 0.1V. The device exhibits ultra-flat frequency response up 

to at least 65 GHz. Such flat response was only possible due to the 

instantaneous Pockels effect and the ultra-small RC time constant of the 

device. For characterizing the optical response we measure the phase 

modulation index for various carrier wavelengths c keeping the modulation 
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frequency at 45 GHz and the drive voltage amplitude Um = 0.8V constant. 

Figure 4.3(b) shows the results for c between 1480 nm and 1600 nm. Fitting 

the measured modulation index  with the one predicted with the first order 

perturbation theory (see Appendix A.7) we derive the achieved on-chip 

electro-optic coefficient of the polymer. The electro-optic coefficients obtained 

for the 1stG and 2ndG devices are r33 = 13 pm / V and r33 = 21pm / V, 

respectively.  

 

Figure 4.3 Measured performance of the plasmonic phase modulators. (a) 
Modulation index  versus RF frequency fm for 2ndG modulator. The frequency 
response is flat up to a frequency of at least 65 GHz. Experimental setup used for 
measuring the phase modulation index  for various RF and carrier frequencies is 
given as an inset. Infrared light from the tuneable laser source (TLS) is sent to the 
device under test (DUT). The modulator is driven by a sinusoidal electrical signal 
with an amplitude of Um and the optical spectrum is measured at the output of the chip 
with an optical spectrum analyzer (OSA). (b) Modulation index for 1stG and 2ndG 
modulator versus optical carrier wavelength in a range of 120 nm for a modulation 
frequency of fm = 45 GHz. The modulation index is essentially flat with respect to the 
carrier wavelength in a range of 120 nm. Solid lines give the modulation index 
predicted by first order perturbation theory. (c) Thermal stability of the device is 
tested for temperatures up to 85 C. The polymer exhibits no degradation of its electro-
optic coefficient in high temperatures similar what has been shown elsewhere [144]. 
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Even though the used nonlinear organic material has been previously tested 

in a high temperature environment [144], we carried out thermal stability test 

to further confirm the device’s operation under operation conditions such as 

found e.g. in telecommunications racks. The modulation index has been 

measured for various sample temperatures up to 85˚ C. No degradation of the 

modulation index has been found, see Figure 4.3(c). 

4.1.4 High-speed Data Modulation 

To test the high-speed capabilities of the 1stG modulator we encode a data 

stream with a bitrate of up to 40 Gbit / s, the maximum rate available in our 

lab. The phase of the SPP is encoded with a 2
31

 - 1 long pseudo-random bit 

sequence (PRBS) at a voltage swing of Upp = 7.5 V, resulting in a peak-to-peak 

phase modulation of 0.23 rad. The resulting binary phase shift keyed (BPSK) 

signal is received by a coherent receiver. The error vector magnitudes (EVM) 

for three different data rates are given in Figure 4.4(b), (d). The bit error 

ratios (BER) corresponding to the measured EVMs [145] are in the range of 

(3…7) × 10
-3

. 

 

Figure 4.4 Modulation experiments with the 1stG plasmonic phase modulator. (a) 
Experimental setup for measuring the bit error ratio (BER) and the error vector 
magnitude (EVM) of a binary phase shift keyed (BPSK) signal. Light with a 
wavelength of 1550.92 nm is amplified by an erbium-doped fibre amplifier (EDFA), 
filtered, and sent to the DUT, wherein the phase of the SPP is modulated by the 
electrical RF signal. The resulting optical BPSK signal is detected with an Agilent 
Optical Modulation Analyser (OMA). (b), (c), (d) Constellation diagrams of the 
received BPSK signal for the data rates 28 Gbit / s, 35 Gbit / s, and 40 Gbit / s. EVM 
between 43 % and 46 % specified at the bottom of the graphs correspond to BER of 
(3…7)  10

-3
. 
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The 2ndG modulator is encoded with a 40 Gbit / s data stream. In this case, 

the device has been operated with an electrical signal with a reduced amplitude 

of Upp = 4.7 V, resulting in a peak-to-peak phase modulation of 0.31 rad. This 

signal was subsequently converted into an intensity modulated signal by means 

of a delay interferometer (DI) with a free spectral range (FSR) of 40 GHz, see 

Figure 4.5(a). The signal is then directly detected with a single photodiode. A 

measured eye diagram with a BER of 6 × 10
-5

 is given in Figure 4.5(b). An 

optical physical link with such a BER can be used in both long and short range 

applications [146]. Taking into account the capacitance C2ndG of the modulator 

we estimate an energy consumption per bit of (2Upp)
2
 × C2ndG / 4 = 60 fJ / bit 

for a voltage swing 2Upp across the device [147]. 

 

Figure 4.5 Modulation experiments with the 2ndG plasmonic phase modulator.(a) 
Direct receiver setup for detecting a binary phase shift keyed (BPSK) signal. 
40 Gbit / s BPSK signal is converted in an intensity modulated signal using a delay 
interferometer (DI) with a free spectral range of 40 GHz. To compensate the losses of 
the in-house built DI, the second preamplifier is added Digital communication 
analyzer (DCA) and bit error ratio tester (BERT) are taken for eye diagram and BER 
measurement, respectively. (b) Eye diagram of the received signal for the data rate of 
40 Gbit / s with a corresponding BER of 6  10

-5
. 

Employing the latest electro-optic organic material [76] the average energy 

per bit could be reduced down to 18 fJ / bit for a plasmonic Mach-Zehnder 

Modulator (MZM) operating in push-pull, as we discuss in Chapter 0. 

4.1.5 Conclusion 

In conclusion, we report on the first successful experimental demonstration of 

a high-speed plasmonic phase modulator. We demonstrate operation at a high 

bit-rate of 40 Gbit / s for a device length of only 29 m. The modulator 

exhibits a flat modulation frequency response for at least up to 65 GHz. It can 

be operated across the whole optical S, C and L-bands. Thermal stability of the 

device for temperatures up to 85˚C has been assured. We believe that the 

concept has the potential to pave the way to future ultra-compact and CMOS 

compatible on-chip MZ and IQ plasmonic modulators such as needed to 

generate quadrature amplitude modulation formats. 

[End of Paper]  
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4.2 SPP Absorption Modulator  

The content of this section is a direct copy of the Journal publication [J3]. 

A. Melikyan, N. Lindenmann, S. Walheim, P. M. Leufke, S. Ulrich, J. Ye, P. 

Vincze, H. Hahn, Th. Schimmel, C. Koos, W. Freude, and J. Leuthold, “Surface 

plasmon polariton absorption modulator,“ Opt. Express, vol. 19, no 9, pp. 

8855-8869, (2011). 

Minor changes have been done to adjust the position of figures and notations 

of variables. 

[Start of Paper] 

Abstract: An electrically controlled ultra-compact surface plasmon 

polariton absorption modulator (SPPAM) is proposed. The device can be as 

small as a few micrometers depending on the required extinction ratio and the 

acceptable loss. The device allows for operation far beyond 100 Gbit/s, being 

only limited by RC time constants. The absorption modulator comprises a 

stack of metal / insulator / metal-oxide / metal layers, which support a strongly 

confined asymmetric surface plasmon polariton (SPP) in the 1.55 m 

telecommunication wavelength window. Absorption modulation is achieved by 

electrically modulating the free carrier density in the intermediate metal-oxide 

layer. The concept is supported by proof-of-principle experiments. 

4.2.1 Introduction 

Optical modulators in future integrated circuits should enable data rates of 

100Gbit / sand beyond; they should be compact with footprints comparable to 

those of electronic devices (typically < 21 m ), and fabrication with standard 

CMOS technology should be possible. Electro-absorption modulators (EAM) 

belong to the most compact commercially available data encoding devices in 

optical communications. They are available in typical lengths of 200 m, 

supporting data rates of 40 Gbit / s [148]. Analog bandwidths can be as high as 

100 GHz for traveling wave structures [149]. Unfortunately, high-speed EAM 

usually rely on costly InP technology, which is challenging for economical 

mass production. 

Besides EAMs, more recently, CMOS-compatible silicon-based solutions 

have been suggested [11, 90]. High speed all-silicon and silicon organic 

hybrid (SOH) modulators with lengths of a few millimeters and speeds 

exceeding 40 Gbit / s have already been demonstrated [18, 27, 33]. More 

compact Si-based modulators have been demonstrated in resonant structures. 

These devices exploit free-carrier dispersion either in a forward or reverse-

biased pn junction [27, 30, 31, 33, 34, 40, 41, 44, 45, 140], allowing for 

operation at 10 Gbit / s. The operating speeds of such devices are ultimately 
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limited by the finite mobility of free carriers. Thus, an ultra-fast, ultra-compact 

modulator based on a CMOS compatible technology has yet to be developed. 

This can be achieved by using nano-plasmonic structures that enable strong 

confinement of both electrical and optical fields, thereby enhancing interaction 

with the underlying material and hence the modulation of the optical signal. 

Several approaches have been proposed for electro-optical manipulations of 

surface plasmon polaritons (SPPs). A technique proposed by Nikolajsen et 

al. [16] exploits the temperature-dependence of the refractive index in 

benzocyclobutene, an effect with limited operating speed. The device by 

Dionne et al. [37] – the so-called PlasMOStor device – exploits the carrier-

induced refractive index change in a silicon layer. While this device works 

well, its speed is again limited by the electron mobility in the 170 nm thick 

active silicon layer. Since early in the 1980s, various approaches have been 

proposed for SPP modulation employing the linear electro-optic effect, e.g. in a 

polymer sandwiched between two metallic patches [26, 120, 150–155]. The 

feasibility of this concept is still to be investigated. Recently, a new modulation 

technique has been reported by our group [156] and independently by 

Feigenbaum et al. [54]. The technique relies on carrier modulation in a metal-

oxide layer guiding a SPP. The approach of Feigenbaum et al. exploits the 

phase modulation of SPP in the visible wavelength range by a voltage-induced 

modulation of the carrier density in a bulk ITO layer. The group has reported 

ellipsometry measurements in the wavelength range 500 nm…800 nm that 

show significant changes of the voltage-dependent refractive index in bulk ITO 

layers that are transparent at these wavelengths. In contrast, our approach is 

based on a change of the absorption experienced by an SPP at 1.55 m 

telecommunication wavelength. The absorption change is again caused by a 

voltage-induced carrier density modulation in ITO [156]. The advantage of our 

approach is that it has the capability of operating at telecommunication 

wavelengths, and that it is potentially free from carrier-related speed 

limitations. 

In Section 4.2, we provide in-detail simulations and give first experimental 

evidence of the feasibility of an ultra-compact, CMOS compatible plasmonic 

SPPAM operated by directly modulating the electron carrier density in a metal-

oxide layer. The suggested modulator operates at speeds that are only limited 

by the electronic drive circuits. To the best of our knowledge this is the first 

conceptual report of such an SPPAM supported by measurements. Unlike 

many prior plasmon modulator concepts, our approach is well suited for an 

operation in the near infrared and in particular in the telecommunication 

window around 1.3 µm and 1.55 m, i.e. at a wavelength range where the 

plasmon resonances at the conventional metal/insulator interfaces are broad 

and therefore cannot be used for efficient switching. 



4.2: SPP Absorption Modulator 61 

 

 

The section is organized as follows: We introduce a design of the SPPAM 

compatible with the standard silicon-on-insulator (SOI) platform in Section 

4.2.2. In Section 4.2.3, the dispersion relation (DR) for the suggested four-

layer configuration is derived in general. Further, the properties of the carrier 

accumulation layer are calculated by means of the Thomas-Fermi 

approximation, and an in-depth study of the DR for a particular case is given in 

Section 4.2.4 and Section 4.2.5. Section 4.2.6 is devoted to the description of 

recent experimental results which validate the SPP absorption modulation 

concept. 

4.2.2 Design 

The configuration of the suggested SPPAM is given in Figure 4.6. It comprises 

a silicon strip waveguide on a buried silicon-oxide layer. The central plasmonic 

section consists of a dielectric layer and a thin metal-oxide layer sandwiched 

between highly conductive metal layers. The metal layers serve as SPP 

waveguides and as electrodes for applying an electric field across the 

dielectric. 

The operation principle of the modulator is as follows. An optical quasi-TM 

mode featuring a dominant vertical electric field component is excited in the 

silicon strip waveguide (Figure 4.6, blue blocks). The light is subsequently 

coupled to the plasmonic waveguide, see the electric field magnitudes in Figure 

4.6 insets (a)-(c). The illustrative numbers for the following description were 

taken from Table 5 in Appendix A.10. Applying an electric field of, e.g., 

10 V / 30 nm changes the free carrier density in the intermediate metal-oxide 

layer (e.g., 8 nm thick ITO) from 26 3

0 9.25 10 m N  to 
26 39.34 10 m , 

thereby changing its complex permittivity from 1.667 j0.824     to 

1.721 j0.832  . As a consequence, the absorption experienced by the SPP is 

decreased from 12.19μm   to 12.07μm . After propagating through the 

active plasmonic section of length L (e. g., 1 µm), the plasmonic mode couples 

back to the photonic mode inside the output coupling zone. As an overall 

result, the applied electric field modulates the output power. 

In this work we have chosen for the active plasmonic section a sequence of 

four layers: From top to bottom (inset Figure 4.6) we have a silver (Ag) layer, 

a thin metal-oxide layer, here indium tin oxide (ITO), a silicon dioxide (SiO2) 

film and another silver layer. The whole structure is embedded in either 

PMMA or SiO2. The choice of the dielectric sandwiched between two 

electrodes is based on studies of the dispersion relation introduced below. The 

device length can be in the range of a 1 µm up to a few micrometers, 

depending on the requirements with respect to the extinction ratio and the 

acceptable insertion loss. 
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Figure 4.6 The structure of a surface plasmon polariton absorption 
modulator (SPPAM).Light is coupled from a silicon nanowire into an active 
plasmonic section by means of a directional coupler. The active section consists of a 
stack of silver (Ag), indium tin oxide (ITO), and SiO2 layers. The absorption 
coefficient of the SPP is modulated by applying a voltage between the two silver 
electrodes. The insets show how a photonic mode (a) in a silicon strip waveguide 
excites a SPP (c) via a hybrid mode (b) in directional coupler. The insets in (d) show 
the electric field ex and the magnetic field hy as well as the time-averaged Poynting 
vector distributions  Re / 2zS e h   in the active plasmonic part. The plot of the 
Poynting vector shows the power confinement of the SPP in the ITO layer. The length 
L describes the size of the modulator along the light propagation direction. 

The characteristics of ITO are key to the operation of the suggested 

structure. On the one hand ITO features a metallic behavior with relatively 

high carrier mobility, on the other hand, the carrier density is low enough to 

result in a small real part of the dielectric permittivity and a large electron 

screening length. This provides the following advantages for the operation of 

the modulator: 

 There are no carrier-related speed limitations because of the high carrier 

mobility in ITO. 

 The small magnitude of the complex permittivity of ITO compared to 

noble metals and typical dielectrics provides strong field enhancement 

within the ITO layer for the wavelength range of interest. Simulations in 

Figure 4.6 inset (d) show that the electric field in ITO is large, while 

there is hardly any field within the silver layer. If SiO2 was replaced by 

Si3N4, the field confinement in the ITO layer could be further enhanced. 

 The overlap between the externally induced charges and the SPP mode 

is particularly good in ITO compared to other metals because of the 

relatively large electron screening length. The large overlap is important 

to exploit the plasma-induced absorption change. 

 Because in our case the SPP represents a field confined to an area far 

below the diffraction limit, a relatively small voltage creates an 
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enormous electric field in the dielectric layer providing the necessary 

amount of carrier change in the ITO layer. 

As a result of this design optimization, the size of the device can be as small 

as a few hundred nanometers in transverse direction by a few micrometers in 

length, a range which does not influence the modulator speed. In the future, 

such techniques could allow integrating hundreds of modulators on the same 

chip. 

4.2.3 SPP Dispersion Relation for a Four-layer Configuration 

For discussing the basic operation principles of a plasmonic absorption 

modulator, we first investigate a 2D slab structure. We then identify key 

characteristic quantities, namely dispersion relation, insertion loss and 

extinction ratio, and study them in view of an actual 3D design. Finally, we 

specify the 3D SPP modal field and the propagation constant. 

We derive here the dispersion relation (DR) of a four-layer active plasmonic 

structure, and we follow the procedure as described formerly [94, 95, 157]. 

The geometry of the problem and the respective permittivities are shown in 

Figure 4.7(a), (b). An SPP exist only in TM polarization, i.e. when the 

magnetic field is parallel to the metal-dielectric boundaries, see Figure 4.7. 

Therefore we solve the wave equation for TM modes only. 

 

Figure 4.7 Plasmonic structure with metal/dielectric/metal-oxide/metal layers.(a) 
Geometry and (b) dielectric permittivity distribution. The 

yh component of the SPP 
magnetic field is schematically shown as a contour filled with reddish color in (a). The 
SPP propagates along the positive z-direction. (c) Carrier density distributions ( )N x in 
both electrodes 

Assuming a time and z-coordinate dependency 
j( )t ze  

 for the magnetic field 

hy, the wave equation takes the form 
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         (4.1) 

where 0 k c  is the magnitude of the wave vector of plane wave in free 

space, ( )x  is the permittivity as a function of the x-coordinate and   is the 
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propagation constant of the SPP. Without loss of generality we assume that the 

magnetic field yh  is confined in the dielectric and metal oxide layers and 

decays exponentially in the adjacent Ag layers. Thus, the solution of Eq. (4.1) 

satisfying the above requirements in each layer can be written with the 

transverse propagation constant 
2 2

0m mk k   as 
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 (4.2) 

The subscripts m = 1 and m = 4 are used for the bottom and top metal layers, 

the subscript m = 2 denotes the metal oxide layer, and the subscript m = 3 is 

assigned to the dielectric layer. The constants in front of the exponential 

functions describe the magnetic field amplitude in the respective medium. The 

electric field in each material can then be derived employing Maxwell´s 

equations (
0  is the vacuum permittivity): 
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Applying the boundary condition for the tangential components of the 

magnetic and the electric field allows to derive the dispersion relation  
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Where 12 2 1 1 2 2 1 1 2( ) ( )r k k k k       and 34 3 4 4 3 3 4 4 3( ) ( )r k k k k      . The 

solutions of Eq. (4.4)  represent the eigenmodes of such a four-layer structure 

with their respective complex eigenvalues  . The imaginary part of   

describes the absorption in the system, and the power absorption coefficient is 

defined as 2Im[ ]   . 

The absorption modulator performance needs to be optimized for the lowest 

overall losses and the highest possible extinction ratio. Therefore it is 

convenient to introduce two parameters, namely the propagation length 
eL and 

the length 1dBL . The effective propagation length  

  
11

2Im[ ]eL 



    (4.5) 

is the length after which the intensity of the SPP has decreased to a fraction of 

1 / e of the initial intensity. In addition we define the 1dB on-off length 1dBL  
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where the on-off ratio is ER = 1 dB for an (arbitrarily chosen) DC on-voltage 

of 10VU   which is applied across the electrodes. The logarithmic extinction 

ratio ER is defined as 
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 (4.6) 

The logarithmic extinction ratio depends linearly on the difference of the 

absorption coefficients 10V off on      for the voltage-off and the voltage-

on states. The relation between 1dBL  and the 1 dB extinction ratio is 

 1dB 1dB

10V

1
ER 1dB, .

4.34
L


 


 (4.7) 

To calculate the absorption coefficient in the voltage-on and voltage-off 

states the Thomas–Fermi screening theory is employed as discussed in the next 

section. 

Finally, we introduce a figure of merit (FoM) that relates the effective 

propagation length Le to the 1 dB on-off length 1dBL . The FoM quantitatively 

describes the extinction ratio achievable in a device of length Le operated with 

a 10 V voltage, 

 e 1dBFoM .L L  (4.8) 

The larger the FoM, the better the performance is, i.e. the lower the 

propagation losses are for a 1 dB extinction ratio and an applied on-voltage of 

10 V. 

4.2.4 ThomasFermi Screening 

An external voltage applied to the metallic electrodes changes the carrier 

density in the metal-oxide layer and hence influences the absorption coefficient 

of the SPP. For a proper estimation of this effect we employ the Thomas-Fermi 

screening theory for deriving the carrier distribution for a given voltage 

applied to the electrodes. The resulting spatial carrier distribution can then be 

used for modelling the complex dielectric permittivity of the metal-oxide layer 

via the Drude model, which then yields the complete information necessary for 

solving Eq. (4.4) for the on-state.  

The Poisson equation relates the electric potential ( )x  to the induced 

charge density ( )N x  within the ITO layer, 

 0
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e N x N
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   (4.9) 
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Here, e  is the elementary charge, 
0  is the vacuum permittivity, 

ITO 9.3   is 

the relative static permittivity of ITO [158], and 0N  is the bulk free carrier 

density of ITO.  

Following the Thomas-Fermi approach the total free carrier density and the 

potential are related by 
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where the Fermi energy is defined as 
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In the latter expression  is Planck´s constant. The electron effective mass 

effm  for ITO is given in Table 5 of Appendix A.10 in terms of the free electron 

mass 319.1 10 kg em . The bulk free carrier density 0N  of ITO can be 

calculated from the plasma frequency 
p  in Table 5 via the relation

2

0 0 eff pN m e   

In the Thomas-Fermi approximation, Eq. (4.9) and Eq. (4.10) have been 

solved analytically for the case of a weak potential (e << EF) resulting in the 

so-called ThomasFermi screening length 
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, which 

gives an estimate of the carrier density distribution at the conductor interface. 

The Thomas-Fermi screening length for ITO is estimated to be TF 6Å  , i.e. 

it is comparable to the value reported by Neumann et al. [158]. Obviously, due 

to the low free-carrier density of ITO, the estimated TF  is significantly larger 

for ITO than for noble metals where it is usually in the range of 1…2 Å.
 Rather than employing the weak potential approximation, we numerically 

solve Eq. (4.9) with Eq. (4.10)-(4.11) for the ITO/dielectric interface with 

mixed boundary conditions 
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 (4.11) 

where U  and d  are the voltage and the distance between the two electrodes, 

respectively. The quantity ins  is the dielectric permittivity of the (insulating) 

dielectric. Due to their large dielectric strengths (high break-through voltage) 

silicon dioxide (SiO2) with 
2SiO 3.9   and silicon nitride (Si3N4) with

3 4Si N 7.8   have been considered as possible dielectrics for the above 

introduced structure. Inside the ITO layer, the second boundary condition is 

numerically approximated by taking the potential to be zero at a point many 

screening lengths 
TF  away from the ITO/dielectric interface. 
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Solving the boundary value problem provides the potential distribution ( )x
in the ITO layer. This is then used to calculate the induced carrier density ( )N x  

near the interface with the help of Eq. (4.10) and Eq. (4.11). In order to 

calculate the effect of this carrier density change on the DR it is more practical 

to use the average carrier density across the thin ITO layer with height 

hc, ( )
ch

N x . This is justified by the fact that the SPP mode profile exhibits 

constant amplitude in the ITO layer, Figure 4.6. The relative change of the free 

carrier density in the 8 nm ITO layer is estimated to be 1 % for a 10 V voltage 

applied across a 30 nm thick SiO2 layer. Below we show that this relatively 

small carrier density changes can be good enough for on-off switching. 

4.2.5 SPP Dispersion Relation of an Ag-ITO-dielectric-Ag stack 

To study the effect of a carrier density change in the SPP guiding layers we 

have numerically solved the dispersion relation as derived in Eq. (4.4). The 

material dispersion of both ITO and silver are taken into account via the Drude 

model, see Section 2.1.2. In the following, a value of 2.19PHz ( 0.46PHz ) is 

considered for the plasma frequency of Ag (ITO). 

 

Figure 4.8 Dispersion relation of SPP guided by the Ag/ITO(8nm)/Si3N4(70nm)/Ag 
layer stack.Both, propagation constant and absorption coefficient, change when the 
carrier density of ITO is increased by 5 % (red lines). As opposed to the propagation 
constant the absorption coefficient varies significantly with ITO carrier density. 

Dispersion relation and absorption coefficient of an 

Ag / ITO(8 nm) / Si3N4(70 nm) / Ag structure (see inset Figure 4.8(b)) are 

plotted in Figure 4.8 as a function of frequency for two ITO carrier densities, N0 

and ( )
c

i h
N x . The quantities 0N  and ( )

c
i h

N x correspond to densities without 

and with a voltage applied to the Ag-electrodes. For illustration, ( )
c

i h
N x  has 

been chosen to be i 0( ) 1.05
ch

N x N  . It can be seen that the dispersion of 

the SPP at the telecommunication frequency (193.5 THz) is basically not 

affected by carrier density changes within the ITO layer, Figure 4.8(a). 

However, the change of the absorption coefficient is as large as 30 %. Thus, 
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the structure operates best as an absorption modulator rather than as a phase 

modulator. 

The maximum SPP propagation constant in Figure 4.8(a) defines a so-called 

surface plasma frequency which is close to the communication frequency at 

193.5 THz due to the small plasma frequency of ITO. Decreasing the thickness 

d of the dielectric and increasing the ITO height hc cause the maximum points 

in the dispersion relation Figure 4.8 to be shifted to the lower frequency 

region. As a consequence, the values of   and   at the communication 

frequency 193.5 THz (green horizontal dashed line) increase. Bound SPPs at 

such a configuration exist to the right of the light line, i. e., for frequencies 

below 240 THz (or significantly above 240 THz [54] where the metallic 

property of ITO is less pronounced). The SPPs at the frequency range below 

240 THz are well confined to the thin ITO layer because of its semi-metallic 

character. Therefore, the SPP absorption coefficient reacts very sensitively to a 

change of the free carrier density in ITO. This allows to efficiently modulate 

the intensity of light by electrically modulating the carrier density in the metal 

oxide layer. 

The modulator performance fundamentally depends on the thickness (h) and 

on the permittivity of the dielectric, and on the height (hc) of the ITO. The 

dependencies of the propagation constant and absorption coefficient on hc and 

h are depicted in Figure 4.9(a) and Figure 4.9(b) for two distinct dielectric 

materials, namely Si3N4 and SiO2 with refractive indices 3 2.0   and 

3 1.44  , respectively. It can be seen that the propagation constant    
decreases with increasing h. The propagation length eL  increases with h, 

because the portion of the optical power propagating in the lossy ITO layer 

decreases. The useful SPP propagation length does not exceed a few 

micrometers, which makes a proper choice of the ITO thickness crucial in the 

design. Further, one can see that Le is significantly smaller for a Si3N4 than for a 

SiO2 dielectric, which is a result of a stronger SPP field confinement in the ITO 

layer for the former case, see inset of Figure 4.9(b). The propagation constant

 as well as the propagation length eL  increases or decreases with increasing 

h depending on the ITO thickness and the refractive index of the dielectric 

layer, parameters which define the maxima in Figure 4.8(a) and Figure 4.8(b). 

For the same reason, extrema can be seen for the Si3N4-curves in Figure 4.9. 
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Figure 4.9 Dependence of characteristic device parameters as a function of the 
thickness h of the dielectric for two dielectric materials (Si3N4, SiO2,) and for ITO 
thicknesses hc = 8 nm (black line), 10  nm (red line) and 15  nm (blue line).(a) 
Propagation constant   . A typical propagation constant achievable in a silicon 
nanowire (500 nm × 500 nm) waveguide is shown as a horizontal green line. 
Therefore, an SPP excitation via a directional coupler is easily possible for a SiO2 
dielectric, but a grating coupler is preferable for a Si3N4 dielectric. (b) Propagation 
length Le. Increasing the refractive index of the dielectric results in a decrease of Le. 
The inset shows the absolute value of the time-averaged Poynting vector distributions 
in the structures filled with Si3N4 (blue line) and SiO2 (red line). It can be seen that 
that the power confinement in ITO is larger than in the case of Si3N4. (c) Dependence 
of 1dB on-off length L1dB. It can be seen that L1dB is dramatically decreasing with the 
thickness of the dielectric, which is a result of both the static and the optical electrical 
field enhancement in the structure. The larger refractive index of the Si3N4  gives rise 
to a stronger optical field confinement in the active ITO layer, which in turn results in 
a shorter 1dB on-off length as well as shorter propagation length. (d)  Figure of 
merit (FoM) as a function of the thickness of the dielectric. FoM increases for smaller 
dielectric thicknesses. The structure with Si3N4 dielectric performs considerably 
better. Insets give numerical examples for extinction ratio ER, device length L and 
loss in the system for both Si3N4 and SiO2. 

A significantly smaller 1 dB on-off length can be observed for the structure 

with a Si3N4 dielectric. Therefore, for finding an optimum with respect to 

propagation length and 1 dB on-off length as well as for a fair comparison of 

the structures with Si3N4 and SiO2 dielectric, respectively, we display in Figure 

4.9(d) the figure of merit from Eq. (4.8) in dependence of the dielectric and the 

ITO thicknesses. The graph in combination with the numerical values of the 

insets indicates that significantly improved extinction ratios with an acceptable 
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loss can be achieved for a Si3N4 dielectric with device lengths shorter than 

1 m. 

In order to make plasmonic modulators working devices, it is preferable to 

couple light from a photonic silicon wire waveguide into the modulation 

section, see Figure 4.6. However, the co-integration of plasmonics and 

photonics requires compact and efficient SPP excitation techniques. Several 

authors have proposed SPP excitation making use of a directional coupler 

configuration between the silicon and the plasmonic waveguide. Such coupling 

techniques require well-defined phase matching and a strong field overlap. It 

can be seen in Figure 4.9(a) that phase matching is difficult with a Si3N4 layer, 

but can be easily achieved with a SiO2 layer. In this case the SPP propagation 

constant is close to the one of a photonic quasi-TM mode in a Si nanowire, see 

the green colored area in Figure 4.9(a). Therefore, in spite of its large FoM for 

the Si3N4 dielectric, the subsequent discussions are based on a SiO2 layer. 

 

Figure 4.10 SPP mode profile in terms of dominating magnetic and electric field 
components at the active part of the modulator: Ag/SiO2(40nm)/ITO(8nm)/Ag.The 
fields are normalized to a cross-section power of 1 W. Similar to the slab structure, ch  
and h define the ITO and dielectric thicknesses, respectively. In addition,

Agh and w
describe the thickness and the width of the top silver electrode. 

The two-dimensional (2D) model is helpful for the general understanding of 

the operation principles and for a first device optimization. In this section we 

perform a full vectorial eigenmode analysis of a realizable three-

dimensional (3D) SPPAM structure as outlined in Figure 4.6. It consists of an 

Ag / ITO / SiO2 / Ag multilayer structure on a SiO2 substrate. To ensure a SPP 

confinement along the x-axis, the top Ag layer has a finite width w. It will be 

shown that the 2D results obtained previously are still valid for the 3D case. 

The lateral cross-section of the plasmonic active part guiding the highly 

confined plasmonic mode is represented in Figure 4.10. The choice of the 

configuration is such that efficient SPP excitation is guaranteed and fabrication 

is feasible with state-of-the-art nanofabrication techniques. As in the 2D case, 

SPP of such a structure exhibit a large field confinement within the ITO layer 

(see Figure 4.10). In addition to the dielectric and the ITO thickness some 
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other geometrical 3D properties come into play, such as the width of the top 

silver strip w  and the thickness of the silver layer 
Agh  which is chosen 

sufficiently thick to avoid SPP coupling to the top side of the upper silver strip 

and to ensure that the dispersion relation derived in Section 4.2.3 is still valid. 

The eigenmodes of the 3D configuration have been simulated with COMSOL 

Multiphysics, see Appendix A.8. The simulations have been performed with 

rounded metal corners having a radius of curvature 4 nm. The propagation 

constant and length of the structure are plotted in Figure 4.11 with a 

comparison to the 2D slab version of the structure discussed in the previous 

subsection. 

 

Figure 4.11 Influence of plasmonic 3D waveguide width w  on propagation constant 
(a) and propagation length (b). For comparison, the 2D results from solving Eq. (4.4) 
are added (black line). 

Small deviations of the SPP propagation constant and propagation length in 

the case of the 3D structure are obviously caused by the finite values of w  and 

Agh . Moreover, it can be seen that for relatively large values of w  the 

propagation constant of SPP in the 3D structure approaches the one of the slab 

structure. As opposed to the results for the propagation constant much larger 

differences can be seen in the propagation length when going from the 2D slab 

structure to the 3D plasmonic waveguides. The larger propagation length in the 

case of the 3D structure is due to the decrease of the field confinement in the 

ITO layer. Therefore, one can assume that the required modulator length in the 

3D structure might be slightly longer than the values predicted by the 2D 

theory. However, both propagation constant and propagation length approach 

their 2D equivalents for small dielectric thicknesses. The latter is a 

consequence of a decrease of the /h w  ratio. The SPP waveguide width w  is 

an additional degree of freedom which can be used for manipulating both 

propagation constant and propagation length. 

With a numerical 3D solution we have shown that the field can be 

horizontally confined along the x-axis under a silver bar with a finite width w, 

Figure 4.10. In such a three-dimensional wave guiding structure, all the 

requirements for an SPP modulation are fulfilled, namely high electric field 
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strength in the dielectric layer, and optical field confinement in the ITO layer. 

The modulation speed is RC-limited, and estimate of this limiting frequency 

will be given next. The structure Figure 4.10 having a cross-section width of 

300 nm and a length of 2m has a capacitance of 0.7fFC  . Assuming an 

internal generator impedance of R = 50 , this results in a typical RC time 

constant of 35fs  RC . Therefore, letting aside problems of impedance 

matching, the modulation bandwidth is expected to be in the THz-region. 

4.2.6 Characterization 

In a proof-of-principle experiment we performed modulation measurements 

using a structure similar to the one proposed in [156]. The modulator differs, 

however, from the one suggested in this reference in that the electrodes are 

61 m apart rather than 30…50 nm as proposed in Figure 4.10. The enormous 

distance between the electrodes in this test device results in a very low electric 

field in the metal oxide layer and consequently in a small extinction ratio. 

However, the structure is simple to fabricate and enables us to give a first proof 

of principle. 

A scanning electron microscope picture of the fabricated device before 

lifting off the silver (upper-left triangle outlined in green) is shown in Figure 

4.12(b). For the fabrication of the device we used a standard silicon-on-

insulator wafer with a 220 nm thick silicon layer on a 2 m thick buried oxide. 

Silicon wire waveguides of 240 nm (and 400 nm) width and 220 nm height 

were fabricated using DUV lithography and standard CMOS processing. 

Subsequently, silicon nitride with a 200 nm thickness was sputter-deposited. 

The ITO (10 nm) / Ag (250 nm) layers were then deposited on top of the Si3N4 

layer via RF magnetron sputtering and electron beam evaporation, respectively. 

With photolithography the 10 m long device was transversely structured 

along the silicon waveguides. A lift-off process removed the remaining silver. 

To decrease the spacing between the electrodes, the back of the wafer was 

partially thinned by wet etching with potassium hydroxide (KOH). In the 

etched-out area the silicon wafer was reduced to a thickness of ~ 60 m. With 

electron beam evaporation a 500 nm thick electrical contact was then formed at 

the bottom of the silicon substrate. 

Experiments were performed by applying an electrical signal with 10 V 

peak-to-peak amplitude and a rectangular shape. This modulation signal was 

provided by a function generator with variable frequency and an internal 

impedance of 50 TM polarized monochromatic light at a wavelength of 

1.55 m from a tunable laser source was coupled to the silicon strip waveguide 

via a lensed fibre. The resulting amplitude modulation of the optical signal was 

detected with an InGaAs photodetector connected to a lock-in amplifier. In 

order to subtract coherent electrical input-output crosstalk, the lock-in 
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amplifier was calibrated with the DUT not being connected to the function 

generator.  

 

Figure 4.12 The modulator structure for a proof-of-principle experiment together with 
the measured extinction ratios versus modulation frequency.(a) 3D schematic of the 
fabricated device and its lumped element model describing the low-pass characteristic 
of the device. (b) Scanning electron microscope picture of the device before lift-
off (the area taken inside the green contour has been removed after completing the 
lift-off process). The device length is L = 10 m with an ITO thickness of 
10 nm [156]. (c) Measured extinction ratios as a function of the frequency of the 
driving electrical signal. It can be seen that the extinction ratio does not depend on the 
silicon width Siw . The extinction ratio calculated by the theory is represented as a blue 
line with the fit parameters 

p p00.8   and 02.3   , where
p0 and 0 are 

plasma and collision frequencies of ITO from Table 5. (d) Predicted ER for the strong 
electric fields obtained from the theory using fit parameter 

p  and  . 

Results of measured extinction ratios for modulation frequencies of up to 

1.8 MHz are shown in Figure 4.12(c) for waveguides with 400 nm (■) and 

240 nm widths (●), respectively. Measured extinction ratios are small but 

clearly detectable. The drop in the extinction ratio when increasing the 

modulation frequency is due to the low-pass characteristic of the device (RC 

limiting frequency ~58 kHz), see the equivalent circuit in the inset of Figure 

4.12(a). The capacitor C1 = 1.9 pF describes the layers between top metal and 

silicon substrate, while C2 = 0.2 pF describes the silicon substrate itself. The 

silicon strip has such a large resistance that it can be represented by a capacitor. 

The capacitance values were calculated using the well-known dimensions and 

dielectric constants of the materials. The value of the resistance R2 = 1.2 M 

was calculated from the resistivity of the silicon wafer (material data provided 
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by the manufacturer). With this model the voltage drop U across C1 has been 

simulated with a conventional circuit simulator.  

This voltage U is then used for calculating the electric field in the Si3N4 

layer and at the ITO / Si3N4 interface thereby defining the boundary condition 

Eq. (4.11) that is needed to solve Poisson’s equation Eq. (4.9)(4.11). The 

resulting induced carrier density Ni of the ITO layer enters the Drude model 

Eq. (2.9) together with the parameters of Table 5. With ITO of the ITO layer 

known, we employ the dispersion relation for a three-layer structure 

(equivalent to Eq. (4.4) for a four-layer device) and find the complex 

propagation constant , the imaginary part of which gives the absorption 

coefficient on (off for U = 0). The difference |off  on| defines the extinction 

ratio according to Eq. (4.6). In an iterative manner we modify p and  of 

Table 5, until we reach a match for the measured ER. 

A good match of the theoretically derived frequency response (solid blue 

line) and the experimental values (■,●) has been found for an ITO plasma 

frequency 
p p00.8   and a collision frequency 02.3   , where 

p0 and 

0 are published data [159], Table 5. Our values for the ITO plasma frequency 

and collision frequency are red shifted and blue shifted, respectively, relative to 

the values given in Table 5. Such a red shift of the plasma frequency and a blue 

shift of the collision frequency has been previously reported for ultrathin ITO 

layers [160]. 

To prove that the detected small amplitude modulation is a result of the 

carrier modulation in the ITO film and that it does not originate from plasma or 

thermal effects in silicon, we performed additional measurements.  

To exclude the potential influence of a plasma effect in silicon we measured 

the extinction ratios for silicon wire waveguides with two different widths w. 

Both silicon waveguides were covered with a 200 nm thick silicon nitride 

layer, see Figure 4.12(a). An eigenmode analysis revealed that the confinement 

factor of the quasi-TM mode is approximately two times larger for the 400 nm 

waveguide compared to the 240 nm waveguide. If the modulation was caused 

by the plasma effect in silicon, the measured extinction ratios for the wide and 

the narrow waveguide should be related by 2:1. According to Figure 4.12(c) 

and its formula inset this is not true: The average measured quotient of the two 

extinction ratios is 1.08, hardly larger than 1 and far away from 2. 

Next, a potential thermal effect due to heating of the sample while applying 

a voltage has been considered. Heat could be dissipated in resistor R2 of the 

equivalent circuit Figure 4.12(a). However, more heat would be dissipated at 

larger frequencies where a higher voltage drops across R2 (as can be seen from 

the solid line in Figure 4.12(c) which shows that U decreases with frequency 

where the voltage between the silver electrodes is kept constant). As a 

consequence we would see a hypothetically larger extinction ratio at higher 
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frequencies. However, according to our measurements in Figure 4.12(c) this is 

not true, so we exclude dominant thermal effects. 

The final question to be answered is: What could be expected for the 

optimized structure Figure 4.6 where most of the voltage drops across the 

insulating SiO2 layer? To this end we plot the extinction ratio as a function of 

the modulating field strength as described before Figure 4.12. The inset Figure 

4.12(d) shows the measured values (■) and the fitted curve (──). The main 

graph Figure 4.12(d) then shows the ER prediction in a wider range of electric 

field strengths. A 1 dB extinction ratio can be obtained with an electric field of 

100 V / µm applied to a 10 µm long device. Such an electric field strength can 

be easily achieved in the structure Figure 4.6. This field strength is far below 

the dielectric strength which is in the order of 10
3
 V / µm for materials like 

SiO2 and Si3N4.  

4.2.7 Conclusion 

We investigated an electro-optic surface plasmon polariton absorption 

modulator (SPPAM) operating at the 1.55 m telecommunication wavelength. 

The underlying principles were analyzed. A three-layer prototype was 

designed, and first proof-of-principle experiments were performed. The device 

is RC-limited with a typical RC time constant of 35fs  . Therefore, the 

theoretical modulator speed is in the THz-region thus fulfilling future ultra-

high speed data modulation requirements. For an optimized four-layer 

modulator with SiO2 dielectric, a 1  dB extinction ratio has been predicted for a 

device length of 2 m and a total plasmonic loss in the range of 18 dB. 

However, for the same extinction ratio of 1 dB the device length can be 

significantly decreased by utilizing Si3N4. With a modulation field strength of 

250 V / µm the loss would amount to 12 dB for a device length of about 

0.5 µm which is comparable to the footprints of electronic devices. 

 

[End of Paper] 



 

 

 



 

 

5 Summary and Future Work 

In the framework of this thesis, we developed plasmonic passive and active 

components for plasmonic integrated circuits in silicon photonic technology. 

The main objective of the thesis was to design and demonstrate ultra-compact 

plasmonic modulators in order to increase the integration density in future 

optoelectronic circuits. 

Below, we summarize the key results and discuss the advances that can be 

implemented to improve the performance of the reported plasmonic devices. 

Plasmonic Phase Modulators 

We designed and fabricated novel ultra-compact plasmonic phase 

modulators (PPMs) based on the Pockels effect in electro-optic organic 

materials. In particular, we reported on a 29 m long PPM integrated with 

silicon photonic circuit on the same chip. Generations of differential-phase-

shift keying (DPSK) and binary-phase-shift keying (BPSK) optical signals at 

40 Gbit / s have been demonstrated by employing the developed plasmonic 

modulators and bit error ratios (BERs) in the order of 10
-5

 have been measured. 

Comprehensive experimental analyses performed on a fabricated PPM have 

revealed its ultra-large RF and optical bandwidths of 65 GHz and 120 nm, 

respectively. In addition, we carried out temperature stability tests by 

measuring the phase modulation index for temperatures up to 85˚ C. The 

experiments showed that the reported PPMs have no performance degradations 

when increasing the operation temperature and, therefore, are well suited for 

applications in high temperature environments such as found in 

communication racks. 

In the future, the usage of recent electro-optic materials with electro-optic 

coefficients of, e. g., 180 pm / V [76] in our device, will allow to decrease the 

drive voltage U significantly. Further reduction in the drive voltage can be 

achieved by decreasing the metallic slot width down to 70 nm, for instance. We 

therefore anticipate a decrease of U by at least a factor of 20 in the near future. 

For a device with a length of 21 m and a slot width of 70 nm which is 

covered with recently developed electro-optic materials we predict a peak-to-

peak phase modulation of  / 2 with a drive voltage swing of U = 3 V. With 

such a drive voltage swing and a device capacitance of 4 fF (based on the 

capacitance measured for the 1stG device) an average energy per bit of 9 fJ bit
-

1
 can be anticipated. A  / 2 phase shift would also be needed to operate a 

MZM for generating advanced modulation formats. For an MZM the energy 

requirements then would be in the order of 18 fJ bit
-1

. The optical loss can be 

decreased by making the device shorter through using narrower slots and better 

electro-optic organic materials. PPMs with smaller slots offer better 



78 Chapter 5: Summary and Future Work  

 

performance, despite the increase of an attenuation constant with decreasing 

the slot width, as seen in Section 2.2.4. In particular, the smaller the slot width 

of a PPM is, the lower are the overall optical losses in the device, in spite of 

the increased attenuation constant of a gap SPP. The optical losses can be 

further reduced to 3 … 5dB by replacing the gold with silver, which provides 

much lower optical losses for the SPP. 

In Section 2.2.4 we showed that the modulation index achieved in a 

plasmonic phase modulator scales with the modulator length L. However, 

because of the high propagation losses of gap SPPs, the signal power at the 

output of the plasmonic modulator exponentially decreases with increasing 

device length. Therefore, an optimum device length should theoretically be 

found for a given transmitter power, receiver sensitivity, and drive voltage 

swing. 

Surface Plasmon Polariton Absorption Modulator 

We designed a novel electro-optic surface plasmon polariton absorption 

modulator (SPPAM) operating at the telecommunication wavelength of 

1.55 m. The modulator operates based on the plasma dispersion effect in an 

indium tin oxide layer (ITO). Induced carrier accumulation at the 

ITO / insulator interface shifts the absorption peak of a gap SPP. For an 

optimized four-layer modulator with SiO2 dielectric, a 1 dB extinction ratio has 

been predicted for a device with a length of 2 m and a total plasmonic loss in 

the range of 18 dB. However, for the same extinction ratio of 1 dB the device 

length can be even further decreased by utilizing Si3N4. The device is RC-

limited with an estimated RC time constant of 35fs  , i. e., with a cut-off 

frequency in the order of one THz. A three-layer prototype of the device was 

designed and fabricated on a silicon-on-insulator chip, and first proof-of-

principle experiments were performed. 

In the future, much higher extinction ratios can be achieved for the same 

drive voltage by reducing the insulator thickness down to 5 … 10 nm, which 

also has been proposed by other researchers [161]. The thinner the insulator 

thickness is, the larger will be the induced electron accumulation. This then 

results in a large shift of the absorption spectrum. Moreover, ITO films can be 

exploited in photonic-plasmonic hybrid structures, to modulate the attenuation 

constant of a hybrid photonic-plasmonic mode instead of a gap SPP [68]. Such 

hybrid plasmonic devices benefit from low propagation losses of hybrid modes 

and from a large carrier accumulation layer that can be induced with a small 

drive voltage applied across the gate oxide with a thickness of (5 … 10) nm.  
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Photonic-plasmonic Mode Converter 

We designed a novel photonic-to-plasmonic mode converter for excitation of 

the gap SPP in a horizontal metallic slot waveguide (MSW) by the quasi-TM 

mode of a silicon strip waveguide. We implemented the eigenmode expansion 

method to optimize the geometrical parameters of the converter for its 

maximum conversion efficiency. Design parameters of the converter were 

reported for cladding materials with refractive indices of 1.44, 1.6 and 1.7. The 

converter provides more than 85 % conversion efficiency for metallic slot 

waveguides with slot heights of 30 … 50 nm. 

Combining the developed mode converter concept with the concept of the 

horizontal MSW, a new generation of plasmonic phase modulators (PPMs) can 

be realized. PPMs with sub-50 nm slots can easily be fabricated by a standard 

“bottom-up” fabrication approach. This then can have a big impact on the 

energy consumption of the PPMs.  

Plasmonic Polarization Beam Splitter 

We have introduced a concept of a plasmonic polarization beam splitter 

employing the strong polarization sensitivity of metallic slot waveguides. We 

report on a plasmonic PBS with a length of 3.5 m and with an extinction ratio 

of at least 20 dB. A device is designed for silicon photonic circuit and can be 

used to efficiently split two polarizations of silicon strip waveguides. The 

optical operation bandwidth of the reported PBS extends at least 30 nm.
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Appendix A. Theoretical Details 

Equation Chapter 1 Section 1 

A.1. Fourier Transform of Real Functions 

A time dependent physical quantity can equivalently be described in a 

frequency domain by means of its frequency components, which are related to 

the time dependent signal via the inverse Fourier transform 
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Because the measurable physical quantities should be real, the relation for 

A (r, t) given in Eq. (A.1) can be modified to [82] 
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where c.c. states for a complex conjugate. In electromagnetics, complex 

amplitudes ( , )A r  of harmonic electromagnetic quantities ( , )tA r  are often 

preferred over the Fourier transforms. If the spectrum of the time domain 

signal ( , )tA r  comprises discrete lines at frequencies m where m = 0, 1,…M, 

then we can write 
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A.2. Solution of the Vector Helmholtz Equation 

The vector form of the Helmholtz equation is derived in Section 2.1.1 in the 

frequency domain which for isotropic materials can be written as 
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    E r r E r  (A.4) 

If the refractive index ( , )n r  is translational invariant with respect to one of 

the coordinate axis, i. e., if 

 0( , , , ) ( , , , ),n x y z n x y z r    (A.4) 

where r0 is an arbitrary displacement along arbitrarily chosen axis z, then the 

solution of Eq. (A.4) can be shown to have the form [93] 
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 j( , ) ( , ) .z

tr e   E r e  (A.4) 

where rt stands for a position vector in transverse (x,y)-plane. The quantity is 

called propagation constant and is a function of frequency. The propagation 

constant  defines the phase velocity of a monochromatic wave  ( , )r E  at 

angular frequency  . For a source-free homogenous linear medium we write 

the wave equation Eq. (A.4) [88] 
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Thus, substituting the solution Eq. (A.4) into the wave equation Eq. (A.5) and 

assuming a plane wave in the transverse (x,y)-plane, the propagation constant  

can be expressed in terms of the refractive index n  [88] 

  ( ) ( ) j ( ) .n n
c


       (A.6) 

The negative imaginary part n  of a refractive index describes an 

attenuation (or an amplification) of the wave amplitude defined by Eq. (A.4). 

Very often the power loss along the propagation direction z is characterized by 

a propagation length Le after which the intensity of an electromagnetic wave 

decreases to a fraction of 1 / e its initial value, 
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Optical waveguides are usually translation-invariant with respect to the 

propagation direction, see Section 2.1.4. Therefore, the solution given in 

Eq. (A.4) also describes the wave which propagates in dielectric or plasmonic 

waveguides. In this case ( , )tr e  is defined by a certain transverse resonant 

condition and describes the electric field profile of a mode with a propagation 

constant of  [93]. In general, ( , )tr e  is a complex quantity. However, in the 

absence of the negative imaginary part of the refractive index n , some of the 

transverse components of ( , )tr e  are real [92]. For plasmonic waveguides 

where an imaginary part of the refractive index k cannot be neglected, the 

( , )tr e  is a tensor of rank one with non-zero complex components, 
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Thus, whenever giving an electric field profile of a plasmonic mode, the phase 

distribution , , ( , )x y z tr   should be given in addition to the magnitude

, , ( , )x y z te r  . 
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A.3. Phase and Group Velocity 

If an electromagnetic wave propagating in a waveguide has a limited spectral 

bandwidth of  , it is monochromatic if the condition 1    is 

fulfilled [88]. In this case, a spectral amplitude is non-zero only for the central 

frequency of 0  and an electric field in a time domain can be expressed using 

Eq. (A.3) [88]. 
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 E r e  (A.8) 

In Eq. (A.8), the 0( , )tr e  is the amplitude of a wave oscillating with a 

frequency of 
0 . It can be seen from the above expression that the phase of a 

monochromatic wave propagates with the so-called phase velocity, 
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If an electromagnetic wave has a finite spectral bandwidth of   represents 

an optical pulse in a time domain. In this case, an electric field can be 

expressed in the time domain as [88] 
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where we expanded the frequency dependent propagation constant into a 

Taylor series and considered only the first term linear in . The phase of the 

optical carrier propagates with the phase velocity 
0 0  . The envelope of the 

modulated carrier propagates with the so-called group velocity 
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For lossy materials such as metals, the propagation constant is complex. As a 

consequence, the imaginary part of the inverse derivative with respect to 

angular frequency distorts the envelope of the modulated wave [162]. Instead 

of the group velocity Eq. (A.11), a the group refractive index can be used, 
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A.4. Poynting Vector and Power Flow 

An electric field of a mode propagating in a dielectric or plasmonic waveguide 

can be given by Eq. (A.8). Similar relation also holds for a magnetic field 

( , )r tH . Power flow which is given by the Poynting vector ( , )r tS  [81, 82] can 

have components along all three coordinate axis,  

 ( , ) ( , ) ( , ).r t r t r t S E H  (A.13) 

For the time-averaged Poynting vector only the longitudinal component is of 

interest assuming that no power enters the waveguide or leaks out of the 

waveguide [88], 
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The term 
 2Im z

e


 describes the power attenuation along the propagation 

direction z, and can also be given in terms of the power attenuation constant 

as 
ze 
. The attenuation constant  is often specified as a logarithmic 

measure, 

 0-

dB 10lg 1/ e 4.34 z,
z      (A.15) 

where z0 is the reference propagation length. 

A.5. General Orthogonality Relation 

Following a routine similar to the one given in [92], here we derive the general 

orthogonality relation which also holds for plasmonic waveguides. The 

eigenmodes given by Eq. (A.4) describe the forward propagating modes which 

decay along the positive z direction in the case of lossy waveguides. Denoting 

the fields of the forward propagating fields with a (+) sign we write Faraday’s 

and Ampere’s laws given in Eq. (2.1) in the frequency domain as 
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where  stands for certain eigenmodes with a propagation constant 
 . 

Multiplying both sides of the first equation with a 



H and the second equation 

with 



E  and using the vector identity      A B B A A B       we 

write 
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where we denoted the backward propagating fields with a minus sign. The 

multiplication sequence of the backward and forward propagating modes in 

Eq. (A.17) is chosen arbitrarily, therefore, we can also write 
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Subtracting both sides of Eq. (A.18) from Eq. (A.17) we get 

  ( , ) ( , ) ( , ) ( , ) 0.             E r H r E r H r  (A.19) 

Next, we use the two dimensional divergence theorem given in Eq. (37-56) of 

Ref [92] 
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The integration area A represents a planar surface perpendicular to the z-axis 

and having a perimeter lM [92]. We take a surface integral of the RHS of 

Eq. (A.19) and use the identity Eq. (A.20) in order to further simplify 

Eq. (A.19). By selecting a sufficiently large integration area A, the line integral 

of Eq. (A.20) can be made zero because the electric and the magnetic fields of 

the bound modes decay in (x, y)-plane away from the waveguide center. This 

then results 
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The propagation constant of the th
 backwards propagating mode is denoted as



. The fields and the propagation constant of a backward propagating mode 

are related to the ones of a forward propagating mode with a relation Eq. (11-

9) of Ref [92] 

 , , .x y z x y ze e e h h h                  e x y z h x y z  (A.22) 

Here, the vectors x, y, z represent the basis of the right-handed Cartesian 

coordinate system. We can rewrite Eq. (A.21) in terms of the quantities of a 

forward propagating mode as 
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The integral in Eq. (A.21) is non-zero only if   , and therefore,      .  

Thus, the general orthogonality relation can be obtained from Eq. (A.21) and 

Eq. (A.22) by, 
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where 
  is Kronecker delta function. Eq. (A.24) is the general orthogonality 

relation which holds for any waveguide, especially for the lossy modes of 

plasmonic waveguides. 

A.6. Coupled-mode Theory 

Field distributions ( , )in x ye  and ( , )in x yh  in a waveguide can be expanded in 

terms of the eigenmodes of the waveguide [92] 

 

( , ) ( , )

( , ) ( , )

in

in t t

in

in t t

r c r

r c r

 



 



 

 









e e

h h
 (A.25) 

Multiplying both sides of the first equation of Eq. (A.25) with 
h  and the 

second equation with 
e , taking the surface integral of both 
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where we used the orthogonality relation Eq. (A.24) to simplify the RHS of the 

later equation. The relation for the coupling strength 


inc can be found by 

adding the second equation of Eq. (A.26) to the first one 
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More generally normalized coupling strength can be defined which is 

independent of the exact field amplitudes of the modes. 
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A.7. First-order Perturbation Theory 

In deriving the orthogonality relation for lossy waveguides above, we have 

assumed the  and  in Eq. (A.17) correspond to two various modes of the 

same waveguide. Here, instead of the mode , we take a backward 

propagating mode 
  of a waveguide that has slightly perturbed material 

property    we can rewrite Eq. (A.17) as 
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Because the sequence of the backward and forward propagating modes in 

Eq. (A.29) is chosen arbitrarily, a similar equation holds for flipped mode 

sequences. After subtracting the second one form the first one we get 
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Using the divergence theorem Eq. (A.20) and the relation between the 

backward and forward propagating modes Eq. (A.22), a change of a complex 

propagation constant can be expressed similar to the Eq. (18-62) in Ref. [92] 

Active area0

0

( , ) ( , ) d d
2

( , ) ( , ) ( , ) ( , ) d d

x t x t

xx xx

t t t t z
A

r r x y
k n n

Z r r r r x y

 

  
   


   

    





e e

e h e h
 

  (A.31) 

where k0 = 2 /  is the wave vector of light in vacuum at a wavelength of , 

and Z0 as the vacuum field impedance. While deriving Eq. (A.31) the 

following assumptions are made 

 In the first order perturbation approximation, the field profiles of a mode 

of a perturbed waveguide are assumed to be the same as for the non-

perturbed waveguide. 

 Only xx coefficient of the relative permittivity tensor of a lossless 

medium is changed. This is the case for electro-optic organic materials 
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whenever poling and modulating electric fields are oriented along the x-

axis, see Section 2.1.3. 

 The second-order change in the refractive index is neglected. The 

permittivity change is expressed in terms of the refractive index change 

nxx via 2xx xx xxn n   , where the nxx and nxx are the refractive index 

and the refractive index change along the x-axis, respectively. 

In addition, we have omitted the sign (+) in Eq. (A.31) in order to keep the 

equation in a more general form. 

A.8. Simulation Methods 

Several commercially available simulation tools have been used throughout 

this thesis: 

COMSOL Multiphysics [126] 

We have used COMSOL Multiphysics (CM) for calculating the eigenmodes of 

all the waveguides. COMSOL uses the finite element method [163] to solve 

Maxwell’s equations both in time and in frequency domain. It has an in-build 

mode analyzer which is capable of finding both real and complex eigenvalues 

of any lossless or lossy waveguides. COMSOL uses a tetrahedral mesh grid, 

and therefore is suitable for modelling arbitrary three-diemensional metallic 

structures. This is needed for properly approximating the corners of the metals 

which are designed to have a curvature with a radius of (10 … 20) nm. 

Parameter sweeps and post processing of the results generated by COMSOL is 

done in MATLAB. This is the preferred procedure whenever numerical 

integration and fitting of various quantities produced by COMSOL is needed. 

RSOFT [127] 

RSoft is an electromagnetic simulation tool comprising several modules which 

can be used to solve various electromagnetic design problems.  

FullWAVE uses a finite-difference time-domain (FDTD) method to solve 

Maxwell’s equations in the time domain. Using FullWAVE with a temporal 

impulse excitation, transmission and reflection spectra of the device can be 

simulated by performing a fast Fourier transform (FFT) on the transmitted or 

reflected time domain signals. A detailed interpretation of the calculated 

spectra can be obtained by using a continuous wave (CW) excitation and 

analyzing the electric field distribution in the device at a single wavelength. 

FEMSim is an electromagnetic mode solver based on the finite element 

method. We used FEMSim to calculate a mode of the silicon strip waveguide 

which is then used in FullWAVE as an excitation signal for impulse or CW 

excitation.  
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CST Microwave Studio [128] 

CST Microwave Studio (MWS) solves Maxwell’s equations in integral form. 

CST-MWS can be used for solving an electromagnetic problem in both 

time (TD) and frequency (FD) domain. We used the CST-MWS time domain 

solver to study light propagation in our devices.  

A.9. Dispersion Relation of Multilayer-waveguides 

We implemented a numerical model which calculates the dispersion relation 

for an SPP in an arbitrary multilayer slab structure following the matrix 

method [164]. We assume that N layers of arbitrary material, but 

homogeneously along the z-axis, are stacked along the x-direction. We then 

derive the wave equation in each layer for the transverse magnetic (TM) mode 
j( , ) ( , ) z

yr h x e   H  and transform the wave equation into the frequency 

domain Eq. (A.5) [1], 
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The quantity   is the propagation constant, 
mn  is the complex refractive 

index of the m
th

 layer, and 0 k c is the wave vector of light in vacuum. We 

also used the fact that for TM modes the magnetic field components  m

xh  and 
 m

zh  are zero as well as  
0

m

yh y   . 

 

Figure 5.1 Multilayer slab waveguide.Layers m = 1 and m = N extend to minus and 
plus infinity, respectively. Layers m = 2…(N-1) have a finite thicknesses of xm – xm-1. 

The solution of the scalar wave equation in each layer can be given in the 

form 

 
   1 1j ( ) j ( )

( , ) ( ) ( )m m m mm mk x x k x xm

y y yh x h e h e      
  , (A.33) 

where 
mk is the wave vector along the x-axis, and 

 
( )

m

yh 


 and 
 

( )
m

yh 


 are 

the amplitudes of magnetic fields propagating along the positive and negative 
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x-directions, respectively. Substituting the ansatz Eq. (A.33) into the wave 

equation Eq. (A.32) the modulus of the transverse wave vector in each layer 

can be written as 
2 2

0m mk k    . The amplitudes of electric and magnetic 

fields in each layer are connected to the amplitudes in the neighbouring layers 

through boundary conditions: Magnetic and electric field components parallel 

to the boundary must be continuous. We then express the amplitudes of the 

magnetic field in the (m + 1)
th

 layer in terms of the amplitudes in the n
th

 layer 

[6] 
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  (3) 

As a result, by multiplying the layers’ matrices, the amplitudes of the magnetic 

field within the N
th
 layer can be expressed by the amplitudes of the field in 

1m   layer with the help of the M-matrix, 
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Guided modes have disappearing magnetic fields at infinity, so that the 

incoming wave amplitudes must vanish, 
 1

0yh

  and 

 
0

N

yh

  [164]. These 

conditions are fulfilled for 22 0M  only. The dispersion relation is determined 

by numerically finding  ( ) for 22 0M . The typical dispersion relation of 

the metal-insulator-metal structure is given in Figure 2.6 of Section 2.2.2. 

A.10. Material Parameters and Modelling 

In Section 2.1.2, we have discussed the classical the Drude-Lorentz model 

which can be used to model the wavelength / frequency dependence of optical 

properties media. However, depending on the frequency range of interest, often 

it is sufficient to use the Drude model only or neglect the frequency 

dependence of the refractive index at all. Below we give the material 

parameters and the approximations used in this thesis.  

Dielectrics and semiconductors 

In most cases, we neglect the frequency dependence of the optical properties of 

dielectrics and semiconductors, because of the fact that these materials show 

resonance frequencies which are far above the frequency range of interest 

150…300 THz. Nevethelless, the assumption of the frequency independence is 

violated in Chapter 2.2 when plotting the dispersion relation of SPP in 
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metal / insulator and metal-insulator-metal slab waveguides, because of the 

considered vast frequency range. However, the discussion made in Chapter 2.2 

is for illustrative purposes only. Simplifying the problem with the assumption 

of frequency independent optical properties of insulator helps to better 

understand and interpret the dispersion relation of SPP. 

Table 4 Refractive indices of few dielectric materials at the wavelength of 1.55 µm 

 Refractive index n  Extinction coeff. k  

Silicon (Si) 3.48 0 

Silicon dioxide (Si) 1.44 0 

Silicon nitride (Si3N4) 2.00 0 

EO material M3 1.68 0 

Drude model 

In the infrared spectral region, the contribution of the bound electrons is 

included in the frequency independent parameter . The plasma frequencies 

p  needed in the Drude model are given in Table 5. For silver, the plasma 

frequency is 9.12 eV ( p ~ 136 nm ), and for gold 8.6 eV ( p ~ 144 nm) [86]. 

For comparison, the Drude model parameters for an 8 nm thick ITO layer 

under a static electric field of 83.3 10 V m  are also listed. 

Different values have been reported for the plasma frequency of ITO. They 

are mostly derived by observing SPP resonances in the near - infrared region. 

The plasma frequency values used in this paper are taken from Michelotti et 

al. [159]. They have investigated SPP resonances for several commercially 

available ITO samples with various thicknesses. Using these data they have 

calculated and reported on plasma and collision frequencies of ITO by fitting 

experimentally obtained transmittance and reflectance spectra with the ones 

calculated through the Drude model. Observing the plasmon resonances for 

ITO films with various thicknesses in the wavelength range from 1.4 µm to 

2.0 µm, Rhodes et al. [165] have reported significantly larger plasma 

frequencies. Moreover, they have found that the plasma frequency is constant 

for samples with thicknesses down to 30 nm. 
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Table 5 The Drude parameters of ITO, Ag and Au 

Parameters ITOoff 

ITOOn 

U = 10 V, 

30 nm(SiO2) 

Ag Au 

Background 

permittivity   
3.9  3.9  1  1  

Plasma frequency 

p [s
-1

] 
152.9 10 [25] 

152.91 10  
161.38 10  

161.31 10  

Collision 

frequency   

[s
-1

] 

141.8 10 [25] 
141.8 10  

133.22 10  
141.07 10  

Electron effective 

mass effm  
e0.35 m [24] e0.35 m  e1 m  e1 m  

Carrier density 0N

[m
-3

] 

269.25 10  
8nm

26

( )

 9.34 10

h
N y




 
 

286.03 10  
285.39 10  

Complex dielectric 

permittivity 
1.66 0.82i   1.72 0.832i   128 3.44i   114 10.1i   

 

On the other hand, Dasgupta et al. [160] have investigated ITO ultrathin 

films, and the absolute values of plasma frequencies reported by them is 

approximately two times smaller than the ones shown in Table 5. However, 

based on these findings and other experimental investigations [160, 166], one 

may conclude that for ITO layers thicker than 8 nm the free carrier density of 

ITO saturates towards its bulk value. Thus, the plasma frequency of ITO used 

in this paper is the one from Ref. [159] which is near the average of the values 

so far reported in the literature. It should be emphasized that since the ITO 

thicknesses of interest are in the range of 8 nm to 15 nm, it is possible to 

optimize the free carrier density by varying the thickness of ITO such that 

bound SPP strongly confined in ITO film exists at the wavelength of 1.55 m. 

Moreover, the use of the parameters given above is justified by the fact that the 

key material parameter influencing the overall modulator performance is 

mainly the plasma frequency of ITO which can be optimized by controlling the 

ITO sputtering process via the oxygen content, and by the tin-to-indium ratio 

as well as the temperature and pressure in the deposition chamber. 

Polynomial fit 

The dispersion relation of SPP in the wavelength range of 1 m to 1.9 m can 

more accurately be calculated by modelling the measured optical constants of 

noble metals with a high order polynomial [167]. We fit the refractive index 

and the extinction coefficient reported in Ref [86] with an 8
th
 order polynomial. 
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Figure 5.2 gives measured and fitted refractive indices and the extinction 

coefficients of silver, gold and copper.  

 

Figure 5.2 Measured and fitted complex refractive indices of silver, gold and 
copper.Red dots represent the measured refractive indices [86], while the black solid 
lines are the fitted curves with the polynomial of 8

th
 order.   

Equation Chapter (Next) Section 1 



 

 



 

 

Appendix B. Fabrication and Experimental Details 

B.1. Fabrication of Plasmonic Phase Modulators 

Si nanowire waveguides with a height of 220 nm and a width of 450 nm are 

fabricated on a silicon on insulator (SOI) wafer with a silicon dioxide (SiO2) 

thickness of 2 m. A 193 nm DUV lithography is used followed by Si dry 

etching. Silicon tapers with a taper angle of 15˚ and a tip size of 120 nm are 

structured in the final etching process, see Figure 5.3 [101]. The metallic slot 

waveguides are fabricated by a standard lift-off process with 400 nm thick 

Poly(methyl methacrylate) (PMMA) e-beam resist. A 150 nm thick gold layer 

is evaporated onto the samples by an electron beam evaporation system. After 

completing the lift-off process the samples are coated with the commercially 

available electro-optic material M3 having a maximum electro-optic 

coefficient of r33 = 70 pm / V [168]. The electro-optic property of M3 is then 

activated by a poling procedure, where a static electric field aligns the 

randomly oriented dipole moments of the chromophores at an elevated 

temperature [144]. After rapid cooling to room temperature, the ordering of the 

dipole moments pertains even after removal of the electric field. The entire 

process flow employed for fabrication of the plasmonic phase modulator is 

given in Figure 5.4. 

 

 

Figure 5.3 Scanning electron microscope image of the fabricated plasmonic phase 
modulator.The photograph is taken before coating with an electro-optic material. 
Black bars are one micrometer. 
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Figure 5.4 Fabrication process flow of the plasmonic phase modulator.1) Silicon-on-
insulator wafer with a 220 nm silicon device layer is structure and silicon tapers with 
various separations are defined (2). (3) The sample is coated with a 400 nm PMMA e-
beam resist, followed by an exposure with electron beam energy of 25keV and current 
of 25pA (4). After the development of the PMMA resist, the sample is coated with 
150 nm thick gold layer using an e-beam evaporator (5). After performing the lift-off 
of the gold layer from the top of the PMMA (6), the sample is coated with an electro-
optic (EO) material (7). 
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B.2. Characterization of Plasmonic Phase Modulators 

B.2.1.Optical and RF Characterization 

Standard diffraction grating couplers and silicon nanowires are used for 

coupling the light from the tunable laser source (TLS) into the modulator, and 

for collecting the modulated light from the phase modulator. The optical 

spectrum at the output of the chip is recorded with an optical spectrum 

analyzer (OSA). The transmission spectrum of a plain silicon nanowire without 

the phase modulator serves as a reference. 

 

Figure 5.5 Optical microscope image of the modulator fabricated on the SOI 
platform.Light is launched into the silicon nanowire using standard diffraction grating 
couplers. The photonic mode polarized parallel to the substrate is guided to the device. 
The photonic-plasmonic mode conversion is accomplished by a metal taper coupler. 
The SPP is then guided through the modulator and converted back to the photonic 
mode. Light is detected at the output diffraction grating. 

We used an impedance standard calibration substrate to define the RF 

measurement reference plane to the probe tip. The 1stG modulator is contacted 

with a ground – signal – ground (GSG) RF probe and the complex reflection 

parameter S11 is measured with an Anritsu 37397C Vector Network 

Analyzer (VNA). 

B.2.2.Electro-optical Characterization 

The optical carrier with frequency fc = ωc / (2) is phase modulated with a 

frequency fm and a phase modulation index   Um, resulting in an optical 

signal cos sinc mt t   . Employing Jacobi - Anger expansion of an 

exponential phasor 
j sinc mt t

e
  

, it can be shown that an optical signal with a 

sinusoidally modulated phase has a spectrum which consists of discrete 

frequency lines 

 
     j sin j    




 



 c m c mt t n t

n

n

e J e  (B.1) 
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The spectral amplitude for each of the spectral line is given by the 

corresponding Bessel function  Jn  . A spectrum for an small-signal phase 

modulated optical signal measured at the output of the plasmonic phase 

modulator is given in Figure 5.6(a). Here, the carrier has a relative amplitude 

in proportion to the 0
th
-order Bessel function  0J  , and the first sideband has 

an amplitude in proportion to the 1
st
-order Bessel function  1J  . From the 

ratio of the respective line heights in the power spectrum,    2 2

0 1J J  , one 

therefore can extract the modulation index . A modulation index  versus the 

power ratio ( ) ( )c c mS f S f f  is given in Figure 5.6(b), which can be used to 

estimate the modulation index from the measured spectrum of the optical 

signal. 

 

Figure 5.6 Spectrum of the sinusoidal phase modulated signal and its relation to the 
modulation index.(a) Optical spectrum measured after the1stG plasmonic phase 
modulator driven with an RF power of 8 dBm is given as an example of the spectrum 
of the sinusoidal phase modulated signal. (b) Modulation index is given as a function 
of the power ratio between carrier frequency and the first side band S ( fc ) / S ( fc +fm ) 
carrier and first side. 

The RF frequency response of the device is studied by drive the modulator 

with a sinusoidal signal having a frequency in the range fm = (1…65) GHz and 

an amplitude of Um = 0.1 V. We have measured the phase modulation index  

for each frequency. Due to the capacitive termination, the resulting voltage 

across the device is doubled when comparing with the voltage across a 

matched 50 Ohm terminating resistor. This amplitude is kept constant during 

the RF frequency sweep by calibrating the electrical power absorbed in a 

matched load before the RF probe was connected. 

B.2.3.Data Modulation Experiments 

Infrared light with a wavelength of 1550.92 nm is first amplified to a power 

level of 15dBm and then launched into the chip (measured in the fibre before 

coupling the signal into the chip). The phase of the surface plasmon 

polariton (SPP) is encoded with a PRBS signal at the voltage swing of Upp 
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measured across a 50  resistor. 1stG modulators are driven with an electrical 

signal with a voltage swing of Upp = 7.5 V resulting in a peak-to-peak phase 

modulation of 0.23 rad. The resulting binary phase shift keyed (BPSK) signal 

is amplified in an EDFA which acts as an optical pre-amplifier and as a part of 

the receiver constituted by an Agilent N4391A Optical Modulation 

Analyzer (OMA). It should be noted that the phase modulation index achieved 

in the generated BPSK signal is less than a  resulting in a signal’s large DC in 

the coherent receiver. This large DC part is removed by using OMA’s AC 

coupling option. In case of the 2ndG modulator, the resulting BPSK signal was 

subsequently converted into an intensity modulated signal by means of a delay 

interferometer (DI) with a free spectral range (FSR) of 40 GHz. The signal is 

then directly detected with a single photodiode. To compensate the losses of 

the in-house built DI, an EDFA was used. The eye diagram and the bit error 

ratio are measured with an Infiniium DCA-J Agilent 86100C digital 

communication analyzer (DCA) and an Anritsu MP1776A bit error ratio 

tester (BERT), respectively. 

 

 



 

 

 



 

 

Glossary 

Calligraphic Symbols  

 Low-frequency modulating electric field 

Latin Symbols 

A  Integration area 

B  Magnetic inductance 

c  Speed of light in vacuum 

C  Capacitance 

d  Distance between silicon and plasmonic waveguides 

D  Displacement field 

sd  Distance between silicon taper tip and metallic slot waveguide 

e  Electron charge 

E  Electric field 

rade  Electric field profile of radiating waves 

e  Electric field profile of a th
 eigenmodes 

f  Frequency  

h  Metallic slot size 

H  Magnetic field 

ch  Thin conductor thickness 

radh  Magnetic field profile of radiating waves 

h  Magnetic field profile of a th
 eigenmode 

 Planck’s constant 

J  Electric current 

0k  Vacuum wave vector 

ik  Transverse wave vector in an i
th 

layer 

l  Metal width in a metallic slot waveguide  

L  Length of a device 
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1dBL  Length of a device resulting in an extinction ratio of 1 d

eL  Propagation length 

em  Electron mass 

effm  Electron effective mass 

n  Complex refractive index tensor 

n  Complex refractive index 

n  Real part of the refractive index tensor 

n  Real part of the refractive index of an isotropic material 

n  Imaginary part of the refractive index tensor 

n  Imaginary part of the refractive index of an isotropic material 

cln  Refractive index of a cladding 

crn  Refractive index of a core 

effn  Effective refractive index 

EOn  Refractive index of an electro-optic material 

gn  Group refractive index 

NLn  Nonlinear refractive index 

rln  Refractive index of a core 

sbn  Refractive index of a substrate 

N  Free electron density in a conductor 

iN  Density of Lorentz oscillators with a resonance frequency 
iL  

N  Change of the free electron density 

p  Dipole moment 

P  Polarization 

LP  Linear term of the polarization 

NLP  Nonlinear term of the polarization 

r  Position vector 

R  Resistance 

,ijk hkr r  Electro-optic tensor, electro-optic matrix 

S  Poynting vector 
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t  Time 

T  Temperature 

w  Metal thicknesses in a metallic slot waveguide 

Siw  Width of a silicon strip waveguide 

, ,x y z  Cartesian coordinates 

Greek Symbols 

dB  Attenuation constant in dB 

off  Attenuation constant in voltage-off state 

on  Attenuation constant in voltage-on state  

10V  Change of a constant for an applied voltage of 10V 

  Propagation constant of a th
 eigenmodes 

  Electron damping constant 

  Interaction factor 

  Relative permittivity tensor 

  Relative permittivity of an isotropic material 

,   Real and imaginary parts of the relative permittivity tensor 

,    Real and imaginary parts of the relative permittivity of an 

isotropic material 

0  Vacuum permittivity 

stat  Static permittivity  

  Tapering angle of a metal taper mode converter 

  Vacuum wavelength of light 

c  Carrier wavelength 

0  Vacuum permeability 

net  Electric current 

  Electrical conductivity 

  Electric potential

( )n  n
th

 order influence function 

( )n  n
th

 order susceptibility tensor 
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  Angular frequency  

iL  Resonance frequency of a Lorenz oscillator 

p  Plasma frequency 

sp  Surface plasmon frequency 

 



 

 

Acronyms 

1stG First generation 

2nG Second generation 

BER Bit error rate 

BPSK Binary phase shift keying 

CMOS Complementary metal oxide semiconductor 

CPU Central processing unit 

DI Delay interferometer  

DPSK Differential phase shift keying 

DUT Device under test 

DUV Deep ultraviolet 

EAM Electro-absorption modulator 

EM Electromagnetic 

EO Electro-optic 

EOM Electro-optic modulator 

EVM Error vector magnitudes 

FDTD Finite difference time domain 

FEM Finite element method 

FIT Finite integration technique 

FK Franz-Keldysh effect 

FSR Free spectral range 

IC Integrated circuit 

IM Optical intensity modulator 

IMI Insulator-metal-insulator 

IO Input output 

IQ In-phase and quadrature-phase 

ITO Indium tin oxide 

SP Surface plasmon 

SPP Surface plasmon polariton 

MIM Metal-insulator-metal 

MSW Metallic slot waveguide 

MTMC Metallic tapered mode converter 

MWS  Microwave Studio 

MZI Mach-Zehnder interferometer 

MZM Mach-Zehnder modulator 

OSA Optical spectrum analyser 

PBS  Polarization beam splitter 

PC Photonic crystal 

PM Optical phase modulator 

PMMA  Poly(methyl methacrylate) 
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PPM Plasmonic phase modulator 

PRBS Pseudo-random bit sequence 

QAM Quadrature amplitude 

RF Radio frequency 

RRM Ring resonator modulator 

SEM Scanning electron microscope 

SOH Silicon organic hybrid 

SPPAM Surface plasmon polariton absorption modulator 

SWG Silicon strip waveguide 

TE Transverse electric 

TLS Tuneable light source 

TM Transverse magnetic
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