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Abstract

Metal-dielectric interfaces can support the waves known ascsurfa
plasmon polaritons, which are tightly coupled to the interface and
allow manipulation of light at the nanoscale. Plasmonics as a subjec
which studies such waves enables the merge between two major
technologies: nanometer-scale electronics and ultra-fast photonics.
Plasmonic technologies can lead to a new generation of fast, mn-chi
nanoscale devices with unique capabilities. In particular, it coftdd

a higher bandwidth and reduced power consumption.

Recently, there have been efforts towards addressing tHengeaof
developing new material platforms for integrated plasmonic devices.
Furthermore, novel plasmonic materials such as transparent
conductive oxides and transition metal nitrides can offer a vaofety
new opportunities. In particular, they offer adjustable/tailorabl® an
nonlinear optical properties, dynamic switching and modulation
capabilities, low cost, and stability being mean time fully @34
compatible. The plasmonic devices utilizing new materials could
easily be integrated with existing nanophotonic and nanoelectronic
devices into complex device geometries, bringing new levels of
integration and functionalities. Similar to the advances in silicon
technologies that led to the information revolution worldwide, the
development of new plasmonic devices could revolutionize the field
of hybrid photonic/electronic devices.

To manipulate light in hybrid photonic/electronic circuits basad o
CMOS-compatible materials, both passive and active plasmonic
waveguide components are important. Among other proposed
plasmonic waveguides and modulators, the structures where the
dielectric core is sandwiched between metal plates have deem

as one of the most compact and efficient layout. Because of e tig
mode confinement that can be achieved in metal-insulator-metal
structures, they provide a base for extremely fast and eificikéra-
compact plasmonic devices, including modulators, photodetectors,
lasers and amplifiers.

The main result of this thesis is a systematic study abwsirdesigns
of plasmonic modulators based on ultra-compact waveguides with
different active cores. Plasmonic modulators with the active soch
as indium phosphides or ferroelectrics sandwiched between metal
plates have promising characteristics. Apart from the speed and
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dimensions advantages, the metal plates can serve as electrodes for
electrical pumping of the active material making it easiantegrate.
Including an additional layer in the plasmonic waveguide, in particular
an ultrathin transparent conductive oxide film, allows the control of
the dispersive properties of the waveguide and thus the higher
efficiency of the plasmonic modulator. The main focus of the ghesi
how to increase the extinction ratio of plasmonic devices decgeasin
mean time their propagation losses. Detailed simulations of ditfere
configurations are performed and working characteristics are
compared to identify the most effective regimes and layoutsieof t
ultra-compact plasmonic modulators.
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Resumé

Metaldielektrika greenseflader kan understgtte sakaldte overflade-
plasmon-polariton bglger, der er teet bundet til greensefladen, og
muligger manipulation af lyset pad nanoskala. Indenfor plasmonik
studeres disse bglger og sammensmeltningen af to vaesentlige
teknologier: Elektronik pa nanometerskala og ultra-hurtig fotonik.
Plasmonisk teknologi kan fgre til en ny generation af hurtige on-chip
komponenter pa nanoskala med unikke egenskaber. Seerligt kan den
fare til hgjere bandbredde og formindsket stramforbrug.

Der har for nyligt veeret straeben efter at adressere drdfgen at
udvikle nye materialeplatforme til integrerede plasmoniske
komponenter. Derudover kan nye plasmoniske materialer som
transparante ledende oxider og transitionsmetalnitrider tilbgtde
assortiment af nye muligheder. Seerligt muligger de
tunbare/skreeddersyede og ulinesere optiske egenskaber, dynamiske
switching- og modulationsegenskaber, lave omkostninger og stabilite
samtidigt med, at de er fuldt ud CMOS-kompatible. Plasmoniske
komponenter, der anvender de nye materialer, kan nemt integreres
med eksisterende nanofotoniske og nanoelektroniske komponenter i
avancerede komponentgeometrier, hvilket kan fare til nye niveauer af
integration og funktionalitet. Tilsvarende de fremskridt indenfor
siliciumteknologien, der har feort il den globale
informationsrevolution, kan udviklingen af plasmoniske komponenter
revolutionere feltet af hybride fotoniske/elektroniske komponenter.

At manipulere lys i hybride fotoniske/elektroniske kredslgb basered
pa CMOS-kompatible materialer kreever bade passive og aktive
plasmoniske bglgeledere. Blandt gvrige foreslaede plasmoniske
balgeledere og modulatorer, har layoutet pa strukturer, hvor den
dielektriske kerne er anbragt mellem metalplader, vist sig & meest
effektivt og kompakt. Pga. det teette mode confinement, der kan opnas
I metal-isolator-metal-strukturer, udger disse strukturer erfoptat

for ekstremt hurtige og effektive ultrakompakte plasmoniske
komponenter, inklusive modulatorer, fotodetektorer, lasere og
forsteerkere.

Hovedresultatet i denne afhandling er et systematisk studie af
forskellige plasmoniske modulatordesign baserede pa ultra-kompakte
bglgeledere med forskellige aktive kerner. Plasmoniske modulatorer
med aktive kerner sdsom indiumfosfid eller ferroelectrics ambrag
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mellem metalplader har lovende egenskaber. Udover fordelene
relateret til hastighed og stgrrelse, kan metalpladerne anveodes
elektroder til elektrisk pumpning af det aktive materiale, hvilket
simplificerer integration. Ved at inkludere et ekstra lag i den
plasmoniske bglgeleder, seerligt en ultratynd transparant ledende oxid
film, muliggeres en kontrol af de dispersive egenskaber af
balgelederen og saledes en hgjere effektivitet af den plasraonisk
modulator. Hovedfokus af athandlingen omhandler hvordan man gger
extinction forholdet og samtidigt seenker propagationstabene.
Detaljerede simulationer af forskellige konfigurationer er udfegt
deres karakteristiske egenskaber bliver sammenlignede med henblik
pa at identificere de mest effektive regimer og layouts for de
ultrakompakte plasmoniske modulatorer.
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Chapter 1. Introduction

1.1.Plasmonic modulators: State of the art

Plasmonics enables the merging between two major techesiogi
nanometer-scale electronics and ultra-fast photonics [1-21]. Metal-
dielectric interfaces can support the waves known as surfacaqias
polaritons (SPPs) that are tightly coupled to the interface, bow a
manipulation of light at the nanoscale, overcoming the diffraction
limit. Plasmonic technologies can lead to a new generation gbfast
chip, nanoscale devices with unique capabilities (Fig. 1.1). To provide
the basic nanophotonic circuitry functionalities, elementary plasmonic
devices such as waveguides, modulators, sources, amplifiers, and
photodetectors are required. Various designs of plasmonic waveguides
have been proposed to achieve the highest mode localization and the
lowest propagation losses [11,13,22-45].

a
PHz— >
Metallic : Dielectric
THz— nanoplasmonics [ photonics
= |
g B e
o | - m—
v GHz— e —— i —
o
= |
o : |
5 MHz— Semlcondqctor |
=3 electronics !
|
kHz— |
I
|
|
I

T T T T T
10nm 100 nm 1lum 10um 100 um 1 mm
Critical device dimension (nm)

Photo- All-Optical
Detector Switch

Electro-
Optical
Modulator

Field-Effect
Transistor

Fig. 1.1 (a) Operating speed and device size: key advantdges o
nanoplasmonics for telecommunication [2]. (b) Logic and data
switching for integrated circuits [13].
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In addition to waveguides, modulators are the most fundamental
component for digital signal encoding and are paramount to the
development of nanophotonic circuits. Active plasmonics and

plasmonics switching devices are considered as one of the most
challenging directions in nanophotonics (Fig. 1.2) and aim to combine
semiconductor electronics and nonlinear optics to control the optical
properties of different nanodevices [46-48].

a
Dielectric
T i '
) - : | Transmission
SPP i i -—.-ON
= :
Meta!
Control input
to switchable
domain
I- L o
. & : Transmission
| i OFF
b

l Electrical Signal In
S
Oplical Wave In
- Optical Signal Oyt

Fig. 1.2. (a) Cross functional active plasmonic concept: A transient
change in the refractive index of either the metal or dietect
component of an SPP waveguide, induced by an external control
excitation (optical, thermal, electronic, etc.), can switch or meelula
the intensity and/or phase of a propagating SPP [48]. (b) General
concept of modulator integrated with the waveguide and utilized in
hybrid photonic/electronic circuits: electrical signal changes pr@serti

of sandwiched medium and thus control propagation signal [12].
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The most promising mechanisms of modulation are summarized in the
Table 1.1. Thermooptic response and solid state phase transitions can
provide significant response, however they time frame is high and
allow operation speed on the orders of MHz. Carrier concentration
change in accumulation layer is faster and thus opto-electronic
modulators can be designed to achieve ultra-fast operational speeds in
the 10's of GHz (Fig. 1.3). It has been shown that some designs
outperform conventional silicon-based modulators [49,50].

Various types of compact modulators that utilize SPPs have been
proposed [51-69]. Both phase and absorption modulations have been
exploited to achieve high speed and low footprint of a modulator. The
structural phase transition in vanadium dioxide,V®hich exhibits
strong contrast between the optical properties of its insulatidg a
metallic phases, is analyzed for different plasmonic modes [58].
Depending on a mode, either an index modulator (with> 20%) or
absorption modulator can be utilized.

Table 1.1. Switching mechanisms and their applicability.

Switching mechanism Active material Issue

Si

1-v Weak response
Carrier concentration changp

Graphene

TCO (ITO, GZO, AZO) Lossy
Phase transition VL Ga, BiFeQ, BaTiO;, etc

Low-speed (~11s)

Thermo Polymers

However, most of plasmonic modulators are based on control of gap
plasmonic modes by the charge accumulation layer. Two different
layouts are possible. In the first design, a metal-oxide-semicarduct
(MOS) stack is deposited on top of a silicon waveguide [50,56,61,63-
65]. Such waveguide-integrated plasmonic modulators are reasonably
simply to fabricate, their size is comparable with the ailic
waveguide size, and propagation losses are originated only from one
metal interface. An electro-optic modulator based on Silicon-on-
Insulator waveguide with an ITO-Sju stack is reported in [50]
having low insertion loss -1 dB and broadband operation due to the
non-resonant MOS mode are shown.

Ph.D. Thesis by Viktoriia E. Babicheva, DTU Fotonik, 2013 3
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a‘veatt Ancarriar 68,((0} 9 Ax

Free Carrier Plasma Frequency
Change Shift

Fig. 1.3 The schematic shows how a voltage (V gate) induced free
carrier change (n carrier) leads to a shift of the acthaterial’s
relative permittivity Ae(w), with ® being the angular frequency) and
consequently to a shift in the real and imaginary paki) (f the
propagating modal index. With these two methods, either a phase or
an absorption modulator (shown here) can be designed [13].

The second proposed concept includes layers of oxide and
semiconductor which are embedded in metal from both sides. Metal-
insulator-metal structures keep additional advantages and possess
strong ability to confine light [18-24,41,42]. Two metal surfaces serve
also as electrodes, thus simplifying design. In such type of waveguides
light is localized in a gap with typical sizes ~100 nm and léss,
facilitates manipulation of light on the subwavelength scabe. SPP
propagation length in the metal-insulator-metal waveguide can be up
to ten micrometers.

Horizontally arranged metal-insulator-semiconductor-insulatoaimet
slot waveguides exhibit high performance [67-69]. The main principle
iIs based on inducing a highly accumulated electron layer at the
SiO,/Si interface. An electro-absorption CMOS-compatible modulator
was characterized: 3-dB operation on length at ~6.5 V bias and
broadband modulation is achieved [67]. Such configurations can be
readily integrated in standard Si circuits (Fig. 1.4). However, high
mode localization requires a very high aspect ratio of the wadeqgui
core.
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Si0,

buried SiO,
A-A

(b)

(a) lightin

Fig. 1.4. Schematic of a proof-of-concept Si nanoplasmonic EA
modulator: (a) top view and (b) cross-sectional view along A-A’ [67].

Ultra-compact efficient plasmonic modulators based on strong light
localization in vertically arranged metal-semiconductor-instiat
metal waveguides have been studied recently [53,56,57]. The phase
modulator PlasMOStor consists of semiconductor core with Si and
SiO, layers, sandwiched between two silver plates [53]. It supports
both photonic and plasmonic modes, which interfere while
propagating (Fig. 1.5). The modulation is based on cutting off the
photonic mode and thereby changing the integral transmittance.
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Fig. 1.5. (a) Schematic of an SOl-based all-optical plasmo2@jr [

(b) Geometry and tabulated modes of the plasmostor. (Top) The
plasmostor is composed of an Ag gate contacting a 10-nm-thick SiO2

layer on 173 nm of n-type Si; the ground is also Ag. Here, theabpti

source and drain consist of an Si waveguide with transverse
dimensions equal to the plasmostor dimensions. (Bottom) Tabulated

mode profiles, refractive indices and losses for the plasmoshmtin
depletion (voltage-OFF) and accumulation (voltage-ON) states=at
1550 nm [53].
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1.2. Absorption modulators: Metrics of
performance

Signal attenuation (extinction) per device’s unit length can be define
as

A, =10lg(R /P)/ L= 8.68Im(k ), (1.2)
wherekg; is an effective propagation constant in the device structures.

Consequently, the logarithmic extinction ratio (ER) per unit length is
ER=10Ig6,, /Py )/L= 8.68(Imkey Y¢ — IMgr 3y . (1.2)

where Imk,),, and Im(k,;); are the imaginary parts of the effective

propagation constant of a waveguide mode in the on-state (voltage or
electrical current switched on) and off-state (voltage or current

switched off). ER shows how strong one can vary the mode

propagation through the waveguide.

However, for plasmonic switching devices that possess significant
propagation losses, another figure of merit (FoM) can be defined
(similar to [56]):

ER _ |Im(keff)On - |m(keff)off| (1.3)
AL IM (Keff )state

where denominator is eithdm(ky),, or Imk,),, depending on

which state is transmittive. FOM (1.3) describes how strong ome ca
vary the mode propagation through the waveguide in comparison with
the attenuation in transmittive state. The Eq. (1.3) differs onlga by
constant coefficient from the one introduced in [56], which is
formulated regarding the propagation lengths. Such a definition of
FoM gives length-independent characteristic of the structupgoper
length of the device can be chosen according to signal level
requirements and fabrication restrictions for particular geonudtey
modulation problem.

FoM =

1.3.Plasmonic modulators based on TCO

New intermediate carrier density materials offer the ot of
additional exotic properties beyond tailorable optical properties, lower
losses and integration advantages [70-79]. TCOs can provide
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extraordinary tuning and modulation of their complex refractive
indices, because their carrier concentrations can be changed over
several orders of magnitude by applying an electric field
[77].Therefore, they are promising candidates for adding electro-
optical capabilities to plasmonic devices [50,56]. In particular, a unity-
order index change in a 5 nm thin Indium-Tin-Oxide (ITO) layer was
demonstrated for a metal-insulator-metal (MIM) structure [77].
Tunability is accomplished by applying a bias, resulting in antet

field across the TCO layer. The resulting electric fieldses a charge
accumulation, or depletion, in the TCO layer (depending on the
direction of electric field) which in turn changes the plasreguency

of the TCO, and consequently, its permittivity. The modulating speed
is only RC limited and is expected to exceed 10’s of GHz.

Several layouts of Si photonic modulators using a TCO as a dgnami
layer were proposed [50,61,66]. An extinction ratio of 1pdBivas
demonstrated for a plasmonic modulator utilizing a metal-oxide-ITO
stack on top of a silicon photonic waveguide (Fig. 1.6) [50]. Under an
applied bias, the carrier concentration is changed from'¥xt®® to
6.8x13°, and the propagation length is varied from 34 to in8
However, because this structure uses a photonic mode, the
miniaturization level of such a device is limited.

a

Fig. 1.6. (a) Schematic of the waveguide-integrated, silicon-based
nanophotonic modulator. The MOS design features a plasmonic
optical mode which concentrates the mode’s electric field dodsal
for a good overlap with the active ITO layer. (b) Electricdfidensity
across the active fundamental MOS region of the modulator [50].

Very high ER (up to 20 diam) was achieved utilizing the epsilon-
near-zero properties of AZO [66]. Because of the small absolute
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value, a large portion of the field is localized within the tagad
provides more efficient modulation.

ITO has also been implemented in an MIM waveguide structure to
demonstrate a subwavelength plasmonic modulator (Fig. 1.7), for
which a five percent change in the average carrier density (from
9.25x13° to 9.7x16° cm®) was studied [56]. The authors employ
analytical solutions of the SPP dispersion equation in a four-layer
structure; the Thomas-Fermi screening theory to derive theercarr
density distribution as well as numerical simulations with atefini
element method. The structure supports SPP resonance at
telecommunication wavelength 1.5B owing to the ITO layer which

has small absolute values of permittivity in near-infrared regibe.
resonance is broad because of high losses in ITO. It decreases device’s
performance and increases bandwidth of operation at the samétime.
similar structure based on a silicon-waveguide-integrated nyeltila
stack was fabricated and characterized. The logarithmicogtn

ratio regarding to power up to 0.02 dB was achieved. Meanwhile a
theoretical analysis of the Ag-ITOsBi;-Ag structure predicts the
1dB extinction ratio on 0.nm length. However, power transmitted
through the 0.5#m-long device is rather low; in particular losses are
24 dBuum for the waveguide with §\l;-core and 9 dBim with SiQ-

core. Thus, the proposed design can be made extremely compact.
However, there is always a trade-off between modulation depth and
transmittance through the modulating system and due to the high
confinement achievable in the MIM structure and the high losses
associated with both metal and ITO layers, the propagationhlemgt

this system is extremely limited.

Ultra-compact designs can be achieved in a modulator layout based on
an MIM waveguide with a 5-nm gap [57]. Very small gap size leads to
a very efficient change of the carrier concentration in a 2.5hncRk-t

ITO layer (Fig. 1.8). However, the practical implementation of the
proposed device is challenging.

The summary of performance characteristics of all proposed and
published TCO-based plasmonic modulators are shown in Table 1.2.
The numbers are extracted or recalculated from those given in the
papers. One can see that while MIM-modulators posses high
compactness performance characteristic are lower in compddson
silicon-waveguide based devices.
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Poynting Vector
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Fig. 1.7. 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. Tive ac
section consists of a stack of silver (Ag), indium tin oxide {|T&nd
SiO2 layers. The absorption coefficient of the SPP is modulated
applying a voltage between the two silver electrodes. Thesiskeiv

how a photonic mode (@) in a silicon strip waveguide excites 8 §PP
via a hybrid mode (b) in directional coupler. The insets in (d) show the
electric field Ey and the magnetic field Hx as well &g time-
averaged Poynting vector distributions in the active plasmonic part
[56].

Ang, AE
.

Al 5nmf

Fig. 1.8. Design of field-effect nanowire-based modulator. (& SP
mode in a nanowire-MIM waveguide along with the vertical and
horizontal cross sections. The nanowire size is 25 x 25 (in)
Electron density at Vg = 2 V along with a zoom of the actigore
structure [57].
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Table 1.2. Plasmonic modulators based on TCO.

Device ER, dBIM | amin, dBum | FOM | A, nm | Based o] Date & Ref.
SPPAM 2 24 0.08| 1550 MIM 04/2011, [56]
3\-size 1.0 0.04 25 1310  Si-wg 04/2012, [50]
Tunable ENZ| 18 1 18 1310| Si-wg 06/2012, [66]
Tunede 3 9 0.3 1550 MIM 07/2012,Ch3
wire-MIM 13 11 1.2 1550 MIM 09/2012, [57]
Sub-size 6 0.7 8.5 1310 Si-wg 07/2013, [61]

1.4. Towards CMOS-compatible nanophotonics:
alternative plasmonic materials

The promising development of chip-scale plasmonic devices with
traditional noble metals is hindered by challenges such addsges,
continuous thin film growth, and non-tunable optical properties.
Moreover, noble metals as plasmonic building blocks are not
compatible with the established semiconductor manufacturing
processes. This limits the ultimate applicability of suchcstires for
future consumer devices. Recently, there have been efforts towards
addressing the challenge of developing CMOS-compatible material
platforms for integrated plasmonic devices [75,76,80]. Similar to the
advances in silicon technologies that led to the information revolution
worldwide, the development of new CMOS-compatible plasmonic
materials with  adjustable/tunable optical properties, could
revolutionize the field of hybrid photonic/electronic devices. This
technology would help to address the needs for faster, smaller and
more efficient photonic systems, renewable energy, nanoscale
fabrication, and biotechnologies. These new materials can bring
exciting new functionalities that cannot be achieved with traditional
metals.

While many materials have been suggested as replacenoertsef
traditional plasmonic metals, titanium nitride (TiN) is one o best
candidates [75,80]. Moreover, TiN is very thermally stable, bio-
compatible, extremely hard (one of the hardest ceramics) and
chemically stable; in particular, it does not oxidize likbsesi or
copper. It was also shown that TiN provides higher mode confinement
in comparison to gold [74]. This makes TiN a very promising materia
for telecommunication-range plasmonic waveguides.

One important advantage of TiN is that it can be grown epitgaall
many substrates including [100]-silicon, forming ultra-smooth and
ultra-thin layers [80,81]. A final benefit of transition metdrides is
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that they are nonstoichiometric materials. Hence their optical
properties depend greatly on the preparation conditions and can be
varied based on the desired performance.

For a device to be fully CMOS-compatible, both the material and
the processing technique used to synthesize this material should be
compatible with the standard. Currently, TiN is routinely used in
CMOS processing lines, but the optical properties of this matmeal
quite poor [82-85]. This is because the primary consideration has been
the electrical properties of the material, not the optical ptigser
However, the high temperature sputtering process (800 °C) is not
utilized in the current semiconductor manufacturing processesMor T
deposition. Thus, it is acknowledged that the entire process is not
currently CMOS-compatible, while devices are based on CMOS-
compatible materials. However, through an optimization process of
the low temperature TiN (less than 400°) currently availablénén t
CMOS industry, TiN which possesses the required optical properties
can be made available in future CMOS production lines. This is in
stark contrast to the noble metals which are not allowed in theSCMO
process. A similar situation was encountered for low-loss doped sili
glass which is normally obtained through high-temperature annealing.
Nevertheless, in 2003 a new material platform, namely Hydex®, was
synthesized to bring this glass into full CMOS-compatibilityevehit
was subsequently used for integrated nonlinear optics experiments
[86,87].

Copper has also been investigated as a potential CMOS-compatible
plasmonic material [67,85,88-91]. However, the use of copper first
requires a TiN buffer layer to prevent its diffusion into silicO2][
Thus, if the low-temperature TiN is optimized with competitive
optical properties, the second deposition of copper is not necessary.
TiN in its own right also has many advantages over copper such as
chemical stability, high temperature stability, bio-compatipibind
more, which are useful for many applications beyond only CMOS
chips.

The TCOs may be deposited at relatively low temperaturss {tan
300°C), which makes it possible to integrate them as a final stage
the standard silicon process [80]. Due to their low temperature
deposition they will not impact the CMOS produced structures below.
Similar nondestructive methods of integration with CMOS circuitry
have been utilized to include lithium niobate crystals and elegitio-
polymers on CMOS produced photonic chips [93,94].
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1.5.Thesis outline

On my PhD study, | was focused on developing active plasmonic
devices and suggested a variety of plasmonic modulator structures
using transparent conducting oxides and indium phosphide based
semiconductor materials. In the design of the structures, both the
device performance and its fabrication complexity are taken into
account. | numerically studied modulator geometries and compare
their performance from different points of view. Modulation depth,
propagation losses, mode size and their trade-off is analyzed.
Compatibility with CMOS processing techniques to allow for easy
integration with current nanoelectronic devices and the integration of
the modulator geometries with plasmonic waveguides are
investigated.

In Chapter 2, several planar layouts of ultra-compact plasmonic
waveguide modulators are proposed and utilization of alternative
plasmonic materials is studied. The modulation is efficientlyexet

by tuning the carrier concentration in a transparent conduokittg

layer, which may serve as both the plasmonic material and as a
dynamic element. Tuning the waveguide either in plasmonic

resonance or off-resonance is analyzed. Resonance significantly
increases the absorption coefficient of the plasmonic waveguide,
which enables larger modulation depth. It is shown that an extinction
ratio of 86 dB/um can be achieved, allowing for a 3-dB modulation

depth in less than one micron at the telecommunication wavelength.

In Chapter 3, the surface plasmon polariton absorption modulators
with one and two ITO layers in MIM layout are considered. Further,
the influence of the ITO permittivity under varying it on severats

Is discussed. Eigenmodes of the modulator structure are analyzed
following by study of the periodic patterning in the system. Arothe
concept based on a Bragg reflector grating is proposed for modulation
as well.

In Chapter 4, plasmonic modulator based on metal-semiconductor-
metal (MSM) structure is designed and its performance for plaiem
switching applications is studied. The semiconductor core is
considered consisting of a bulk gain medium, quantum wells or layers
with quantum dots. Theoretical model and numerical approach to
MSM waveguide simulations as well as possible MSM waveguide
arrangements are described and analyzed.
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In Chapter 5, plasmonic waveguide with thin metal layers and
semiconductor gain core is studied to be utlized as plasmonic
modulator. Characteristics of all eigenmodes in a F-MSM waveguide
are compared and the best one to be exploited in the plasmonic
modulator is specified. Analytical calculations of a F-MSM treéa
effective index and field confinement factors are presented lhasve

a subsequent increasing of the absorption coefficient and possibility to
control wave propagation. Influence of n- and p-doped layers, finite-
length and finite-width waveguides are analyzed.

In Chapter 6, we study a design of plasmonic modulator with
ferroelectric core. The active material, barium titan&aT{Os), is
sandwiched between metal plates and changes its refractive inde
under applied voltage. Some degree of switching of ferroelectric
domains from the in-plane to out-of-plane orientation provides the
change of the refractive index, which can be exploited for éftect
light modulation. By numerical analysis we prove that thphase
change can be achieved with a 12...b% length device having
propagation losses 0.05...0.2 dB.
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Chapter 2. Ultra-compact modulators
using alternative plasmonic materials

In this chapter, several layouts of compact plasmonic waveguide
modulators with alternative plasmonic materials are proposed and the
possibility of their integration in photonic circuits is discussed.
Several planar multilayer designs are studied for structufeew
noble metal is replaced by titanium nitride. A thin layer ahgparent
conducting oxide (TCO) can serve as both a section of the plasmonic
waveguide and as an active material used for modulation. Both low-
and high-index cladding materials are considered. By tuning the
carrier concentration in the TCO layer, and thereby adjusting the TCO
permittivity to appropriate value, a surface plasmon resonanceecan b
achieved in a multilayer stack. Applying a dynamic bias toTiG®

layer allows for the permittivity to be tuned out of the resonance,
resulting in a change of the absorption coefficient of the wadeg
Therefore, active control of the surface plasmon polaritons
propagation is achieved. The usage of titanium nitride as a plasmonic
material in modulator configurations allows achieving signifigantl
increased modulation depth. It is shown that less than one micron of
the active section is required to achieve 3 dB modulation. Such
multilayer stacks can be easily integrated with existingrpémic and
conventional photonic waveguides as well as novel, semiconductor-
based hybrid photonic/electronic circuits.

2.1. Multilayer structures

Example geometry of the proposed electro-optic plasmonic modulator
integrated with stripe waveguides is shown in Fig. 2.1, along with the
symmetric, long ranging SPP (LR-SPP) excitation mode, itstdre

of propagation through the structure, and the applied voltage for
modulation. The waveguide sections are composed of a lower
dielectric cladding (Fig. 2.1 shown in red) with a metal stgrey)

and a top dielectric cladding (red). This configuration allowstlier
LR-SPP mode to be utilized for low loss connections to and from the
modulator. The modulator section is composed of a lower dielectric
layer (Fig. 2.1 shown in red), a TCO layer used as both a plasmonic
layer and an electrode (light blue), a dielectric layer to peovi
electrical insulation (light orange), and a top electrode (pink).
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This proposed geometry provides several benefits when compared to
other potential structures. Due to the plasmonic nature of the
modulator, the device can achieve a very small footprint that cannot
be realized in traditional photonic elements. The utilization of Imeta
layers for electrical control provides additional benefits imtef
compactness. CMOS-compatible materials allows for the dewibe t
easily integrated into traditional manufacturing. The multilayer
structure which forms the modulation, can achieve an extremely high
absorption coefficient when this layer is modulated into resonance by
an applied field. Therefore, a very small length is requirecthieae

3-dB modulation of the signal. Due to these advantages, the proposed
modulator configuration shows great promise for a CMOS
compatible, on-chip electro-optic modulator.

Top electrode
Modulator e

Plasmonic

mode
Cladding

Waveguide Control bias

Fig. 2.1. General scheme of an ultra- compact modulator integrated
with plasmonic waveguides. In this geometry, a stripe waveguide
(grey) is used to bring a long ranging SPP mode to the modulator
structure. Inside the modulator structure, the waveguide is repbgce

a TCO (light blue) which is plasmonic at the wavelength a&fradt. A
modulating voltage is applied between the TCO layer and a top
electrode, which are separated by a thin dielectric spalervoltage
alters the carrier concentration in the TCO resulting in chamgee
absorption which modulates the SPP. A second strip waveguide is
used to propagate the modulated signal to the next component.

Due to fabrication and integration advantages we consider modulators
based on the strip waveguide geometry. Stripe waveguides have low
loss but have poor mode localization [25,28]. However, the relatively
simple planar fabrication process provides an advantage to utiéze t
structure in realistic devices. Here we consider only the one-
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dimensional planar layout as an estimate of a stripe walegin
realistic structures, a finite-wide stripe waveguide Ww#él used, and

the propagation losses will depend on the geometrical parameters of
the stripe. However, the performance is only marginally diffeiremt

the one-dimensional structure, and the main dispersive featurdsewill
captured [95]. Therefore, for the purposes of this study, the esimat
provided by assuming a one-dimensional structure are suitable for the
comparison of the various modulator geometries suggested.

The main element of the structure is the TCO layer. SimeeTCO

can possess plasmonic properties at telecom range, a thin ¥&O la
can guide the plasmonic mode as well as control the signal
propagation. TCOs such as ITO, Gallium Zinc Oxide (GZO), and
AZO have very similar properties and allow for an efficidmirege of
carrier concentration. We chose GZO as it has shown the ability
achieve the highest plasma frequency of the three [96]. The
permittivity of the GZO layer was taken from [96] and a iearr
concentration in the GZO was determined using a Drude-Lorentz
model fitting: Ny = 9.426x16° cmi®. TCO properties depend strongly
on fabrication conditions such as the annealing environment and
temperature [71,75]. Since a significant progress was shown on
increase of carrier concentration [76,96-99], the optimization can be
used to achieve better device performance. As the value 14&x10

% for GZO was reported recently [99], here we assume thdilihe
with carrier concentration up to 3N(1.88 x16'cm®) can be
fabricated and depleted to lower value under applied voltage. Thus,
we will study properties of the structures within the range
N = 0.5N,...2No. The calculated permittivity of GZO for these carrier
concentrations is shown in Fig. 2.2a.

Including a TiN layer increases the mode localization, which
influences the modulator’s performance. Moreover, the TiN layer can
also serve as a second electrode to apply bias to the GZOlagtve

In this study, we use the optical constants of TiN films optichine
plasmonic applications. The permittivity of TiN is taken from [76]:
erin =—83.3 + 21.3i ak = 1.55um (Fig. 2.2b) for films which were
deposited at high temperature (800 °C) using reactive DC magnetron
sputtering. The TiN film was deposited at 800°C and the optical
properties of 20 nm thin film was measured using spectroscopic
ellipsometer (J.A. Woollam Co). High deposition temperature poses
some fabrication and integration restrictions which must be taken int
account. The materials beneath the TiN layer must withshendlilN-
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deposition and etch conditions without degradation. Since the
properties of the TCO degrade at high temperatures, the T@&D lay

must be deposited only after the deposition and patterning of the TiN
layer.

€570

06 08 1 12 14 16 18
Carrier concentration, cm” X 10

50

TiN

50+

-100}

—Re(er,)

===Im(ep,)

500 1000 1500 2000

Wavelength, nm
Fig. 2.2. (a) GZ(permittivity versus its carrier concentratids 1.55
um. The permittivity of the GZO layer was taken from [96] and a
carrier concentration in the GZO was determined using a Drude-
Lorentz model fitting: N=9.426x18° cm® (black dotted line). (b)
TiN  permittivity extracted from spectroscopic ellipsometry
measurements.

-150
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The simplest structure is shown in Fig. 2.3i-a where modulation is
achieved by applying a bias across the GZO layer. For toistste,

the zinc oxide (ZnO) layer serves as one electrode whil&# film

itself is the second. A dielectric layer between the TA® &nd
second conductive layer is required to provide electrical insulation.
This layer should be made as thin as possible to reduce the voltage
required to modulate the GZO carrier concentration.

For the design in Fig. 2.3i-a, a thicksSi layer can be utilized
deposited, for example, on a silicon substrate. It is also prefdmble
have materials with similar indices on the top and bottom of the
plasmonic layer. In this case, the conditions are similar to those
required for long-range SPP mode propagation, and the mode losses
are lower [28].

Furthermore, we studied designs that include TiN layers (Fig. 2.3b,c)
The addition of the layer allows for the modulator to be easily
integrated with external strip waveguides. It also provides figiete
confinement, which will result in a larger attenuation of the aign
during modulation. Both layouts with a thick and thin TiN layer are
studied. On the structures shown in Fig. 2.3, the central laye¥s (Ti
silicon nitride insulation, and GZO) remain in the same configuration.
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Fig. 2.3. Multilayer structures. Waveguide layegZ(© and TiN) are sandwiched or
covered with (i): low-index materials, (ii): siliooas a high-index material. Further
in the text, we will refer to designs (a) as “withdliN”, (b) as “thick TiN”, (c) as
“thin TiN". (d) Absorption coefficients: for various carrier concentrations of GZO.
Structures with high-index cladding (i) show mudtigher absorption than
structures with silicon nitride cladding (i). Ndtat “sym” and “asym” correspond
to quasi-symmetric and quasi-asymmetric SPP mastgeectively. (f) Mode size of
the modulator structures versus carrier concentrain the GZO film. The
absorption maximum is accompanied by highest modalization. At lower carrier

concentrations of GZO, modes are more spread-ochuse of the smaller
magnitude of real permittivity of GZO.
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Here we consider two main groups of the devices, one with low-index
cladding (Fig. 2.3i) and another with high-index cladding (Fig. 2.3ii).
Further in the text, ZnO, LP-CVD $i, and PE-CVD silicon nitride
(denoted in subsequent text by SiN), will be referred to as ridexi
materials. As we are interested in operation at the telecrelangth

of A = 1.55um, the refractive indices used in the calculations are the
following: Nzno = 1.93 [100], gn=1.76 (experimental
characterization of samples after PE-CVD process) andsR 1.97
(after LP-CVD process). It should be mentioned that LP-CViDISi
requires high temperature deposition which may degrade the
properties of TCO layer. Hence, only PE-CVD SiN can be deposited
after the TCO layer.

Furthermore, a high-index material can be utilized as a cigddin

this work, we consider silicon as a high-index claddirg=r8.48
[101]. While amorphous silicon would be deposited as the upper
cladding layer, for this investigation, we consider crystallitieosi

and amorphous silicon to be identical in their optical properties at
A=1.55 um. In particular, the next three structures (Fig. 2.38) ar
similar to the first three but with silicon layers as a éoyp bottom
cladding. In these cases, either the silicon or TiN layeibeamnsed as

a second electrode. In all cases we neglect optical losfiaes gilicon

as they are much lower than plasmonic materials bring.

2.2. Performance of the modulators

With all these considerations, six basic geometries were chasen
templates for modulator designs, operating at the telecomlevayk

of A =1.55um. The dispersion equation was solved for the one-
dimensional multilayer structures with varying carrier conegians

in the GZO. To define attenuation of signal in decibels, weuztied
absorption coefficient asi = 8.68ImQerr), Where et IS complex
propagation constant of plasmonic wave in the multilayer structures.
The thickness of all thin layers (GZO, TiN, SiNgl%j) is 10 nm. The
top and bottom layers are assumed to be infinitely thick. Thus, we wil
refer to the structures in Fig. 2.3a as “without TiN". Thetures in
Fig. 2.3b are referred to as “thick TIN” and Fig. 2.3c as “thin TiN".

At a particular carrier concentration, the GZO permittivity ueal
satisfies the condition to achieve a plasmonic resonance in the
multilayer structures, resulting in a significant increase the
absorption coefficientumax (Fig. 2.3d). Therefore, the absorption
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coefficienta, in the waveguide structure, strongly depends on carrier
concentration No. = o (N). amax IS lower for structures without TiN,
higher for a thick TiN layer and the highest with a thin TiNmfil
(Table 2.1).

Modes of the structures with a GZO layer only (in Fig. 2.3aeha
quasi-symmetric electric field distribution. Adding a TiN layer
increases the absorption coefficient of the multilayer struttecause

of the ohmic losses. Moreover, the structure with a thin TiNrlapd
low-index cladding (Fig. 2.3i-c) supports only the mode with a quasi-
asymmetric electric field profile, while the structure witie high-
index cladding (Fig. 2.3ii-c) supports both quasi-symmetric and quasi-
asymmetric. In the quasi-asymmetric mode, the field is mostly
localized near the waveguide (in contrast to quasi-symmetric mode,
where the field is mostly spread outside the waveguide) suckhthat
losses are even higher. In this casgy reaches 28 and 132 dih for

the low- and high-index cladding, respectively.

Furthermore, we analyzed the size of the mode in all the proposed
structures. In the case of a single interface, the 1/e pothedlectric

field corresponds to an 86% localization of electrical energy?(1-e
portion). To estimate the mode size of our multilayer structureish

have a complicated field profile, we define the mode size such that
86% of electrical energy is localized within the region (R24).
Similar to other long-range SPP based waveguides, the structure
suffers from low mode localization. It can be seen from Fig. Baf t
structures without TiN have lower mode localization in comparison to
those with TiN. Moreover, utlizing a high-index cladding
significantly decreases mode size. In all cases, a decreass lwiwer

N is accompanied by significant increase of mode size.
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Fig. 2.4. Depiction of the mode profile for the geometry Fig. 2.3i-c
showing the definition of mode size. Due to the complexity of the
structure and high concentration of electrical energy in the [a¥€D,

the traditional definition of mode is cannot be utilized as trosild/
simply define the mode size as the thickness of the GZO lagee H

we define mode size as the distance which encompasses 86% of the
electric field energy, a condition similar to that of the 1/andein

for single interface waveguide.

At some particular carrier concentration in GZO, the absorption
coefficient reaches a maximum valug.,x The extinction ratio ER, or
modulation depth, can be defined as

ER :amax_amin, (21)

whereanmin IS propagation loss in the transmittive state. Here we do not
specify which states correspond to voltage on and voltage off.skiate
depends on how GZO layers are deposited and which carrier
concentration is chosen as an initial value.

Either increasing or decreasing N fromg,Kesults in modulation af

and accompanied by mode extension. However, as one can see from
Fig. 2.3f, for N < N@may), mode size increases more dramatically than
for N > N(omay. For the same < amax, mode size is larger for lower

N than for higher. In case of coupling to plasmonic waveguide with
large mode size, operation at lower N can be more beneficial.
However, we are interested in decreasing modulator mode size and
thus it is more preferable to operate at higher N. Tis,is defined

by
amin= a(2No). (2.2)
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Eq. (2.2) is valid for all the proposed structures apart from
SisNJ/GZO/SIN/ZnO (Fig. 2.3i-a). This is because with the low-index
cladding and absence of TiN, a localized mode exists only for a
narrow range of N = 5xf8to 8x13° cmi®. Modes larger than 10m

are considered delocalized and the corresponding values for N will not
be used in subsequent -calculations. Thus, for this layout,
amin =0 (N = 8x1G° cm®) is defined. While operation in this narrow
range of N can be more preferable as it does not require a large change
of N, it provides less tolerance to fabrication or design imperfections.

Similar to the value ofimax the ER is lower for the structures without
TiN, higher for a thick TiN layer and the highest with a thiN Tilm
(see Table 2.1 for a comparison of values). The ER is 1.8-16dB/
for a silicon nitride cladding, and 24-86 di&1 for a silicon cladding.
In the latter case, less than a 35-nm-length active sectiequged to
achieve 3 dB modulation.

A figure of merit FoM for such multilayer modulator structures can be
defined as

It reflects a trade-off between the modulation depth and thetdke
signal in the transmittive state.f,). While the structures with a thin
TiN layer provide the strongest resonancés also relatively high at
large N. Such structures give the lowest performance.

The highest FoM is provided by structures without TiN. HoweVer, t
lowest absorption in the transmittive state is accompanied bystowe
mode localization (up to 1@m). In Table 2.1 we summarize the
ranges of mode extensions. In most cases, the minimum value
corresponds to plasmonic resonance and the maximum to a carrier
concentration N = 2p\(structure on Fig. 2.3i-a is an exception).

Calculations show that the high-index cladding designs possess the
highest performance. Working with a 2x change in the carrier
concentration of GZO, the studied plasmonic modulator can
outperform previously proposed designs. For example, deeply
subwavelength MIM structures were analyzed and a corresponding
ER up to 12 dB/Im was theoretically predicted [56,57]. However,
such high values are accompanied by high losses in transmittige sta
The ratio of the absorption coefficients in the two states, FoMn is
order of 1. In our case, because of the possibility to detune from the
plasmonic resonance, the absorption coefficient in the transmittive
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state can be relatively low. Utilizing a high index claddingkes the
resonance more pronounced and the required change of carrier
concentration is smaller. This structure also achieves transnstate
losses down to 0.06 diah, which produced the highest FoM = 400.
Thus, the Fig. 2.3ii-a geometry with high-index silicon claddings and
without TiN, provides the highest performance for an ultra-compact
plasmonic modulator.

Table 2.1. Summary of the characteristics of different strusture
Performance comparison for planar modulator designs. Designs
utilizing high-index materials show the highest performance.

Structure N(0ma),  Omax Olminy ER, FoM Mode
(layers bottom to top)  10°%m*® dB/um dB/jum dB/um size,um
Si,N/GZOISINIZNO

o 2 5ha) 613 195 0114 18 16 16-10
TIN/SisN/GZO/SIN
) 6.13 84 055 8 15  05-1
SENJ/TINISINJ/GZOISIN - 49 28 122 16 13 02-03
(Fig. 2.3i-c)
Si/SLN,/GZOISi
A 6.79 24 0060 24 400 0.09-6
TiN/SiNJ/GZOISi
e 25it) 7.82 60 4.2 56 13 003-02
SiITiN/SisN/GZO/Si 900 132 46 86 1.9 0.04-009
(Fig. 2.3ii-c, asym)
SUTIN/SEN/GZO/Si 6.60 46 029 46 160 0.06-13

(Fig. 2.3ii-c, sym)

The extinction ratio for the investigated structures was fdonbde
1.8-16 dBim for a silicon nitride cladding, and 24-86 ¢@B1 for a
silicon cladding. It is one of the highest values reported so ifdxcft
theoretical predictions and experimental demonstration for plasmonic
modulators.

2.3. Waveguide and modulator integration

Efficient modulators allow a 3 dB modulation depth within a one-
micron length plasmonic modulator. Thus, these devices can be very
short and considered as a small section of a larger plasmonic
waveguide. To couple into these devices, several possible integration
schemes can be studied. Modulator structures can be fabricated on top
of a plasmonic waveguide. Here we consider 10-nm thin TiN layer,
which supports the LR-SPP. In a silicon nitride cladding, the
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propagation length in such waveguides is 5.5 mm. By limiting the
GZO to only a small section required for modulation, the added
propagation losses in the GZO dynamic layer are avoided in the
remainder of the waveguide. To achieve this, the GZO can either be
added directly on top of the TiN layer or used as the plasmonic
material in replacement of the TiN (Fig. 2.5). In the latteyec&Z0
serves as both a waveguide and dynamic element.

(i) (ii)

SPP propagation

Fig. 2.5. Schematic of plasmonic modulators integrated with Til stri
waveguides providing long range SPP propagation to and from the
modulator (side view). Within the modulator section of the designs,
the TiN strip waveguide is replaced by a GZO layer which is
plasmonic at the wavelength of interest. The carrier concentration
this GZO film is altered by the application of an elecfratd across

the layer. In geometry (i) the voltage is applied between the &t

the ZnO layers, (ii) the voltage is applied between the uppeoam
silicon layers.

The designs with thick TiN layers (Fig. 2.3b) could be integratéid wi

a single-interface waveguide. However, such waveguides have
significantly higher losses in comparison with thin TiN layers.
Therefore, their applications are limited. For this reason, these
geometries will not be considered in the following analysis.

Since the mode in the modulator section in Fig. 2.3c is quasi-
asymmetric, it must be excited by the asymmetric mode stfip-
waveguide. Besides the challenge of excitation of asymmetric mode, i
has much higher propagation losses. Furthermore, for the design in
Fig. 2.3b,c, a thin layer of $i4 on top or beneath TiN is needed to
insulate the GZO layer. However, realization of the designk wit
Si/TiN/SisN4/Si waveguides encounters an issue. Because of the
drastic difference between refractive indices of Si anl.Sit does

not support the symmetric mode. It cannot be easily replaced by a
SI/TIN/Si waveguide, as the thins8i, layer (or a more advanced
method of electrical isolation such as p-n junction doping) is required
to maintain electrical isolation in the active section.
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Thus, from the integration point of view, the best modulator structures
are those without TiN (Figs. 3a and 5). As we showed in the previous
subsection, these structures also give the highest performateces

of modulation depth and propagation losses.

Similar to the previous subsections, we perform calculations for one
dimensional structures as their properties are close to thdsetef
width. The coupling lossegfor a single interface was calculated by
following equation

_app,  |[LEiEndd
(8.45,)° | E.E.dz] E,E,d:’

wheref; (E;) andf, (Ey) are the mode indices (electric field) of the
waveguide and waveguide modulator, respectively. Eq. (2.4) it takes
into account both the mode overlap integral and the Fresnel
coefficients at the boundary region.

(2.4)

We calculated the coupling losses for the two designs shown in Fig.
2.5, and the results are shown on Fig. 2.6. With regards to the scheme
in Fig. 2.5i (the silicon nitride cladding), there is an interpé&ywo

major effects. First, coupling losses are increased at tmamphic
resonance because of the high field localization in the GZO layer. This
greatly reduces the mode overlap (Fig. 2.7i). Second, coupling losses
are increased at lower and higher carrier concentration in @ki€Qo

the mode extension outside the waveguide where GZO no longer
supports a plasmonic mode (similar to Fig. 2.3i-f for the geometry
“without TiN” where the usable carrier concentration is between
approximately 5 and 8x¥fcm®). As a result, coupling losses vary by
only 5 dB across the modulation range.

For the scheme employing a high-index silicon cladding (Fig. 2.5ii),
the coupling loss in the transmittive state monotonically ineseas

the carrier concentration decreases towards the maximum in the
modulator absorption (similar to the first effect for the low-index
cladding). However, because of the mode mismatch at the low-to-high
index interface between the waveguide and modulator (Fig. 2.7i),
coupling losses are higher at the GZO plasmonic resonance. This
effect can be beneficial for modulator performance in specific
applications as it provides additional losses in the resonast astdt
fewer losses in the transmittive state.
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Fig. 2.6. Single interface coupling loss (between waveguide and
modulator sections) versus carrier concentration in the GZO. layer
This is shown for both the low-index silicon nitride and high-index
silicon cladding. The significant increase of coupling losses
corresponds to mode extension outside the waveguide. For the high-
index cladding, the coupling losses are large because of the mede siz
mismatch between the 8i/TiN/SisNs waveguide and modulator
with silicon cladding. For the low-index cladding, we consider only
the values of N which correspond to mode size less tham10

Carrier concentration N, cm’
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Fig. 2.7. Example mode profiles in the two integrated modulator
geometries: (i) low-index and (ii) high-index claddings. Note that

field decay outside the strip waveguide is slow and thereforeaeppe
constant in this graph. The carrier concentration in the GZO layer used
for the calculations corresponds to the maximum absorption in the
modulator, i.e. plasmonic resonance in the layer. Under these
conditions the majority of the field is localized within the GZO layer.

2.4. Conclusion

In this chapter, we have analyzed several multilayer strucwitbs
alternative plasmonic materials to be utilized in ultra-compact
plasmonic modulators. Applying an electric field across the TCO layer
allows for the permittivity to be tuned, resulting in a changehef t
absorption coefficient of the waveguide. Therefore, active modulation
is achieved. Numerous modulator layouts are investigated and the
typical trade-off between compactness and propagation loss is
analyzed. Amongst all the reported structures, one stands thuawi
remarkable FoM = 400. This figure of merit takes into account both
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the modulation depth (ER = 24 dih) and the propagation losses in
the transmittive staten(= 0.06 dBjum). The corresponding geometry
may allow for ultra-compact modulation with effective length muc
less than 1 um. The proposed approach based on the cost-effective
planar fabrication processes and the ability to easily inegxéth
existing semiconductor systems could enable new devices for
applications in on-chip optics, sensing, optoelectronics, data storage,
and information processing.
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Chapter 3. Plasmonic modulator
optimized by patterning of active layer
and tuning permittivity

In this chapter, an ultra-compact plasmonic modulator based on
metal-insulator-metal waveguide with an additional ultra-thierdaf
indium tin oxide (ITO) is studied. Bias is applied to the mulglay
core by means of metal plates that serve as electrodesnéixtield
changes carrier density in the ultra-thin ITO layer, whichugrites

the permittivity. The metal-insulator-metal system possesses
plasmon resonance, and it is strongly affected by changes in the
permittivity of the active layer. To improve performance of the
structure, several optimizations are proposed. We analyze effiects
varying the ITO permittivity as a result of different anmegl
conditions, examine its influence on the modulator performance and
point out appropriate values. We analyze eigenmodes of the
waveguide structure and specify the range for its effiopetration.

We show that substituting the continuous active layer by a one-
dimension periodic stripes increases transmittance through thedevic
and keeps the modulator's performance at the same level. The
dependence on the pattern size and filling factor of the actiteriala

is analyzed and optimum parameters are found. Patterned ITO layers
allow us to design a Bragg grating inside the waveguide. Thegrat
can be turned on and off, thus modulating reflection from the
structure.

3.1. Multilayer structures

The modulator consists of 8-nm-thick ITO layer and a 70-nm thick
silicon nitride (SiNg) core withecore = 4 (Fig. 3.1a). These layers are
sandwiched between two silver plates acting as electrodes. The
thicknesses are considered as optimal based on the trade-off between
the propagation length and performance [56]. Data for the ITO
parameters are taken from [102,103]. We assume that the ITO
permittivity is approximated by the Drude formula (see [102]):
£=¢€, - W +iyw Wheree, = 3.9, plasma frequenayy = 2.9-16°

s* and collision frequency = 1.8-10* s*. The carrier density in the

ITO layer changes under applying modulating voltage between the
electrodes. Here, we follow the approach of [56] to calculate these
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changes. It employs the Thomas-Fermi screening theory and
averaging of the carrier density over the whole ITO layer. T6Us
increasing of the average carrier density alters the pldsgaency

wp from 2.9-16° to 2.9716- 18 s?, that shifts the ITO permittivity
from -1.67 + i0.825 to -1.95 + i0.867 at telecommunication
wavelength 1.55um. Data [103] for a silver permittivity are
approximated by the Drude formula as well, where parameters are
following: e.nag = 1, plasma frequencypag = 1.38-16° s* and
collision frequencyag = 3.22-16° s, It giveseag = - 128.7 + 3.44i

atl = 1.55um.

We reduce dimension of the problem and consider the modulator as a
two-dimensional four-layer metal-insulator sandwich, as shown in
Fig. 3.1b. We solve numerically the SPP dispersion equation for the
two-dimensional structure the same way as in [56,58]. The reference
system supports two SPP modes in the transverse magnetic (TM)
polarization.

The first mode with the lowest absorption lgg= 1.08 pm'l, Oon =
0.83um™* and corresponding FoM: 0.30 ati = 1.55um. The second
mode has a very high absorption coefficient, d@.= 5.47um™ and

oon = 5.87 um?, that gives a fairly low FoM = 0.07. However,
because of such high absorption of the second mode we study
performance of the device only for the first one.

We calculate also a transmission coefficient of the reference
modulator. It exhibits significant attenuation of propagating waves
due to the ITO layer. The transmitted signal amplitude in thageit

off state is only 12% of the incoming wave for modulator’s lemgth

2 um and approximately 1% fdr = 4 um. These numbers specify a
problem which the reference design experiences, namely a lather
level of transmitted signals. Our optimization aims to increhse t
level.

For the purposes of further designing steps we also analyze the
symmetric system: it consists of the;i& core embedded between
two 8-nm-thick ITO layers and sandwiched between silver p(&igs
3.1c). In this case the bottom layer experiences a carrier idepdetd
decreasing of the plasma frequency (Jon—]-state), that is opposite
the top layer (Jon+]-state). While reference voltage resulthen5%
increasing of the average carrier density in the top IT@rlathe
plasma frequency,, for the bottom ITO layer changes from 2.9°10

to 2.8267-18 s' due to the 5% decreasing of the average carrier
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density under the same voltage. Correspondingly, the ITO permittivity
is shifted from -1.67 +10.825 to -1.95 + i0.867 (top layer) and to -1.39
+10.784 (bottom layer) at = 1.55um. In total, the whole five-layer
system possesses a very low kalyks= 0.05, i.e. the controllability

of the system is lost. The effective permittivity of the thlagers
sandwiched between the silver plates under applied voltage is turned
out to be approximately the same as without the voltage. Meanwhile
the additional ITO layer doubles maximal absorption in plasmonic
resonance of the system, and the effect is even more pronounced on
the resonance slope. Thus, for 1.55um the five-layer system has
approximately four times higher absorption coefficient than the
reference asymmetric case, in particulg¢ = 4.05 andoon = 4.25.
However, further we show some advantages of using two IT€day
with patterning.

Yet another merit in the performance of the four-layer modutzor

be achieved by applying bias in both directions. In this case the
change of the plasma frequency for the voltage [on+]-state and [on—]-
state is between 2.9716'1@nd 2.8267- 10 s*, that gives varying of
absorption coefficient between,-= 1.47um™ andogn: = 0.83um™,

and corresponding Foly = 0.78. The efficiency is better than in case
of applying the double voltage in one direction: the average carrier
density changes on 10%, the ITO plasma frequency becomes
3.0415-1€ s*, giving e;ro = - 2.23 + i0.908¢,,= 0.657 and finally
FoMiow, = 0.64. The flipping of voltage direction can be also
preferable for systems with a low break-through voltage threshold.

®) gilver (c)
Si3Ng (62 nm)

Silver

Fig. 3.1. a) The reference modulator structure: 8-nm ITO layer and 70-
nm SgN4 layer are embedded between the silver plates [56]. b)
Schematic two-dimensional view of the equivalent four-layeregyst

c) The symmetric five-layer system with two 8-nm-thick ITa@yers

and 62-nm-thick SN4 core.
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3.2. Effect of ITO permittivity changes

To improve modulator’'s performance we study variations of the ITO
permittivity. In practice it is possible to vary the optical preipsrof
transparent conducting oxides by different anneal conditions, i.e.
temperature and environment, during the fabrication process. The
range of the permittivity variations can be several unitsven enore

[71]. We assign the variations in the ITO permittivity to paetere,,

in Drude formula. Thus, in our study, we sweep the real part of the
permittivity keeping the change of the plasma frequesngy(from
2.9-10° s' to 2.9716-18 s%). We assume the collision frequency
being also fixed and therefore the imaginary part of the perityitis

kept as before, namely 0.825 and 0.867 for the off-state and on-state,
respectively. So the difference between the off-state and @n-stat
permittivities €of - son= 0.28 - i0.042) is fixed too.

The results of calculations for the absorption coefficients and FeM a
shown in Fig. 3.2. The FoM reaches the first maximum on the steepest
slop of the absorption coefficient curve. It then nullifies ingbent of

equal absorption coefficients in both states and then increases again up
to the biggest FoM.x = 0.37 for Refy;) = 0.83 that corresponds &9

= 6.4. In principle such values of Rg() are available with the state-
of-the-art fabrication technology [71]. Consequently, our further study
is carried out with this optimized value &f. We note that Ref) ~ -

1.27 €, = 4.3) gives high FoM = 0.36 as well. Fig. 3.2 indicates that
the absorption coefficient for positive Rg( is higher in the on-state
than in the off-state. It means that by applying voltage weedser
transmittance of the system.

Further, we analyze a five-layer system (Fig. 3.1c) indih@ation

with the reversed sign of the changes in losses.Retf different
signs can be obtained under different anneal conditions for the bottom
and top ITO layers, as they are deposited at different stages of
fabrication. The same way as for the four-layer system wg var
Regof) of the bottom layer in broad range and keepReft 0.83 for

the top layer. Calculations show that the additional layer does not
provide any advantages and none of éR¢(can result in FoM
exceeding FolMax = 0.37 for the optimal four-layer structure.
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Fig. 3.2. The absorption coefficients and FoM of the four-layer
system and various permittivities of the ITO layer. Maximalues
FOMmax = 0.37 and FoM = 0.36 are achieved for &g(= 0.83 and
Regofr) = -1.27 respectively.

o (um™'), FoM*10

-4 -2 0 2 4
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Fig. 3.3. The absorption coefficients and FoM of the five-layer
system with various permittivities of the bottom ITO layer.eTh
permittivity of the top layer is fixed Ref) ~ 0.83. FOM values are
not exceeding FoMux = 0.37 for the four-layer system.

Ph.D. Thesis by Viktoriia E. Babicheva, DTU Fotonik, 2013 35



Ultra-compact plasmonic waveguide modulators

3.3. Eigenmodes of four-layer system

In this subsection we analyze eigenmodes of the two-dimensional
four-layer structure with the optimized ITO permittivity = 6.4 (Fig.
3.1b). We solve numerically the SPP dispersion equation in the
frequency range between 130 THz and 220 THz. For frequencies
below 220 THz the system supports only two modes: the propagation
constants and absorption coefficients are shown in Fig. 3.4 and Fig.
3.5 respectively.

We consider three states: the off-state with the ITO pldsegaency
2.9-10° s (without any voltage); [on+]-state under applied voltage
with the ITO plasma frequency 2.9716*16% and [on—]-state under
the reverse bias with the plasma frequency 2.8267 <0 We also
plot the propagation constant for the three-layer system witfi8he
nm-thick SgN4 core (without ITO layer).

The propagation constants of both modes exhibit monotonous increase
with frequency apart from the region 160-200 THz, wheref the

first mode decreases being strongly dependent on changes in ITO
permittivity. Consequently, the absorption coefficient of the first mode
has maximum in that frequency region (SPP resonance). The
absorption coefficient of the second mode monotonically decreases.

Plots in Fig. 3.4 and Fig. 3.5 indicate that for the first mode the
modulator working region should be between 160 THz and 220 THz,
where a change of the ITO plasma frequency strongly affiéwet
propagation constant and absorption coefficient of the system.
Therefore, both mechanisms of modulation: the absorption change and
the propagation constant variation can be applied. The latter is
illustrated for a grating system further. Despite that tlopggation
constant has a large response on applied voltage around 180 THz, the
effect causes an increase of absorption. Designing device, this
circumstance should be taken into account.

Fig. 3.6 shows field distributions of two modes in the waveguide
cross-section at frequency 160 THz. Both modes are plasmonic and
quasi-symmetric (the ITO layer removes symmetry). Thay be
undesirably excited at the same time. However, in contrast ta[50]
[53], the second mode damps much faster and consequently neither
pronounced interference nor beatings can appear. We characterize the
quality of a mode by factor Q Bos/ooft
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Fig. 3.4. Propagation constarftgor two modes “1” and “2” without
voltage (off-state), under applied direct voltage ([on+]-stata] a
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Fig. 3.5. Absorption coefficients and quality factor Q P/ for
two modes “1” and “2” without voltage (off-state), under applied
direct (Jon+]-state) and reverse ([on—]-state) voltage forehfit
frequencies.
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Because of the high absorption and small propagation constant of the
second mode, the Q-factor for the second mode is much lower than for
the first one, e.g. x 10 and Q= 2.5 for 193.4 THz (see Fig. 3.5).
Furthermore, the second mode has much lower FoM than the first one.
Thus, the second mode does not support efficient performance.

50 160 THz, [E[, a.u.  (a)]
0, T N
50. 2nd mode\ ( 1st mode |
~100 ]

0 100 200 300 400

50 160 THz, [Hyl, a.u. ()]
0_
-50! 2nd mode
-100¢ 1st mode
0 0.5 1

Fig. 3.6. Field distributions (absolute values of electric fielg) and
transverse magnetic componéity (b)) of two plasmonic modes in
the vertical cross-section. Calculations are performed for frstaie
system. Fields are normalized such tjly|= 1 at the interface
between ITO and gW,.

In the considered frequency range the second mode has smaller
propagation constant than that of light in the dielectric corenibae

is above the light line). It allows the exponential increasehef t
electric field from the interface between the ITO film andlettric

core (see Fig. 3.6). Thus, it is a quasi-leaky mode [105], and it
possesses high modal losses. Similar to [43] the system hateana
mode region (@> 1) and a reactive mode regiorn,(Q1). As one can

see in Fig. 3.5 the transition occurs at 180 THz. At the transition
frequency the system changes its response on applied voltage: in the
reactive region the absorption coefficient is mostly affectedl the
propagation constant is not, while in the antenna region it is vice
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versa. Calculations show that the second mode crosses the lightt line
300 THz (assuming the same optical parameters of silver and ITO)
and becomes a bound mode. The small propagation constant of the
second mode can provide efficient coupling from free space or another
waveguide.

3.4.Periodic patterning of ITO layer

The effective modulation performance means the deep modulation
range and improved transmittance, which we aim implementing
optimizations in the reference system. To increase transcgtteve
replace the continuous ITO film by periodic stripes (Fig. 3.7ag Th
patterning is characterized by a filling factor definednasratio of the
stripe widthw to the periodP of the structuref = w/P. f = 1
corresponds to the continuous ITO film.

The system with patterned layer requires numerical solution of
Maxwell's equations. We perform simulations with the commercial

software package CST Microwave Studio in the frequency domain
[106]. The silver plates are 120-nm-thick, which is enough to keep the
domain-termination error at a negligible level.

We analyze several systems with different peRaahd total length..
Results of simulations for transmission coefficient in the vekaif
state and FoM versus the filling factor are shown in Fig. 3. 701(55
um). As we foresaw the transmission increases dramatiwihythe

fall of the filling factor. The finer is sampling (less peri®jl the
higher is the transmission coefficient for the same totajtheand
filling factor. For all three period$?(= 250 nm; 500 nm andin) the
FoM is almost constant in the broad range of filling factors. Howeve
for f < 0.2 FoM falls down abruptly and the fall is steeper for larger
periods.

In the first approximation transmission through one period can be
considered as transmission through two successive layers:d theet
waveguide with the ITO stripe (length and absorption coefficient
astatg, and a part of the waveguide without the ITO stripe (length (
w) and absorption coefficieri). Thus, total transmission coefficient
of the patterned waveguide with lendgtls:

Thwe = eXp(-a  fL-a (1- T)L), (3.1)

state

Ph.D. Thesis by Viktoriia E. Babicheva, DTU Fotonik, 2013 39



Ultra-compact plasmonic waveguide modulators

where “state” is either “on” or “off”, andg = 0.027um'1 for 78-nm-
thick SkN4 core.

In this case FoM can be found as:

_|log(Tr,) - log(Tree)| - Fom
= = mx____ (3.2)
log(Tr, ) 1+(1- fa,/ fay

FoM( f)

Fig. 3.7b shows good agreement of approximation (3.1) with
numerical simulations. It completely coincides with resultsFer 4
um andL = 4um. Eq. (3.2) explains the constant value of the FoM in

the broad range df Forf = 0.2 the rati¢l- f)a,/fay; =0.1, and forf

< 0.2 the additional term in denominator (3.2) has an essential
contribution. It means that losses in the part of waveguide without
ITO influence the total transmission coefficient, and meanwhige t
fraction of ITO is insufficient for the effective change ihet
propagation.

The transmission coefficient has a slight dependence on the period
(for samples of equal total lengtl), and the smallest periods give
highest transmission coefficient. Nevertheless, for the oefaM the
systems with highest period have highest transmission (compare two
systems marked with crosses in Fig. 3.7b). So, partial removitig of
lossy ITO layer with as big as possible period can be recommended
aiming the higher transmittance with the same performancethEor
following analysis we take filling factdr= 0.2 as optimal patterning
that gives high transmittance.

To study performance of the patterned system we consider ood peri
of the waveguide, which contains one ITO stripe and has ldhgth
Throughout numerical simulations two outbound metal corners of the
stripes are rounded with the curvature of 4 nm (apart from the 5-nm
stripes with the radius of curvature 2.5 nm). Such curvature value is
chosen to suppress any spurious field enhancement at the sharp
corners and in the same time it is not too large to cause seriou
deviations in the structure response. To compare transmission
efficiency in the case of different periods (the filling tacis fixed)

the transmission coefficients are renormalized to the chosernuséuc
length 4um using the scattering matrix formalism (see e.g. [107]).

We plot amplitude transmission spectra (Fig. 3.8) for various sizes
the stripes from 5 nm to 800 nm as well as for the continuous
homogeneous film with the dielectric function
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£ = TEmo +(1-1)e (3.3)

core’?

wheref = 0.2. This dielectric function effectively approximates the
permittivity of the patterned ITO layer [108].

(a)

e

1 Transmission coefficient, FoM (b)

0.9 S, = === Tr L=2um(A) || ====Tr, P=500nm,L=2um
'_;.}.\“\:s ------- TrL=4um(A) || ===+ Tr, P=500nm,L=4yum ||
08} ;‘-}.\\\:\ ------- FoM(A) --=:=FoM,P=500nm |

>, .'x\\‘ RN === Tr, P=250nm,L=2um

07F |5 TN N — FoM, P = 250 nm
AR \\ N \\ s
06} 1 % \\\\\ ‘5‘. """" Tr, P =4um, L =4um ||
% 'v,. \'\.\\\\ > . -FoM, P=4 um
* - .

Htlllt|:||1|l-..
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Fig. 3.7. a) The improved modulator design with periodic ITO stripes.
b) Transmission coefficient (Tr) and FoM of the periodicallyqrattd
systems versus filling factor. Samples have different len@dths 2

and 4um) and periodsH = 250 nm, 500 nm andm). The structure
with larger period outperforms among two patterned structures with
equal FoM (marked by “x”). Transmission coefficients (A) cepand

to approximation (3.1). FOM(A) is calculated with formula (3.2).
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All spectra exhibit a pronounced minimum in the transmission with
clear dependence of its position on the stripe width. Spectrally the
minimum dramatically shifts for stripes with sizes below 100amd
reaches the outward-red minimum for the continuous film with
permittivity eef (3.3).

We explain such spectral shift by excitation of a hybridizedmptaic
mode on single stripe [109]. The stripe of width< 100 nm and
thicknessh = 8 nm with rounded corners can be considered as a
nanowire with the quasi-elliptical cross section and aspect ratio
w/(2h). The silver plate connected to the ITO stripe serves asrarm

and effectively doubles the stripe thickness. Such quasi-elliptical
nanowire in the electric field polarized along the minor axis suppor
dipole and quadrupole modes [109]. Their excitation causes intensive
decrease in the transmission coefficient. So the overlap of their
responses produces the transmission spectra we observe in Fig. 3.8.

To reveal the exact positions of both resonances we perform
simulations for a hypothetic material identical to ITO buthwit
diminished losses. The spectral profiles became sharper and deeper for
4-times-reducedy and splitting of the peak is clear in Fig. 3.9a.
Further decreasing of losses makes resonances even narrower.
Simulations also show that for systems with fixed widtkr 30 nm

the positions of both dips are independent on filling factor in the range
f<0.5.

It should be mentioned that applying the corners smoothening is
especially important in the simulations with reduced losses. While
transmission spectra for system with realistic ITO pararae&ire only
slightly affected by the rounded concerns of stripes, the rearéts
strongly affected in the case of diminished losses. A system with sharp
corners and small losses has larger numbers of dips in the
transmission spectra. Moreover, the approximation by an elliptical
nanowire is not applicable in this case.

Simulations show that one dip is almost unaffected by the stigia w
variation. It is fixed near 130 THz (see Fig. 3.9a). It corresponds to the
quadrupole mode. Another dip, which belongs to the dipole mode,
red-shifts from approximately 175 THz to 150 THz with changing
stripe width from 800 nm to 15 nm. By further decreasing of thygestr
width the dip shift becomes more pronounced and goes even below
100 THz (see Fig. 3.8). Frequencies of the transmission miniena ar
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well correlated with the nanorods resonances obtained with the help of
analytics from [109].

Transmission coefficient
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0.84] ====110 nm
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Fig. 3.8. The transmission spectrum has absorption maximum which
shifts towards lower frequencies. Stripes have widtm the range
from 5 nm to 800 nm. The continuous film is calculated in the
effective medium approximation (3.3). Simulations are performed for
the off-state.

Fig. 3.9a presents changes in the transmission spectrum for tumned
bias as well. Changes are the most pronounced in the region of the
highest slope of the spectra. The shift of the absorption maximum
affects position of the maximal FoM. Decrease of stripe shéts

the maximal FoM top toward lower frequencies (Fig. 3.9b). Hawing i
mind telecommunications applications (193.4 THz), the absorption
maximum of the modulator has to be around 180 THz. Therefore, it is
important to work with stripes above 100 nm.
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Fig. 3.9. (a) The amplitude transmission spectra for stripes afuari
widths w in the off- and on-states. Decreasing of the collision
frequencyy in 4 times clearly shows the absorption maxima. (b) FoM
for different stripe sizes.
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3.5. Bragg grating

Based on mode analysis one can conclude that there is a frequency
range where the pronounced change in the mode propagation
constants is accompanied by the absorption coefficient variations. So
the absorption modulation performance can be further improved by

the phase effect.

It was shown that a plasmonic Bragg reflector can be formethdy
metal-insulator-metal waveguide with periodic changes of the
insulator material (index-modulated reflectors) or/and insulator
thickness (thickness-modulated reflectors) [110-113]. Waves
propagation in the structures with various shapes (step-profile, s-
shaped, sawtooth-profile, triangular-shaped and so on) is described in
terms of effective indices of the guided modes. We study themys
shown in the inset of Fig. 3.10. The bottom ITO stripes are placed
periodically in anti-phase to the top stripes. We assume that diner

no any gaps or overlapping between the stripes after their poojec

on a horizontal plane. The off-state system is supposed to be a
uniform waveguide with the complex propagation congtgntia, ,

which we can find in the first approximation from the band diagrams
(Fig. 3.4 and Fig. 3.5). Therefore, we neglect all multiple catias
inside off-state structure. Under applied voltage the part of the
waveguide with the top (bottom) ITO stripes supports the mode with
propagation constang,,, ( 4,,- ). The concept of modulation is
similar to that proposed in [114]: propagating waves experience Bragg
reflection because of the periodic variation of effective mode asdic
along the waveguide under applied voltage.

The grating with the top stripe width,,, and the bottom stripe width
w,,, Obeying condition

\Ntopﬁom = WbovBon- = ﬂ/ 2 (34)
satisfies the Bragg condition and causes enhanced reflection from the
system.

For a quantitative analysis of the Bragg grating performamcehose
two particular frequencies:; = 177.5 THz andv, = 210 THz. At
frequency 177.5 TH#,, = 9.4um™, 3,., = 10.0um™, g, = 8.9 um’

', and according to (3.4, =157 nm andw,, =177 nm (the first

set). At frequency 210 THA = 9.4um™, 3. = 10.3um™, 3, =
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10.6um™, and correspondentiy,, = 152 nm andw,, = 148 nm (the

second set). We simulate the 6 periods-long systems that correspond
approximately to a 2um-long waveguide. The reflection spectra are
shown in Fig. 3.10. By applying voltage both reflection maxima grow
up in 2-3 times and shift towards higher frequencies. For the étst s

of parameters there is the enhancement of reflection near 177,5 THz
however, the maximum reflection is shifted towards 200 THz. For the
second set one additional peak at 210 THz is clearly seen. The reason
for such complex response of reflection on voltage is that waitles
propagation constants 10, n™ and 8.9um™ are excited also on
higher frequencies for both branches “on+” and “on-", as shown in
Fig. 3.4. Therefore, the zone of enhanced reflection is extended from
160 THz to 220 THz.

To cross-check the phase modulation performance we calculate
reflection of the system by the scattering matrix foremli(see e.g.
[107]). For the on-state case we assume a sequence of pdrts wi

thicknessesw,,, and w,, and complex propagation constants

B.. tia,, and B, _+ia,, . The effective mode indices are defined
asn, =(B,. +ia,, )k, andn_ = (B, _+ia,, )/k,, whereky = 2zvic

is the wave number in vacuum. The whole transmission matrix is a
product of transmission matrices for single interfaces and gabipa
matrices of single layers. The single interface transons and
reflection coefficients in the transmission matrix are defirsexd

t=2yn,n/(n+n) andr=(n,-n)/(n+n).

Values of 8., , B,.., a,,. and a,,_ are taken as the first mode

solutions of the SPP dispersion equation for the four-layer system
(represented in Fig. 3.4 and Fig. 3.5). Reflection spectra caldulate
with the transfer matrix approach are shown in Fig. 3.10 with the
legend sign “matrices”. The agreement with the finite elemerihod
simulations is both qualitative and quantitative. It validates the
approximation of the waveguide as a sequence of parts witheditfer
propagation constants. As a result, theaun2-system designed
according to (3.4) gives higher and broader reflection peaks under
applied voltage. Further increase in the number of periods,
unfortunately, does not improve the reflection. The reason is that
losses in the longer system compensate the enhancing of the Bragg
grating reflection.
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In principle, such changes in reflection should influence the
transmission coefficient. However, actual transmission changes ar
quite small because of low values of the reflection coefficients.
Nevertheless, the Bragg grating configuration with modulation of
reflection bears some potential for active elements.
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Fig. 3.10. Reflection coefficients for the Bragg grating systémns
enhanced reflection at 177.5 TH&d, = 157 nm andWwye: = 177 nm)
and at 210 THzWop = 152 nm an@Wye: = 148 nm). Thickness of the
stripes is 8 nm and total structure thickness between silvespta?8
nm. Inset shows schematic view of the structure.

3.6. Discussions and conclusions

Current state-of-the-art plasmonic modulators outperform among Si-
based electro-optic modulators [50,51]. However, plasmonic

modulators suffer very high propagation losses. Losses are lawer i

MOS waveguide-integrated designs at the expenses of larger
dimensions. The structure which contains an active layer sandwiched
between two metal plates allows more compact layout.

We have studied optimization options for the plasmonic absorption
modulator, which consists of a metal-insulator-metal waveguide with
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an ITO controlling layer. The reference system with the noptis

ITO film has 2.2 dBAm extinction ratio and 7.2 dp/i propagation
losses. The main target is to increase transmittance. The pdopos
improvements are based on changes in the ITO permittivity, which
can be realized under different fabrication conditions, and periodic
patterning of the ITO layer. First, varying of the ITO layer
permittivity (with the fixed doping level and change of the carrier
density) increases the modulation depth of the device; speciftbally
FoM rises from 0.30 to 0.37. In particular, optimized system has 3.2
dB/um extinction ratio and 8.7 dpih propagation losses. Thus, the
3-dB modulation can be achieved with th@r-long and ~0.5:m-

wide device. Second, the patterned device exhibits an improved
functionality. We have elaborated a theoretical model to explain the
transmission and FoM features. Losses of the modulator with periodic
ITO stripes are significantly decreased in comparison with the
reference modulator design with the continuous ITO layer. To
illustrate this improvement we have calculated the transmission
coefficients and shown that they increase from 12% (for tleeeete
case) up to 70% in the voltage-off state of the structurelwitt? pm
without any significant drop in the FoM.

Meanwhile we have found some peculiarities in the transmission
spectra in dependence on the width of the stripes. For the narrow
stripes we explain the pronounced transmission spectra minima by the
excitation of nanorod plasmonic resonances. We observe good
correlation between simulations and analytic results. The atieen
modulation configuration has been considered through utilization of
the phase control of the modulator's mode. By elaborating periodic
patterning similar to the Bragg grating we have achieved the 2-3
times grow in the maximum of reflection coefficient under applie
voltage.

In perspective we would like to point out that not all the resouares f
the modulator optimizations have been committed. In this work we
utilize results from the Thomas-Fermi screening theory. Accglglin

to it the carrier density was changed from 9.28° 0° to 9.7-16° m’®
under the 12 V applied bias [56]. The modulator’s performance can be
drastically enhanced if we take into account possible concentration
changes reported in other references. For example, resu@s]are
based on the concentration increase from 4.8 to 7.08-16° m

% (1 V bias is mentioned). Moreover, in the recent work [50] the
authors analyze the dramatic almost 70-fold change in the
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concentration from 0.1-3d m™ to 6.8:16° m™ (up to 4 V in
experiments). The final mode index change also strongly depends on
the concentration averaging over the ITO layer. We averagetlower
whole 8-nm-thick layer. Half-layer averaging (similar to [66)even

more fine resolution give higher changes in the permittivity. Another
potential direction of optimization is connected with the resonances,
e.g. an SPP resonance [56] or Fabri-Perot resonance in firi-len
metal-dielectric-metal cavities [12,115], and provides additional
advantages in transmission. As a drawback, resonances restrict the
operational bandwidth.
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Chapter 4. Plasmonic modulator
based on gain-assisted metal-
semiconductor-metal waveguide

In this chapter, performance of metal-semiconductor-metal (MSM)
waveguides with InGaAsP-based active material layers aa- ult
compact plasmonic modulators is analyzed. The modulation is
achieved by changing the gain of the core that results iereliff
transmittance through the waveguides. A MSM waveguide enables
high field localization and therefore high modulation speed. Bulk
semiconductor, quantum wells and quantum dots, arranged in either
horizontal or vertical layout, are considered as the core of the MSM
waveguide. Dependences on the waveguide core size and gain values
of various active materials are studied. The designs consider al
practical aspects like n- and p-doped layers and barriers in mrder
obtain results as close to reality. The effective propagation cissta

in the MSM waveguides are calculated numerically. Their gbsiin

the switching process are considered as a figure of mestshawn

that a MSM waveguide with electrical current control of thénga
incorporates compactness and deep modulation along with a
reasonable level of transmittance.

4.1. Gain materials in plasmonic structures

The main obstacle in the implementation of plasmonic
nanocomponents is the presence of high losses in connection with
highly-confined plasmonic waves propagation. A way to compensate
losses is the introduction of gain materials [116-118]. Recently, loss
compensation by gain in hybrid dielectric loaded plasmonic
waveguides has been studied [31,32]. Garcia-Blanco et. al. [31]
analyzed long-range dielectric-loaded surface plasmon-polariton
waveguides and loss compensation by the rare-earth-doped double
tungstate crystalline material as a gain medium. A hybridrgag
waveguide with a nano-slot was examined in [32], where also
potential gain media were discussed.

Loss compensation by a gain semiconductor core in MIM waveguides
led to the concept of metal-semiconductor-metal (MSM) waveguide.

Gain-assisted propagation in a subwavelength MSM waveguide was
theoretically analyzed [118]. The thickness of the active coregbt hi
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index semiconductor was varied from 50 nm to 500 nm. For a gold
MSM waveguide the required critical gain coefficient for asless
propagation is achievable at telecommunication wavelengths. More
recent systematic theoretical investigation of giant modal gath
amplified propagation in MSM structures with silver plates and the
100-200 nm semiconductor cores is presented in [119]. The optimum
gain level, which gives the strongest plasmonic resonance and glowin
down of the group velocity is demonstrated.

Encapsulation of InP-based semiconductors in metal and configuring
compact MSM waveguides was discussed regarding lasing
application. Lasing in metallic-coated nanocavities, namelyh
MSM waveguide with rectangular cross-section InP/InGaAs/InP
pillars is realized [120-122]. Theoretical analysis of a MSM
waveguide with the InGaAs core [123] shows the possibility of
realization of a plasmonic semiconductor nano-laser. Semiconductor
electrons-holes dynamics in conduction and valence bands is
described numerically. The influence of intermediate low index buffer
layers in a MSM sandwich is studied as well.

Recently an all-semiconductor active plasmonic system based en InA
heterostructures has been proposed for mid-infrared operation
wavelengths [124]. An InGaAsP quantum wells stack was tried to
improve properties of negative index materials [125,126]. Whereas the
goal of the work was to design the fast optical modulation (tens
picoseconds time scale) in the Si spacer layer of such metaaist

gain produced rather low changes in transmission because df meta
screening.

From another point of view, changing the permittivity and thus
controlling the propagation in a MIM waveguide is an attractive
subject of active plasmonics. A straightforward way is to whgy
transmission through the waveguide by changing the permittifiy o
sandwiched medium. This idea led to theoretical description of
switches using gain-assisted MIM structures [127,128], where the
proposed solutions utilize a quantum-dots-doped semiconductor. It is
also shown that Fabry-Perot resonances in the active core layer
enhance the switching effect.

Another possibility to control propagation of light in a MIM
waveguide by changing permittivity of the medium in side-coupled
cavities was theoretically analyzed in [127, 129-130]. In particular, it
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was shown that implementation of gain media in parts of the
waveguide can compensate losses along the device [129].

Despite the fact that photonic switches based on either bulk
semiconductors or quantum dots have been studied, there is lacking of
comprehensive research on MSM compact devices with the active
core from well-defined materials. All proposed MSM structuréh w
loss compensation and switching are analyzed in the assumption of
some model gain material uniformly distributed along the dielectric
core. Here we bring the subject closer to reality considénGgAsP-
based semiconductors in the MSM core.

4.2.Simulation model

We performed frequency domain simulations using the commercial
software package CST Microwave Studio [106]. The material gain
is connected with the imaginary part of the semiconductor
permittivity: "= - gn'/ko, wherek, is the free-space wave-number and
n" is the real part of the refractive index. So, for positive gailues

the imaginary part of permittivity is negative. Due to the CST
constrains, materials with the negative imaginary part of pevityit
cannot be implemented directly. To circumvent this constrain and
perform CST numerical simulations with gain materials wefolihe
suggestion from [132]. It consists in editing the permittivity value
particular changing the sign ef’, in the Visual Basic script of the
history list file. CST simulations were compared with anadytic
calculations to validate this approach.

Fabry-Perot resonances on a finite-length semiconductor core can
significantly increase the effect of the total transmissibange in a
MSM waveguide (see e.g. [127,128]). However, here we imply that
plasmonic waveguides are uniform in the propagation direction and
study device characteristics independently from its length.

We are interested in transmission properties of MSM strucairdse
telecom wavelength 1.56m. A MSM waveguide supports a surface
plasmon polariton (SPP) wave in the transverse magnetic (TM)
polarization. The silver plates (Fig. 4.1) have the thickness of 120 nm,
which is enough to keep the domain-termination error at negligible
level. The silver permittivity is approximated by the Drudarfola:

=¢, —0% / (0® +iyw), wheree, = 1, plasma frequencyy =

gAg
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1.38-106° s and collision frequency = 3.22-18° s, It giveseag = -
128.7 + 3.44i at = 1.55um.

The high gain core in a MSM device can completely compensate
plasmonic losses and cause wave amplification. In case of

Im(Ket )on O we can receive infinitely high FoM (1.3) that does not

have physical meaning. Most of structures studied in this chapter
allow complete loss compensation. Therefore, characterizing MSM
devices we present results for ER (1.2). Spontaneous emission noise is
not included in our model.

The on-state refers to a MSM waveguide, whose core (an InGaAsP-
based semiconductor layer) is active and exhibits gain. Such active
material can be designed to have a band gap at the wavelength of
interest 1.55um. In the off-state the core material exhibits high losses
interpreted as negative material gain. Zero-current negafin is
equal to the maximum material gain that can be theoretiaalieved

in the semiconductor material [107].

We also compared switching to an “insulator-state” of a MSM
waveguide, which refers to the waveguide with a passive sandwiched
medium. The passive medium means that the medium has a band gap
at wavelengths shorter than the wavelength of interest (ir§5So
precisely at 1.5um it is transparent, i.e. it has neither gain nor loss
caused by electron-hole recombination. Plasmonic related losses
exceed those of the semiconductor core by far. So, in the “insulator-
state”, the MSM device has losses caused by the silver aelestr
only.

Depending on the active region structure, i.e. bulk semiconductor,
quantum wells (QWSs) or quantum dots (QDs), and carrier density the
spectral range of gain of the InGaAsP-based material agnfrcan

tens to hundreds of nanometers around the telecom wavelengths. This
characteristic influences the device operation bandwidth. Theyenerg
band gap of the gain medium is controlled by the fraction of each
component in the lGa.As,P1.y, material, and therefore defines the
wavelength of the maximum gain. Material should also be engineered
based on operating carrier density. Components with higher bandgap,
which is closer to wavelength of interest 1158, should be used for
lower carrier density and consequently achievable gain (e.g.
INg 5565@.442AS0.080.05 has bandgap ~1.58m). However, we took
data from [107] and studied bulk gain materialsf®a 47As that has
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bandgap ~1.68m and requires a high carrier density to achieve high
gain at 1.55um.

The infrared refractive index for different(Ba;«As,P1.y Structures is
approximatelyn” = 3.1+0.46y [133] and varies only slightly with
respect to the wavelength. Therefore, we neglected the nhateria
dispersion.

In order to simulate an as-realistic-as-possible systemmcleded the

n- and p-doped layers at the top and bottom of the active layer (see
Fig. 4.1b) to prevent the non-equilibrium distributions and
recombination of carriers at the contacts. The n- and p-doped layers
should have somewhat different composition to obtain the band gap at
higher frequency. However, in calculations we fix the real pért
permittivity ¢’= 12.46 (which corresponds to the real part of refractive
index n” = 3.4...3.5 for a small gain) for all studied semiconductors
apart from permittivity of the InP layer fixed agp = 10, which
corresponds tonpe = 3.16. The imaginary part of effective
propagation constant If] and modal gaim, in the waveguide are
proportional to each othegim= - 2Im[Kes].

4.3. MSM waveguide arrangements

Realization of MSM waveguides based devices encounters several
problems and can be accomplished in different ways. One way is to
deposit metal plates as horizontal layers (Fig. 4.1a) and most of the
fabricated devices are based on this procedure (e.g. [22,53]).
However, InGaAsP-based heterostructures can be deposited only on a
semiconductor native substrate, what means that some additional
techniques, e.g. bonding or membrane etching and coating, should be
applied to encapsulate semiconductor layers in metal. In such
horizontal design n- and p-doped layers should be deposited between
metal plates and gain medium while metal plates serves as electrodes.
The horizontal layout is preferable for systems when a very narrow
gap between metal plates is required. As a MSM waveguide can have
width aboutw ~ 1um (see Fig. 4.1a), borders influence can be
neglected, and the system can be simulated as two dimensional with
taken as infinitely long. However, as the noble metals exhibit poor
adhesion to IlI-V semiconductor materials this possibility may prove
to be a challenge to fabricate without using e.g. Ti or Cr adhesion
layers. Such lossy layers can significantly affect device operation.
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Fig. 4.1. Cross sections of MSM waveguides with the gain core. a)
Basic MSM waveguide. Horizontal arrangement. b) Refined strictur

of the MSM waveguide which includes the gain core and n- and p-
doped layers. Horizontal arrangement. c) Vertical arrangenveh

top pumping. d) Vertical arrangement with metal plates as electrodes.

The other option is to etch narrow ridges and to coat them withl.met
This technique is applied in the case of fabrication of nanolaser
structures [121,123]. In such vertical design, the high aspec{ttzio

is H/d, see Fig. 4.1c) is challenging to achieve in practice, detbte
InP-based materials are relatively strong because of ¢hestalline
structure. The high aspect ratio is required due to the mode
confinement necessities. Because of finite aspect Fdtidhe mode
profile in such waveguide deviates from the two-dimensional case.
Two cases can be considered here (Fig. 4.1c and d). The structure
shown in Fig. 4.1c with very high aspect ratio was realized inda

by Hill et. al. [121]: the core thickness wds= 100...350 nm, while

the whole ridge heighti > 1um. In Fig. 4.1c n- and p-doped layers
are horizontal and can be deposited during the growth of the gain
medium. In this case, metal plates do not serve as electnoges@

and passivation layers (e.gsl$i or InP) on both sides of the ridge are
required. Optical or electrical pump should be applied in the vertical
direction. That assumes large distance of current propagation iand ca
slow down the modulation. Electrically driven fast modulation can be
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realized in the design of Fig. 4.1d, which requires n- and p-doped
layers depositing after ridge etching. However, it is vemllehging
for practical realization.

We performed numerical simulations of a MSM waveguide of finite
height H and various core thicknesses d (correspond to Fig. 4.1c in the
passive state). Fig. 4.2 shows propagation length L (L = Rdtthfor
different waveguides in comparison with the ideal case (infinktjk
waveguide). The waveguide is sandwiched between high-index
material, the same as the cote=(12.46); metal corners are rounded
for simulation reason with radius of curvature 4 nm. Even for
H =1um the propagation length halves because of mode spreading
outside waveguide (see inset of Fig. 4.2).
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Fig. 4.2. Propagation length for MSM waveguide of finite height H in
passive state. Inset: Electric field distribution for waveguiadetss
section with H=200 nm and d=40 nm.

4.4. MSM waveguide with bulk gain medium

In the first approximation the semiconductor core can be considered as
a layer of a uniformly distributed gain material (Fig. 4.1a). thar

bulk gain core we set material gajpin the range from -0.6- 1@m*

to 0.6:10 cm’ for IngsfGaysAs composition at the telecom
wavelength (equivalent te = 0.5225...-0.5225) with carrier density
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up to 6.7-1& cm® [107]. The core thickness is varied from 20 nm

to 400 nm. The main advantage of the double-sided metal-clad
waveguide is the strong field localization between the plates. The inset
in Fig. 4.3 shows the effective refractive index of the waveguide,
growing from the refractive index of sandwiched matemniak 3.53

for a wide core up to 6.7 for a very thin core.

Fig. 4.3 shows Ink] versus the MSM core thickness for various
gain values. We consider: the “insulator-state” for the passive
semiconductor core, “off-state” for the maximum loss in
semiconductor as well as several gain values. To validate the CST
simulations with the negative imaginary part of permittivitye
compare results with the ones obtained by analytical solutioheof t
SPP dispersion equation for a three-layer system (Fig. 4.3). The
results match perfectly.

As was discussed above the system has very high losses irf-the of
state. With the increase in current, the material gain becbrghksr

and, at some point, compensates losses. For example, for the gain
valuegy:= 0.1-1d cmi* (¢"= -0.0871) complete loss compensation in
the MSM waveguide (Inki] = 0) can be achieved in the case of a
core thicknessy - o NM. Further increase of gain gives light
amplification in such system. For gain values more than 0.34-10

cm' (¢7°= -0.2961) the strong field localization within the gap
between metal plates starts to play a crucial role anMgd design
gives an essential benefit. In the case of high gain théedm[
dependency on the core thickness is monotonically increasing,
opposite to the case of lower gain (see Fig. 4.3). In other words, for
high gain values the thinner the MSM core the longer propagation can
be achieved.

In Fig. 4.4 we show Ink«] in the MSM waveguide with a bulk gain
medium for various carrier densities. For better comparison, we
converted the material gain data [107] into the semiconductor
permittivity and added in Fig. 4.4 (dotted line). The imaginary lart
semiconductor permittivity has nearly linear behaviour on the
logarithmic scale as follows from carriers and photons ratetiegsa
thus the imaginary part of the effective propagation constanbiexhi
the same tendency.

Further we consider an advanced structure, which includes n- and p-
doped layers on both sides of the active layer (see Fig. 4.1b). We
assume the n- and p-doped layers being 10 nm thick. These
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intermediate layers are approximated as insulator lagers 0)
having the same permittivity as the semiconductor e¢6xd2.46. The
partial removal of the gain material causes an increase kglmin

such MSM waveguides complete loss compensation with gain value
Op1=0.1: 1d cm* can be achieved for core thicknesses more than 100
nm (see Fig. 4.3).

-==-|nsulat 7 |

10 6 1
5\

- i 4.. | b

d, nm

Fig. 4.3. Imaginary part of the effective propagation constant for
various thicknesses of the bulk gain semiconductor core. All results
are from CST numerical simulations apart from:* which is the
analytical solution of the SPP dispersion relation for a thres-lay
system. Notation: “No” for passive waveguide (insulator-staf”

for switched off current y -0.6-10 cm™; “Off(p)” the same for
refined structure with n- and p- doped layers;™@n-state with g;=
0.1-1d cm*; “gp,™ for analytical calculation same aspitj “gpa(p)”
on-state with g= 0.1-13 cm™ in refined structure with n- and p-
doped layers; “g’ on-state with g= 0.34-10 cm’; “gns’ on-state
with ghs= 0.6-10 cm?; “gus(p)” on-state with g= 0.1-1d cm* and
refined structure with n- and p- doped layers. Inset: Effective
refractive index in the MSM waveguide filled withyK3G& 47As bulk
gain medium.

Calculated ER of both systems versus the core thickness is shown i
Fig. 4.5 for various transition states. Introduction of n- and p-doped
layers for thin core waveguides decreases ER as expected.
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As an additional option we also consider the difference between the
on-state and passive state (“insulator-state”) of the MSM wedeg

The “insulator-state”, that ig = 0, can be achieved in the studied
material for relatively low carrier density, namely 1.25%16m?

[107].

0.2
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Fig. 4.4. Imaginary part of the effective propagation constant in the
MSM waveguide with the bulk gain medium for various carrier
densities. Imaginary part of semiconductor permittivity is shoovn f

comparison.
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Fig. 4.5. ER of MSM device with the bulk gain core. Notations-“g
Ins” shows switch between insulator-state wigh § and on-state with
Obi (Go1= 0.1-18 cm* and gs= 0.6-10 cmi); “gui(p)-Ins” the same,
but for the refined structure; sgOff” shows switch between off-state
with g,= -0.6-10 cm* and on-state withyg(gp:= 0.1-16 cm* and
b= 0.6-10 cm?); “gui(p)-Off(p)” the same, but for the refined
structure.

4.5. MSM waveguide with quantum dots

The second realistic option for the core design in MSM structanes
be an InGaAsP layer with InAs QDs. Significant progress in QDs
devices has been done at 8 wavelength [134,135] while efficient
emission on 1.55um wavelength is still under investigation [136,
137].

Despite on the small volume, QDs exhibit material gain moredahan
order of magnitude larger than QWSs under the same injection current
density because of the strong confinement and quantization of energy
levels [138,139]. However, such gain can be obtained only when the
electric field is in the QDs plane. Thus, in the horizontal destgm (
4.6a) QDs layer gives quite low gain, e.g. material ggin=
0.4-1G...1.2-16 cm™ in conversion of the QDs to an equivalent bulk
layer [140]. Such low bulk gain we discussed in the previous
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subsection. Therefore depositing of QDs in horizontal design does not
provide any additional benefits.

Further we consider the system in Fig. 4.6b. The regular Mertica
arrangement of QDs appears in Stranski—Krastanov growth [141] as
well as grown by metalorganic vapour-phase epitaxy of columnar
QDs (vertically aligned, closely stacked QDs) [140].

Parameters for numerical simulations of QDs are the followMg
single QD has an ellipsoid shape; the in-plane cross-sectomeuar

with 30 nm diameter, while the shortest ellipsoid axis is 5 nms QD
are arranged in a regular array with period 50 nm in both in-plane
directions. The described geometrical arrangement corresponds to
4-103° cm® QDs density [136]. An InGaAsP matrix containing one
QDs layer has thickness= 10 nm and’= 12.46, the same as in the
previous analysis. We performed simulation for a single QDs layer
with periodic boundary conditions in vertical directions, that
equivalent to the two-dimensional waveguide with an infinite number
of QDs layers. We usagh:= 1-1¢ cm* andgq= 5-1¢ cm™.

The QDs volume ratio in the 10-nm thick stack layer is approxlgnate
9%. For simulations we consider the equivalent system with bulk
semiconductor (see Fig. 4.1a) having the gain value defined by the
volumetric ratio and gain of the QDs. Thus, the average gail is b
0.9-1G cmi* and h, = 4.5-18 cmi™.

The total thickness of semiconductor between the metal plates
50:N nm, whereN=1...5is a number of columns. Up to 5 columns
containing QDs were considered for simulations. The imaginaty par
of the effective propagation constant and ER of MSM devices with
QDs are shown in Fig. 4.7 and Fig. 4.8, respectively. ResultsDsr Q
and an effective bulk medium are perfectly matched, so thegawgra
procedure is justified. We assume that the perfect periodic
arrangement of QDs in simulations does not influence system
propagation properties, which are the same as for a core with
randomly distributed QDs. While to achieve®4.5- 18 cm* for bulk
material requires a very high current, it is feasible for @Bs
effective medium.

For the highest gainge= 5-10 cm® in the on-state InkL]
monotonically increasing with the number of columns, which causes
decreasing of ER. Average gaigb4.5-16 cm' > g,,, so we observe
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the same trend in Irkfx] vs. size dependence as for the bulk material
(see Fig. 4.3).

However, as was discussed above, the vertical design has weak mode
confinement. In practice, up to 10-20 QDs layers with the same
properties can be fabricated. It means that with vertical spacinl0

nm the total height of the structure cannot exddgd200 nm that is

not enough for mode localization. So apart from #his-200 nm of
gain region the sandwiched structure should be complemenkéellto
um by another high-index material. Similar case was reairzgt21],
where MSM waveguide hdd$, = 300 nm of active gain region, while
the whole ridge height H > im. It increases Inki«] of the whole
waveguide, therefore, any partial filling by active mateinareases
propagation losses and suppresses efficiency of modulator.

Ag
ﬂOptical pump or (b)

{!' Electrical current

-doped|
Ag n-doped layer Ag
o o o
I o o o IIS
o @ o
H o o o

p-doped layer

<=d>Passivation layer

Fig. 4.6. Cross sections of the MSM waveguide with QDs layers. a)
Horizontal design. b) Vertical design.
Another solution is to increase vertical spacsrand obtain relatively

uniform distribution of gain medium along waveguide’s cross section.
However, in practice, it is hard to obtain vertical alignmentaegd
spacing. Thus if we assume, in order to achléyel um, spacing =

50 nm, the average gain will fall down tg50.9-16 cmi™.

Ph.D. Thesis by Viktoriia E. Babicheva, DTU Fotonik, 2013 63



Ultra-compact plasmonic waveguide modulators

0.5 , ,
L, = |nsulat
0.4, B v Ong, |
0.3 B — Onb |
e 0.2f a Offg|
E Tl
S | R S ‘---Off-bm_
5 ' —— -——
i{l} . ~"""'\l-m...___ < On-gd2
£ M H
- =-=0On-b,,
01 p Off-g,, |
02t e Off-b |
% I D S | d2
-0.3kL L L I | )
1 2 3 4 5 6

Number of Columns

Fig. 4.7. Imaginary part of the effective propagation constant in the
MSM waveguide with QDs. Notation: “Insulat” is passive waveguide
ga= 1-1d em?, gio= 5-10 cm?, “bgs” and “byy” corresponds to the
MSM waveguide with uniform distribution of bulk gain material with
bgi= 0.9-18 cm™ and k= 4.5-16 cm™.
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Fig. 4.8. ER of the MSM device with QDs. “On-Ing"gshows
transition between insulator-state (g=0) and on-state with@n-Off
0ai” shows transition between off-state withyi-gnd on-state with g
(gar= 1-10 cm* and go= 5-10 cm™).
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4.6. MSM waveguide with quantum wells

As an alternative design to the MSM waveguide with a bulk
semiconductor core we consider the MSM core, which consists of
several QWs separated by barriers (Fig. 4.9a). Tensiknetr
quantum wells are used to ensure a strong interaction with the
electrical field of the mode. We took olgpdGans3As QWs and

INg 5:G &y 49AS0.86P0.14 barriers with thicknesses 5 nm. The composition
is chosen such that to obtain the bandgap atinb$142]. The wells

are strain compensated which will allow stacking of manylswel
However, due to the position of the barrier material in the miggibil
gap we decided to limit the number of wells to 25. We performed
simulations taking this number into account and defining the total core
thickness based on it. In a QWs MSM system it is necessaryédcaha
least one different medium with a higher energy band gap for-tbe
p-doped layer. Therefore, we choose 10 nm-thick
INg 6/Gay 23AS0.71Po.29 layer and 10 nm-thick InP layer. As it was
discussed in [123], adding a thin layer with low refractive index i
between the waveguide and the metallic plates decreasesttbaim

in the system. This is due to confining the field outside the gain
material, despite of lowering the fields in the metallic layer.

The results of numerical simulations for kx{l and ER are shown in
Fig. 4.10 and Fig. 4.11, respectively. We studied two gain leygls,
0.4-1d cm* andgy, = 1-1d cm*, which correspond te”'= - 0.348
ande”” = - 0.87 respectively. The formgg, is currently achievable,
e.g. in tensile QWs [107,143,144], while the lattgs is feasible
[145]. In such MSM waveguides with QWs complete loss
compensation appears either for more than three QWs witlygaam
already with one QW with gaigw.. In contrast to QDs system, for
consideredg,: and gy, values, ER of the QWs system is growing
monotonously with the number of QWs and starting at some
thicknesses (approximately d=90 nm) can be higher than in thefcase o
the bulk semiconductor with,gr 0.1-18 cm™.

Vertical design can be considered as well (Fig. 4.9b). Theasin

of structure efficiency can be conducted as following. One period of
the structure has thickness 10 nm and averaged gdig, = 0.2-10

cm® or by, = 0.5-16 cm*, such that results for high gain of bulk
medium can be applied. However, the total thickness of the gain
region will be HA~250 nm, as the number of QWs is limited. To
ensure mode localization, more than 400 nm thick layers of n- and p-
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doped semiconductor should be added as well, which increaksg]im[
and decrease device efficiency. Another option is the same ke in t
QDs system: the uniform distribution of QWs along the waveguide
cross section can be applied by increasing the spacing between QWs.

Ag
p-doped layer, 10 nm

ﬂOptical pump or (b)

Electrical current

Ag ; ’ n-doped layer 7 Ag

J‘ p-doped layer \ |

<=d> Passivation layer

Fig. 4.9. Cross sections of the MSM waveguide with QWs. The MSM
waveguide is composed of olpGas3As quantum wells stack,
separated by b¥:Gay.49AS0.880.14 barriers with n-doped InP layer and
p-doped g sGa 47AS layer. a) Horizontal design. b) Vertical design.
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Fig. 4.10. Imaginary part of the effective propagation constant in the
MSM waveguide with the QWs core. Notation: “Insulat” is passive
waveguide, gi= 0.4-1d cm*, guo= 1-1d cm™.
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Fig. 4.11. ER of the MSM device with QWSs. “On-Ing”gshows
transition between insulator-state (g = 0) and on-state witlf@n-
Off gqi” shows transition between off-state with;-gnd on-state with
Odi (Gua= 0.4-10 cmi* and g,= 1-1¢ cmi?).
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4.7.Discussion and conclusion

Three types of plasmonic modulators based on metal-semiconductor-
metal waveguides with incorporating gain material are consldere
The switching principle is based on suppression of losses in plasmonic
waveguides by gain material. The semiconductor core is studied in
one of three options: bulk semiconductor, QWs and layers with QDs.
In the numerical simulations, realistic materials and appligd ga
parameters achieved in InGaAsP-based structures are studied.
Different gain parameters including such that required very high
carrier density were taken into account. One of the reasonsttosdo

is the further application of bulk gain medium results for effective
approximation of QDs and QWSs structures.

We observe promising behaviour in all cases: in principle it is possible
not only to compensate losses, but also get waveguide mode
amplification. The performance of the proposed modulators is greatly
improved in comparison with plasmonic waveguides with controllable
losses through electrically driven indium tin oxide layers. Ircipre,

a passive MIM waveguide witth= 120 nm core thickness has k|

= 0.043 um™. This means a 15-dB-attenuation on @@ length.
Following the fabrication requirements we have considered different
layouts of the modulators with horizontal or vertical arrangemants
gain layers. We can compare horizontal design with bulk
semiconductor core and with QWs layers. A MSM waveguide with
gain valuegp; = 0.1-16 cm* of bulk material and 10 nm n- and p-
doped passive layers gives slight amplification, i.e. [k -0.007

um*. Therefore, the dynamic range of the signal between paasile
gain states in the 40m-long structure is estimated as 17.5 dB, while
between absorbing (Ikfy] = 0.093um™) and gain states is doubled

to 35 dB. Assuming the same length for a QWs-based MSM
waveguide in the horizontal arrangemegg,(= 0.4-160 cm* and
Im[ker] = - 0.055um™) we obtained 34 dB depth of signal modulation
between passive and gain states and 52 dB between absorbing and
gain states. These results show that the QWs-based waveguittes, i
horizontal arrangement are preferable to the bulk based ones. Aside
from that, QWs and QDs cores can be compared in vertical
arrangement. QWs witl,; = 0.4-18 cmi* give effective bulk gain

bwi= 0.2:10 cmi* of 10 nm thick active layer and QDs with; =

1.-10 cm? give effectively by;= 0.09-16 cm'® because of small
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volume. Thus, both structures have approximately the same
efficiency.

The FoM of the InGaAsP-based plasmonic modulator is severa time
higher than the one for MIM plasmonic modulators with the silicon
nitride and indium tin oxide multilayered core [56]. However,
utilizing the studied MSM devices for modulation purposes
encounters certain obstacles. The deep modulation requires a full
switch of the current. Without enhancement of carrier recombination
the response time is in the range of nanoseconds [107]. Nevertheless
modulation with speed up to 10 GHz might be feasible, because of the
inherent advantages of the MSM design, i.e. the small dimensions,
strong coupling to the plasmonic structure, and enhancement of
spontaneous emission due to the tight confinement of modes between
two metal plates [19,20] that serves as electrodes.

Summarizing, all three designs of the MSM core exhibit effecti
switching. The preference in choosing the optimal design diverts from
the pure numerical analysis of the device performance to the question
of feasibility of fabrication such metal-semiconductor sandeschn
addition, decision on vertical or horizontal arrangement of gain layers
depends also on the waveguiding parameters, e.g. polarization and
coupling efficiency.The considered structure with electrical control
possesses a high performance and can efficiently work asnaopligs
component in nanophotonic architectures.
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Chapter 5. Plasmonic finite-thickness
metal-semiconductor-metal waveguide
as ultra-compact modulator

In this chapter, properties of a finite-thickness metal-semicomduct
metal (F-MSM) waveguide are explored with the point of view to be
utilized as an ultra-compact and fast plasmonic modulator. The study
of the device was made using both analytical approaches for planar
two-dimensional case as well as numerical simulations forefinit
width waveguides. The eigenmodes of the F-MSM waveguide,
propagation constant, confinement factor, Purcell factor, absorption
coefficient, and extinction ratio of the structure are calculaied
analyzed. It is shown that using thin metal layers instead d&f dmes

one can obtain higher extinction ratio of the device.

5.1.F-MSM waveguide modes

Various types of plasmonic waveguides have been proposed and
analyzed. Stripe waveguides based on a single thin metabfdwide

a relatively high propagation length, i.e. low modal losses, but suffer
from low field confinement [28]. As a consequence, there was a turn
toward hybrid plasmonic waveguides that combine thin metal stripes
with semiconductor and dielectric layers of different refraciindex
[35-40]. Furthermore, these waveguides were improved by adding
gain material and thus making possible to mitigate the modalslosse
[31-34].

From another side, a structure where a dielectric core is samehivi
between two metal layers is very promising as it can prowes e
smaller dimensions and higher field localization [23,24]. A metal—
insulator—metal (MIM) waveguide does not exhibit cutoff even at ver
small core thickness and as the result allows unprecedented thin
layouts of tens of nanometers [41,42]. Planar MIM plasmonic
waveguides with thin metal claddings were studied and optimized for
various purposes [43-45,146]. They possess several symmetric and
asymmetric modes as well as metal-clad and quasi-bound ones,
depending on the frequency range [43]. Here we combine both
characteristic features and propose a finite-thickness MSM3M)
structure with the active semiconductor core sandwiched between thi
metal layers.
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As the first step we determine the eigenmodes in a F-MSM
waveguide. We solve the SPP dispersion equation for the five-laye
system that corresponds to the two-dimensional (2D) F-MSM
waveguide shown schematically in Fig. 5.1a. Calculations are
performed for the telecommunication wavelength Jusb The InP-
based gain core has different thickndsand permittivitye = 12.46 +

ie"= (n' + in")%, wheren' andn" are the real and imaginary parts of the
refractive index, respectively. The imaginary part of the péxty

can be defined as= - gn'/ky, whereg is the material gain arlg is the
free-space wave-number. We analyzed the system with varidat me
layer thicknessesassuming a metal permittivityg = - 128.7 + 3.44i,
corresponding to the one of silver at this frequency. The $digas
with permittivity e = 2.34 are assumed to extend infinitely in the z-
direction (see Fig. 5.1a). Further, we introduce the relativetizec
index ne = B/(N'ko), wherep is the SPP propagation constant. The
relative effective index is defined as the ratio between tfextafe
mode index and the material refractive index. In our case, ildi@p

has refractive inder';,p = 3.53.

A F-MSM waveguide withd = 30 nm and = 5 nm supports three
modes (Fig. 5.1). Two modes have symmetric electric fieldiendie

core and symmetric/asymmetric fields inside the metal réaye
(notation Ss and Sa, respectively). The third mode has asymmetric
fields inside all layers (Aa mode). The mode with the asymmetric field
inside the core and symmetric one in the metal layers (As n®dej
supported by the waveguide with such thin core.

The characteristics of the modes are summarized in Tablet &dn |

be seen that the absorption coefficientincreases together with
increasing of the propagation constfiniThe field of the Ss mode is
mostly located outside the waveguide core, residing mostly in the low
loss dielectric surrounding the waveguide. Due to this, the absorption
coefficient of the mode is much lower than the ones for Aa and Sa
modes. Furthermore, the modes that possess the highest absorption
also have the most pronounced respaksevhen changing the gain

of the semiconductor core. Characteristic vatpshows at which
distance the field amplitude dropstimes and can be found as=
1/Im(k), wherek, = (egko®(B+ia)®)*? is the z-component of the
propagation vector.

The field confinement factar can be defined with respect to either
field intensity E> or Poynting vector componern®, along the

Ph.D. Thesis by Viktoriia E. Babicheva, DTU Fotonik, 2013 72



Ultra-compact plasmonic waveguide modulators

propagation direction. Also, based on how the waveguide is defined, it
can be calculated as the ratio of the electric field en@hgy) inside

the core (notation “core”) or electric field energy (fluxynéined
inside the core and both metal plates (notation “core + 2Me”) to the
total amount of electric field energy (flux) The confinemengsfand

Aa modes is very low due to the field extension outside the
waveguide. It is also fully consistent with rather weak respanse
and large characteristic distargce

(a) , (b) 100
Ag flt 50
InP-based gaincore  |d £ .
‘ $i0» o '
0 2 4 6
¥ Ez, a.u.
(C)mo (d) 100
Sa
50 50}
E £
N0 N Ol
50 50
20 -10 0 10 20 0.5 0 05 1
Ez, a.u. Ez, a.u.

Fig. 5.1. (a) Finite-thickness MSM waveguide. (b), (c), Ed)field
profile in the waveguide witd = 30 nm and = 5 nm for Ss, Aa and
Sa modes, respectively. The field is normalized suchghatl a.u. at
the interface between gain core and metal layer.

The highest confinement of the Sa mode leads to the largpshses

Aa. So, our further analysis of the F-MSM waveguide as plasmonic
modulator is performed only for the Sa mode, the one showing the
best ability to be controlled.
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Table 5.1. Characteristics of different modes in the F-MSM
waveguide withd = 30 nm and = 5 nm

Type Ss Aa Sa
B, um™ 6.22 8.11 42.88

o, pm'™ . 1.8x10" 0.127 0.59

Aol = 0ff - Olon, LM

(Gon = 2000 crif) 1.16 x10* 0.0198 0.32
g, um 1.86 0.19 0.024

I (E? core) 5.0x10 0.044 0.65

[ (E? core + 2Me) 5.4xI06 0.058 0.72

T (Py, core) 25x19 0.0017 0.95

I (P, core + 2Me) 2.6 xI® 0.0020 0.96

5.2. Field confinement in the F-MSM waveguide

One possibility to increase the effective index is to redueentbtal
thicknesst. We studied properties of waveguides taking several
thicknesses of the cord € 30...200 nm) and metal films. In the latter
case we investigated two routes. One is changing the thic&hbeth
metal films simultaneously. Another one is to fix the thicknessnef
film (t, = 70 nm) and vary only the thickness of the second film.

The structures with relatively thick metal layers possess moda
properties similar to a 3-layered infinite MSM waveguide:rédative
effective index increases with decreasingdodnd almost does not
depend on the metal thickness (Fig. 5.2a). However, for thin metal
layers the relative effective index shows a strong dependemtiee
metal thickness. Relative effective index increases several times
for small metal thicknessés 15 nm.

In some calculations we considered very thin metal layaers, i
particular down to 5 nm. At such small thickness the metal preperti
can be different from the bulk ones. Moreover, non-local and quantum
effects start to play a role. Nevertheless, we believe that
approximation shows the general qualitative tendency even if the
actual numbers may be quantitatively different.
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Fig. 5.2. Relative effective indices (a) and Purcell factorofo}--

MSM waveguides significantly increase for thin metal lay€eS”
corresponds to the case when thickness of both metal films is varied
simultaneously (symmetric structure); “A” corresponds to theeca
when thickness of one metal film is fixed & 70 nm) and another
varied (asymmetric structure, shown on the inset of (b)).

The trend can be explained in the following way. The F-MSM
waveguide with thin metal layers can be considered as two coupled
metal stripe waveguides. Each metal strip supports an asyimmet
mode often referred to as the short-range SPP (see Fig. 5.1d). This
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mode has higher effective index and absorption coefficient than the
long-range SPP and its effective index dramatically ineeasth the
decrease of the metal thickness [28,147]. Therefore, the effective
index of two coupled stripe waveguides is substantially increased (
Fig. 5.2a).

In the case of an active MSM waveguide, we can define the PF to
show the increase of the radiative rate. It was shown that &Hi¥l
MSM waveguides with active materials possess quite high PF [19-
21,148]. Moreover, the PF scales roughly as the fifth power of the
relative effective indexes® [148]. We calculated the PF of the F-
MSM waveguide following the approach and approximations of
[148]. In this case the PF is defined by waveguide properties, in
particular, field profile and dispersive curve. Results show that PFs
above one hundred can be achieved with sufficiently thin metal layers
(Fig. 5.2b).

While the relative effective index of the Sa mode increasél wi
decreasing the metal thickness, the confinement factor in aM-MS
waveguide has the opposite tendency. Both confinement factors
defined viaE? and Py either in the waveguide core only or in the
waveguide core and two metal plates are decreasing (Fig. 5ugh). S
behavior is abnormal for a conventional optical waveguide, where the
field confined in a higher index structure causes higher relative
effective index. To solve the contradiction we calculated the
confinement oP, andE? only in two metal plates (Fig. 5.30)(P,) in

two metal plates is also decreasing. Howel€E?) is increased and it
agrees with the increase of the relative effective index. Nealess,

the magnitude of these changes is much lower than magnitude of
changes in waveguide’s core and surrounding.SiO

Fig. 5.4 shows a comparisonBf andE? profiles for two thicknesses

of metal layers. As the thickness decreases, for each stiepa, the

field is localized closer to the metal surfaces. This, in tuengrates

less coupling of the two metal stripes and, therefore, less iel
confined inside the waveguide core. These changes in the field
distribution inside the waveguide core are more pronounced than at
the interface and as a result they have more influence on the
confinement factor.
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5.3. Absorption coefficient and modulator’s
performance

Although the increase of the effective index is a desired efieatg

it by thinning the core and metal claddings has a drawback.idlde f
penetrate more into metal and cause an increase of losses in the
system. As a consequence, the absorption coefficient of the F-MSM
waveguide with thinner metal layers is higher (Fig. 5.5a). Toexe

loss compensation requires higher gain. We calculated the cgéiral
needed for the full loss compensation in F-MSM waveguides with thin
metal layers. In Fig. 5.5b we plot the relative effective xndalues

that can be achieved with certain gain levels and core thiegseAs

it can be seen, thinner cores allow higher effective indices. The
required material gain is feasible for InP-based semiconductors
utilizing either bulk material properties or a stack of quantuniswel
[149].

We considered that the active core possesses gain in the oargtate
absorption in off-state with the same absolute values"ofWe
performed calculations of the ER =8@8— o) of the F-MSM
waveguide ford; = 30 nm andl, = 50 nm, and various thicknesses of
the metal layers. Calculations for the uniform gain core (Fig.)5.1a
show that for the same amount of gain, the thinner active core axhibit
better performance (Fig. 5.6). Thus, ER = 5idB/and higher can be
achieved. The results for symmetric (Fig. 5.6a) and asymmeéigc (
5.6b) structures are similar. It shows that at least one thia filet is
needed to achieve high performance.
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Fig. 5.3. (a) Confinement of electric fiel@% and Poynting vector
(Px) for symmetric waveguides with code= 30 and 50 nm inside the
core (C) or inside core and two metal plates (C+2Me). (b)
Confinement for the same waveguides but inside only two metal
plates (2Me).
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(a) (b)
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Fig. 5.4. (a) Poynting vectd?y, along the propagation direction, and
(b) E? field profile in the symmetric waveguides with= 30 nm and
different metal thicknesses$:= 5 nm and 10 nm. All profiles are
normalized such that the total integrals over whole cross-seatéon
the equal.
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Fig. 5.5. (a) Absorption coefficients of F-MSM waveguides
(symmetric (S) and asymmetric (A) structures). It sigaifily
increases for thin metal layers along with the increasbeofdlative
refractive index (see Fig. 5.2a). (b) Relative effective index thatean b
achieved in a symmetric waveguide with the provided level of the
critical gain (metal losses are fully compensated). The niayair
thickness is varied along each line.
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(a) ER, dB/um
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Thickness of metal films t, nm

(b) ER, dB/um
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Fig. 5.6. Extinction ratio of F--MSM waveguidéd,;(= 30 nm andd, = 50 nm) for
different gain values of the InP-based active cgres 1000 crit, g, = 2000 cri,
andgs = 3000 crit. (a) Thickness of both metal films is varied sitankously. (b)
Thickness of one metal film is fixeth & 70 nm) and another is varied. Insets: FoMs

of two cases respectively.
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In contrast to ER, figure of meritFM = (¢ -a,,)/a,,) iNncreases with

increasing of thickness of metal films (Fig. 5.6, insdtss due to the
significant decrease of,, for thicker metal layers. The FoM of this
MSM device is several times higher than for MIM plasmonic
modulators with the silicon nitride and indium tin oxide multilayered
core [56].

5.4.Influence of n- and p-doped layers

To analyze a realistic structure in case of electrical pweonsider

a F-MSM waveguide with n- and p-doped layers (Fig. 5.7a). These
layers are required to inject carriers into the gain core. ltuletions

we consider 10-nm-thick layers with permittivity= 12.46. In our
approximation, n- and p-doped layers do not possess any gain or loss.
We study the same parameters of the waveguide as for thenunifor
waveguide core.

However, in case of the F-MSM waveguide with the n- and p-doped
layers, the sample with total core thicknelsss 30 nm gives lower
performance than waveguide widh= 50 nm (Fig. 5.7b). In this case,
the extinction ratio is lower, ER =1-2 dBh. According to the
calculated field distribution (see Fig. 5.4b), in the core of th
waveguide the field is strongest next to the metal interfacd, so
active properties of the materials are the most pronounced théne. In
same time, the doped layers are placed in that part and mfitishie
effect of the gain material.
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5 10 15 20 25 30 35 40
Thickness of metal films t, nm

Fig. 5.7. (a) F-MSM waveguide with n- and p-doped layers and metal

films of equal thicknessets Core thicknessl includes the gain part

and both doped layers. (b) Extinction ratio of the wavegudde: (30

nm andd, = 50 nm) for different gain of the InP-based active cgre:

= 1000 cnt, g, = 2000 cnit, andgs = 3000 cnT. Calculations are

performed for 10-nm-thick doped layers.

Further, we analyze a waveguide with a 5-nm-thick metal lagdr
varied core thicknessd. Absorption coefficients show a non-
monotonic dependence with a minimum arowhd 100 nm (Fig.
5.8a). However, the ER of the system is monotonically rising with
increasing of the waveguides core, i.e. the thicker the corarter lis

ER (Fig. 5.8b). In other words, taking into account the n- and p-doped
layers thicker waveguides are preferable. These resultsoasistent
with ones obtained for the MSM waveguide with infinitely thick rheta
layers.
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Fig. 5.8. (a) Absorption coefficient and (b) extinction ratio of F-MSM
symmetric waveguide with n- and p-doped layers at various gain
values: g = 0,0, = 1000 cn, g, = 2000 cni, andgs = 3000 cnf.
Thickness of metal layers is fixed, = 5 nm. Calculations are
performed for 10-nm-thick doped layers.
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5.5. Finite-length F-MSM waveguide

To study wave propagation in such F-MSM waveguide, we performed
frequency-domain simulations using the commercial software CST
Microwave Studio [106]. Effectively 2D system layout is preseiiie

Fig. 5.9a. It consists of an active and two identical non-active. garts
mode is excited at the left port and sequentially propagates through
the first non-active part, active part and the second non-activeAsart

far as the wave propagates it is attenuated and reflectedeat t
interfaces between the active and non-active parts. We calduts
dependence of the reflection and attenuation values with the length of
the active parlL, (Fig. 5.9b,c). We performed calculations for two
systems. The first one is a waveguide where both active antbtihe
active parts of the core have Bef 12.46 (referred as “U”-
waveguide in Fig. 5.9b,c), thus providing low reflectivity at the
interface (see Fig. 5.9b,c). In the second, the waveguide corgahate
of the non-active part differs from the one of the active parrfred

as “C’-waveguide). In this case we considered the permittofitye
non-active part ag,, = 4.

We also employ the transfer-matrix approach [107] to find an émaly
solution for the mode propagation reflection and attenuation values.
Complex propagation constants in the actiy8, ¢ia,) and non-

active (G,,+ia ;) parts of the waveguide are derived from dispersion

relations and further substituted in expressions for propagation in
layers with different thicknesses. The effective mode indices ar
defined asn, =(B,+ia,)/k and N, =(Butia/k, whereko = 2rvic

is the wave number in vacuum. The whole transmission matrix is a
product of transmission matrices for single interfaces and gabipa
matrices of single layers. We consider the single interfac
transmission and reflection coefficients in the transmissionbmatr
defined using the classical formulae where the refractiveesdare

replaced with the effective mode onéss2,/mn.,/(n.+n,) and

r :(na_nna)/( Nyt nn:)'

Numerical and analytical results coincide well (see Fig. 5.9blus
agreement leads to the conclusion that the analytic transfexkmatr
approach using effective mode indices can be applied for plasmonic
waveguide systems. In the same time, it shows that no othes aeve
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excited at the waveguide interface so the symmetry of thadsie is
preserved.

(a(-) L\i
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Complek waveguide
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Length of the active part La, um Length of the active part La, um
Fig. 5.9. (a) Instantaneous electric field distribution in a coxple
MSM waveguide with active and two non-active parts. Thicknesses of
metal layers i¢ = 5 nm and cord = 30 nm. Logarithmic attenuations
(b) and reflection coefficients (c) in different structures. HNote:
“A” stands for results obtained as analytic solutions based on the
transfer-matrix approach; “N” stands for numerical simulatio@s
for complex waveguides in contrast to uniform ones “U”; “off” foe
core with absorptiorz"= 0.174; “on” for the active core with'= -
0.174 (corresponds to gaip = 2000 crit); “no” for the passive core
¢"= 0 (neither gain, no loss).

5.6. Finite-width F-MSM waveguide: 3D case

To compare 2D approximations with a more realistic structure we
analyzed a three-dimensional (3D) F-MSM waveguide of finite width
w in the y-direction (see Fig. 5.1a). We perform numerical sitounis,

for various widths from 20 nm to 8n studying two cases: the first
layout with the sharp corners and the second one with the corners
rounded with 2.5-nm-radius curvature. We considered on-, off- and
insulator-state (Fig. 5.10). Insulator-state corresponds to canewvi

gain @=0). For relatively small widths (<500 nm) both
propagation constant and attenuation coefficient differ significantly
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from results obtained in the 2D approximation (Fig. 5.10). The trend
shows that the propagation constant can be increased but with the
price of an increase in losses. Confinement of the mode in two
dimensions causes even higher field localization and thus increasing
losses (Fig. 5.11a).

Propagation constant 5, um'1 (a)
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Fig. 5.10. Characteristics of the F-MSM waveguide of finite wigth
The thickness of metal layers iss 5 nm and corel = 30 nm. (a)
Propagation constant and (b) signal attenuation in the F-MSM
waveguide for various waveguide widths.

With the increase of the width, the parameters tend to those @abthe
approximation with the infinite width. However, it can be noticed
from Fig. 5.10 that the calculated values do not converge exactly to
2D ones. Similar results can be found in [56] for other configurations
of MSM waveguides. Moreover, the effect was studied experimegntall
for a metal stripe waveguide and was ascribed to contribution of
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radiation damping due to field scattering on edges [95]. Indedke at
waveguide edges the fields are significantly different, everwide
waveguides, from the ones in the middle of the waveguide that can be
considered similar to the ones of a 2D waveguide (see Fig. 5.14b for
waveguide widthw = 3um). Nevertheless, the quantitative difference
between the 2D and 3D results witt» 500 nm is not large: 0.7% for
propagation constant and 1.5%, 3% and 7% for attenuation
coefficients in off-, insulator-, and on-states, respectively. We
conclude that 2D analysis can be applied for F-MSM waveguidés wi
widths bigger than 500 nm.

Difference in sharp and rounded corners is noticeable for sialit

hardly visible with largev. As the result, for large, the rounding of

the corners does not influence the waveguide’s parameters so does not
increase the convergence to 2D values.
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Fig. 5.11. Mapping of instantaneous electric field distribution in the
cross-section of the F-MSM waveguide witt= 20 nm (a) and g@m

(b).

5.7.0ther practical issues

The fabrication of InP-based semiconductor devices brings several
challenges. In particular, crystalline structure can bevigronly on
another InP-based material. Thus additional techniques, e.g. flip-chip
and bonding, to place the active layer between the metal laggers a
needed. However, namely the InP-based devices provide the highest
gain and consequently have the highest potential in compensating
metal losses. It should be also mentioned that the considered structure
is completely planar and, as the result, it does not contaireahyrés
inside waveguide, which can significantly complicate the faboca
process.

The structure can be controlled both electrically and optically. The
electrical pumping can be realized using the metallic plaies
electrodes, thus one can say that it is intrinsically built-owéiser, in
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this case we need the n- and p- layers and as the result the'slevic
performance is decreased. Furthermore, an additional speed dmitati
comes from the RC-circuit set up by the structure. In contitzeste is

no need of doped layers and no frame of RC-circuits in the layout with
the optical pumping, as studied materials form Schottky junction on
the interface metal-semiconductor. Thus, more efficient and faster
modulation can be realized. However, the optical pumping scheme
requires a more sophisticated layout to get access to a source and
deliver the modulating signal.

Including additional layers or designing a periodic structure could
enhance the performance of the system even more (see for example
[150]). In this case, instead of InP based semiconductors alternative
gain materials, like colloidal quantum dots or dye solutions, may be
used. In contrast to crystalline semiconductors, colloidal quantum dots
and dye solutions can be deposited layer by layer and, thus, arranged
in multilayered structures.

Ultra-compact and ultra-fast modulators are among the main
requirements for modern photonic integrated circuits. A surface
plasmon polariton modulator supplemented with loss-compensation
material provides such possibilities. Their potential applicatiange
from direct laser modulation to on-chip optical routing and
computation. For this, various in- and out-coupling schemes are
needed. While for out-coupling to free space the solution can be
straightforward the in-coupling from a VCSEL device is not nemgs

an easy task. A general in- and out-coupling scheme is difficult
suggest but we believe that, together with the development of
plasmonic circuitry in photonics, the coupling problem will be solved.

Due to the strong field localization, MSM structures are fedtwas
ultra-compact devices and show advances to utilize ultra-thin gain
nanostructures embedded in metal layers. For instance, an ultimate
size semiconductor nanolaser has been recently designed based on a
single quantum well sandwiched between thin silver layers [151].

5.8. Discussion and conclusion

We have showed that utilizing thin finite metal films in a MSM
waveguide can increase the relative effective index in detiaras
compared to a MSM waveguide with thick layers. The relative
effective index increase results also in increase of the IPteiceor

and thus enhancing the spontaneous emission rate. The main control
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mechanism is to modulate stimulated emission of semiconductor.

Therefore, from one side, the higher speed of spontaneous emission
the faster stimulated emission can be switched off. Thus, achieved
Purcell factor (above 100) may lead to orders of magnitude increase of
the modulation speed.

On the other side, a higher Purcell factor leads to increased
spontaneous emission thus extra noise in the device. Nevertheless, for
device’s analysis we can neglect the increase in the naiskdad
consider that the signal is significantly higher. This is dudéwo
factors. First, in usual photonic devices, noise is accumulated along
the waveguide (tens or even hundreds of microns) and results in
undesirable effect. However, the active part of the considered
plasmonic modulator is only several microns long and severabfens
nanometer thick, and does not allow rising of the noise level. Second,
noise is subject to plasmonic losses in the waveguide and thus it is
greatly diminished.

The high Purcell factor significantly increases the curdemsity that

is required for achieving loss compensation in the waveguide. It was
pointed out as the main obstacle for utilizing the MSM structures
[148]. Indeed, very high current intensively heats the structure.
However, again, because of small dimensions of the structure and its
crystalline nature, efficient outward heat transfer can be mmai¢ed,

for example, with the help of thermoconducting materials as the
waveguide claddings.

The main advantage with respect to the silicon based modulators
[152,153] is the footprint of our device. In particular, it can show 10-
dB modulation depth with a footprint of about 2 x Oyn’
(length x width). We have not yet investigated the bandwidth
characteristics but the modulation concept is non-resonant, so the
operating bandwidth can be high and such investigation is the part of
my future work. Modulation with speeds up to 500 GHz is feasible, as
tight mode confinement between metal plates increase the rate of
active material response [149,154].

In summary, we proposed to exploit an MSM waveguide with finite-
thickness metal layers for modulation of plasmonic waves. In this
work we were interested only in the symmetric low energy dsspe
branch as it gives the highest field confinement, propagation constant
and absorption coefficient. The absorption coefficient is even higher
than the ones of the MSM waveguide with thick metal layers.
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However, particularly this property provides higher extinction ratio

the modulator based on the F-MSM waveguide. The thinner the metal
layers the higher the extinction ratio, namely 3-8 pai8/with a
feasible gain level. We believe that, using this property, @Enpbnic
F-MSM structures can outperform earlier proposed layouts.
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Chapter 6. Plasmonic modulator
using metal-insulator-metal waveguide
with barium titanate core

Barium titanate (BaTig) was shown to provide high performance for
photonic thin film modulators [155-158]. Here we propose
implementation of BaTi@as the active core of a MIM waveguide.
Under applied voltage, some part of ferroelectric domains can be
switched from the in-plane (with an ordinary refractive indgXxto
out-of-plane orientation (with extraordinary index) [159-160].
Thus, the refractive index for a field polarized along one axishean
changed, and control of propagating signal is achieved. Different
voltage provides different degree of domain switching, and thus the
required level of modulation can be realized. The similar option for
electrooptic modulation was studied in plasmonic interferometers
[15].

Schematic view of the MIM waveguide with Bagi@ shown in

Fig. 6.1. We compare three metals: silver, gold, and aluminum. We
are interested in modulation on the telecom wavelength only,
Mo = 1.55um, so metal parameters are fixed; = —129 + 3.3i [104],

eau = —115 + 11.3i [104], ands =—-240 + 49i [161]. Silver and gold
conventionally show the best plasmonic performance. However, they
are not compatible with CMOS fabrication facilities. Aluminum
possesses higher losses, but it is CMOS-compatible and can be
adopted in manufacturing.

BaTiO; is highly birefringent with refractive index difference

An =0.05. Thus, we consider = 2.35 andhe = 2.3 [158]. We solve

the dispersion equation of a three-layer structure witts n,> and

€2 =N¢> tensor components of the permittivity of the core (see for
example [162]). It corresponds to the device off-state. Under applied
voltage, domains are switched and both tensor components become
equaley = &7 = N
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Metal BaTiO;

Fig. 6.1. Metal-insulator-metal waveguide as plasmonic modulator.

We solved the dispersion equation for different core thicknesses
d=50...500 nm. Figs. 6.2 and 6.3 show changes of propagation
constantp and absorption coefficientt within the switch. The
extinction coefficient of BaTi@is negligible, and consequently,
absorption coefficients for on- and off-states are almost the ¢sme

Fig. 6.3). In contrast, the variations pfare highly pronounced3
varies in the range 9.5...11u5n™ with corresponding effective index
Nett = 2.34...2.84. Thus such mode is suitable for the signal phase
control.
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Fig. 6.2. Propagation constant for MIM waveguides with different
metals.
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Fig. 6.3. Absorption coefficient for MIM waveguides with different
metals.

We calculated the length of the waveguide required to achieve the
phase change between the on- and off-states:

L = 7/ (Bott — Bon)- (6.1)

It has values around 13...1#n in the broad range df(Fig. 6.4). The
propagation losses are 0.05...0.2 @B/ Thus, with such short device
lengthL, the modulator has relatively high transmittance:

T = exp(-eLy). (6.2)

Aluminum has the highest absolute value of real and imaginary, parts
therefore it possesses the lowpsind highestt among three metals
under study. Thus, the Al modulator has a bit higheand much
lower transmittance.

L. decreases with the decrease of core thickieg¢see Fig. 6.4).
However, transmittanc€ drops as well. In terms of transmittance, the
modulator with silver claddings significantly outperforms others,
while gold and aluminum claddings show approximately the same
values for &> 300 nm (see Fig. 6.5).
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Fig. 6.4. Device length ,Lwhich is required to achieve phase
difference with two states.

Mach-Zehnder-interferometer-based modulators with the silicon core
were theoretically studied and experimentally realized in the
horizontal slot waveguide configuration [67-69]. These devices
demonstrate 3-dB modulation depth having the typical length of
several microns only. However, transmittance through the stradsure
relatively low.
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Fig. 6.5. Transmittance of thetllong device.
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Thus, adopting BaTi® an ultra-compact plasmonic switch can be
realized. The signal phase control can be implemented via the Mach-
Zehnder interferometer layout with the device length down tpmi2
Mode characteristics do not have pronounced variations with different
core thicknesses. The operation bandwidth is large as the BaTiO
refractive index only slightly varies with the wavelength, and the
effect of mode index change is essentially non-resonant.

In summary, we studied characteristics of a MIM plasmonic
waveguide with the BaTi©core aiming to utilize it as an effective
plasmonic modulator. To achieve the 3-dB modulation depth a
12...15um-long device is required. Such arm’s length results in -2...-
4 dB transmittance. These parameters indicate the high potehtial
such devices.
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Chapter 7. Summary

Recently plasmonics has grown in a highly developed and advanced
field with a lot of interesting effects and useful applicatiohallbws
combining nanoscales of devices and sensors with very fast response,
so extending their functionality over the whole optical range. @ne

the central problems in plasmonics is localization and transfer of
optical energy on a nanoscale. Advanced techniques to manipulate
SPPs as information carriers for integrated circuits aren bee
developing.

Pioneering works in the search for new plasmonic materials have
suggested new intermediate carrier density materials sagh
transparent conducting oxides and transition metal nitrides as
promising plasmonic building blocks with low loss, extraordinary
tuning and modulation capabilities, and compatibility with standard
semiconductor technology.

The concept of utilizing transparent conducting oxides as an active
material with varied carrier density has been studied. TCO’s
properties depend strongly on fabrication conditions such as the
doping level, annealing environment and temperature. It allows to
fabricate material with the adjusted permittivity and hencdegign
devises with the most efficient characteristics.

Different types of plasmonic modulators have been studied during last
few years. A plasmonic waveguide based on an active core
sandwiched between thick metal plates has promising chartcteris
Apart from the speed and dimensions advantages, the metal plates ca
serve as electrodes for electrical pumping of the active riamlate
making it easier to integrate. Including an additional thin |ayea

MIM waveguide, e.g. silicon oxide, vanadium oxide or transparent
conductive oxide, allows the control of the dispersive properties of the
waveguide and thus increasing the efficiency of a plasmonic
modulator.

The carrier density in the transparent conducting oxide laysrges
under modulating voltage, in turn it changes the effective plasma
frequency of the layer and thus a significant change oftaféemode
index is achieved in a multilayered stack.

Plasmonic modulators with a gain material to be implemented as ultra-
compact and ultra-fast active nanodevices in photonic integrated
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circuits are investigated. The InP-based semiconductor core allows
electrical control of signal propagation. By pumping the core ave c
vary the gain level and thus the transmittance of the wholersyst
Bulk semiconductor medium, quantum wells and quantum dots as
active material were studied for different layouts of the madula
The analysis shows that an extinction ratio of several decibels pe
micron can be achieved, depending on the gain level.

The suggested plasmonic modulator can be part of a metal-insulator-
metal waveguide or coupled to another type of plasmonic waveguide
with high mode localization. There are various possibilities to couple
metal-insulator-metal waveguides to conventional photonic
waveguides [85,163-164], and similar concepts can be utilized for
plasmonic waveguide modulator structures. A detailed study of
various couples is one of the targets of my future work.
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