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Samenvatting

Doelstellingen en Motivatie

Geintegreerde fotonica is een heel snel evoluerende tak van de ingenieurswe-
tenschappen. Enkele decennia geleden waren optische chips nog academi-
sche curiositeiten, maar tegenwoordig worden ze steeds meer gebruikt voor
veelbelovende toepassingen, zoals optische communicatie, sensoren voor in-
dustriéle en medische toepassingen, of zelfs voor de implementatie van neu-
rale netwerken. Verschillende materialen kunnen gebruikt worden om deze
chips te maken. Silicium en in toenemende mate siliciumnitride zijn waar-
schijnlijk het meest veelbelovend [1]. Het grote voordeel van deze materialen
is dat ze ook gebruikt worden in de micro-elektronica, en dat heel mature
fabricatiemethoden makkelijk hergebruikt kunnen worden. Verder kunnen
optische structuren bijzonder compact gemaakt worden door het hoge index-
contrast in deze platformen, en heeft vooral siliciumnitride een laag optisch
verlies, een goede thermische stabiliteit en kan het gebruikt worden voor
veel verschillende golflengtes. Er zijn echter ook nadelen. Op standaard
siliciumplatformen kun je optische modulatoren en detectoren maken, maar
geen lasers of versterkers. Actieve functionaliteiten zijn op nitride nog pro-
blematischer. Geen lasers of versterkers, noch detectoren of modulatoren,
zijn voorhanden.

Een veelbelovende strategie om deze problemen aan te pakken is de inte-
gratie van andere materialen op silicium- of siliciumnitridechips. In deze the-
sis kijken we specifiek naar materialen die sterke optische niet-lineariteiten
vertonen. Niet-lineaire effecten zijn aanwezig als de polarisatiedichtheid van
een materiaal op een niet-lineaire manier afhangt van de sterkte van het op-
tische veld. Zulke effecten zijn over het algemeen heel zwak en komen enkel
tot uiting als hoge vermogens gebruikt worden. De komst van geintegreerde
fotonica heeft dit enigzins veranderd. Licht wordt geconcentreerd in hele
kleine golfgeleiders, waardoor de lokale intensiteit enorm toeneemt. Hier-
door kunnen niet-lineaire effecten worden geobserveerd en zelfs gebruikt bij
veel lagere vermogens. Wanneer de polarisatiedichtheid van het materiaal
schaalt met het kwadraat van het elektrische veld, spreken we van tweede-
orde niet-lineariteiten. Deze kunnen gebruikt worden voor het genereren van
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licht bij nieuwe golflengten, maar ook voor elektro-optische fasemodulatie.
Dit laatste noemt men het Pockelseffect. Wanneer de polarisatiedichtheid
schaalt met de derde macht van het elektrische veld, spreken we van derde-
orde niet-lineaire effecten. Ook dit kan gebruikt worden voor de generatie
van nieuwe golflengten van licht, of zelfs van buitengewoon breedbandige
spectra. Silicium noch siliciumnitride kunnen gebruikt worden voor tweede-
orde niet-lineaire optica. Derde-orde effecten komen voor in nitride, maar
zijn relatief zwak. In silicium zijn ze heel wat sterker, maar hier maken an-
dere effecten zoals twee-foton-absorptie ze moeilijk bruikbaar. In deze thesis
onderzoeken we verschillende materialen. We gaan op zoek naar materialen
waarvan we enerzijds verwachten dat ze sterk niet-lineair zijn, en die ander-
zijds relatief makkelijk en goedkoop met bestaande silicium- en siliciumni-
tridechips gecombineerd kunnen worden. Grafeen, het meest bekende van
alle tweedimensionale kristallen, komt eerst aan de beurt. 2D-materialen
kunnen relatief gemakkelijk geintegreerd worden met nanofotonische com-
ponenten, bovendien hebben verschillende onderzoeksgroepen aangetoond
dat de derde-orde niet-lineare respons van grafeen heel sterk kan zijn. Een
tweede materiaal dat bestudeerd wordt is loodzirconaattitanaat (Eng.: lead
zirconate titanate - PZT). PZT staat bekend voor zijn interessante mate-
riaaleigenschappen, waaronder een sterke tweede-orde niet-lineaire respons
en een sterk Pockelseffect. Recente ontwikkelingen in de depositie van PZT
door de vaktroep Elektroncia en Informatiesystemen aan onze universiteit
maken het voor het eerst mogelijk lichtdoorlatende dunne lagen van hoge
kwaliteit te deponeren op onze fotonische chips [2]. Het laatste materi-
aal dat onder de loep wordt genomen is molybdeendisulfide (MoSs), dit is
een voorbeeld van een “transition metal dichalcogenide” (TMDC). TMDCs
zijn tweedimensionele kristallen, en net als grafeen kunnen ze relatief ge-
makkelijk met bestaande fotonische chips gecombineerd worden. In hun
monolaagvorm vertonen deze materialen tweede-orde niet-lineaire effecten.

Resultaten

Grafeen kan gecombineerd worden met zowel silicium- als siliciumnitride-
chips. Op figuur [I] staat zo een siliciumnitridechip afgebeeld. Het elektro-
nenmicroscoopbeeld van de dwarsdoorsnede (figuur ) toont dat het graf-
een op de oppervlakte van de chip in de directe nabijheid van de golfgeleider
ligt. Het grafeen wordt ook elektrisch verbonden met metaalcontacten. Gra-
feen op deze chips kan elektrostatisch “gegate” worden, dit betekent dat de
Fermi-energie kan aangepast worden door een gatespanning aan te leggen.
Op ongze siliciumchips doen we dit door een gatespanning aan te leggen tus-
sen de kern van de golfgeleider zelf en het grafeen. Bij siliciumnitride is dit
niet mogelijk, en gebruiken we een zogenaamd elektrolytisch polymeer. Als
eerste experiment tonen we aan dat met grafeen bedekte siliciumgolfgelei-
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Figuur 1: Met grafeen bedekte siliciumnitridegolfgeleiders. a Optisch mi-
croscoopbeeld van enkele golfgeleiders. Het grafeen (onder de contacten) is niet
zichtbaar maar de positie is aangeduid met stippellijnen. b Elektronenmicro-
scoopbeeld van een golfgeleider, het grafeen is duidelijk zichtbaar. ¢ Elektronen-
microscoopbeeld van de dwarsdoorsnede van een golfgeleider.

ders kunnen gebruikt worden voor hun satureerbare absorptie. Dit betekent
dat ze licht met een hoger vermogen minder absorberen. We meten satura-
tievermogens van ongeveer 1 W en tonen ook aan dat de mate van saturatie
kan aangepast worden door middel van de gatespanning. Op siliciumnitri-
degolfgeleiders verrichten we twee andere experimenten, de resultaten zijn
samengevat in figuur [2| Door middel van vierbundelmenging tonen we aan
dat de niet-lineaire parameter |7y| van de golfgeleiders en de derde-orde ge-
leidbaarheid |0§3)| van grafeen ook heel sterk athangen van de gatespanning
(figuur ) Door de signaalgolflengte aan te passen tonen we ook aan dat de
sterkte van de vierbundelmenging sterk afhangt van het golflengteverschil
tussen signaal en pomp (figuur [2b). Een kruismodulatie-experiment laat
ook toe de niet-lineaire faserespons en amplituderespons van elkaar te on-
derscheiden. Figuren en d tonen respectievelijk Im(7y) o Re(a§3)), die de

kruis-amplitudemodulatie beschrijven, en Re(y) Im(ag?’ ), die hetzelfde
doen voor de kruis-fasemodulatie, in functie van de gatespanning. Opnieuw
zien we sterke variaties van de gemeten parameters met veranderende gate-
spanning. De variaties zijn zelfs drastischer dan wat we zien in het vierbun-
delmengingexperiment, met onder andere tekenveranderingen van zowel het
reéele als het imaginaire deel van . Dit betekent dat verschillende regimes
kunnen voorkomen, zoals een positieve of negatieve niet-lineaire breking,
satureerbaare absorptie, of juist het tegenovergestelde. Beide experimenten
kunnen we modeleren met redelijke overeenkomst. Ons model is gebaseerd
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Figuur 2: Gemeten niet-lineaire parameter van met grafeen bedekte
siliciumnitridegolfgeleiders (v) en de hieruit berekende derde-orde op-
pervlaktegeleidbaarheid van grafeen (cr£3)). a, b yen agB) gemeten door
vierbundelmenging (pomp met golflengte A, ~ 1550 nm), in functie van de gate-
spanning en de geschatte Fermi-energie, voor verschillende signaalgolflengten Ag
(de legende toont As — Ap) (a) en als functie van het golflengteverschil Ay — Ap,
voor verschillende gatespanningen Vas (zie legende) (b). ¢, d v en 0¥ gemeten
door kruismodulatie tussen een pomp met golflengte Apump ~ 1550 nm en een
probe met verstelbare golflengte Aprobe, de legende toont het golflengteverschil
Aprobe — Apump- € Im(7y) en Re(o§3>), die kruis-amplitudemodulatie beschrijven, in

functie van de gatespanning en de geschatte Fermi-energie. d Re(vy) en Im(ag3))7
die kruis-fasemodulatie kwantificeren, ook als functie van de gatespanning.

op de excitatie van ladingsdragers in grafeen. Dit betekent dat de sterke
niet-lineaire respons van grafeen niet voortkomt uit niet-resonante elektro-
nische effecten, die wel domineren in diélektrica met lage verliezen.

Door middel van frequentieverdubbeling tonen we aan dat dunne la-
gen PZT tweede-orde niet-lineaire susceptibiliteiten van minstens y(?) ~ 40
pm/V kunnen hebben voor een pompgolflengte van 1550 nm. Figuur [3a
toont dat PZT-lagen ook geintegreerd kunnen worden met siliciumnitride-
golfgeleiders. Het propagatieverlies van dergelijke golfgeleiders hangt sterk
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Figuur 3: Siliciumnitride bedekt met PZT. a Elektronenmicroscoopbeeld van
de dwarsdoorsnede van een siliciumnitridegolfgeleider bedekt met PZT. b Optisch
microscoopbeeld van één van de ringmodulatoren.
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Figuur 4: Metingen op PZT-op-siliciumnitridemodulatoren. a Transmis-
siespectra van een C-band ringmodulator, voor verschillende aangelegde spannin-
gen. b Elektro-optische kleinsignaalmeting (]S21|-parameter) van verschillende
modulatoren. ¢ Voorbeeld van een oogdiagram met een bitrate van 28 Gbps.

af van de manier waarop de nitridechip wordt geplanariseerd voor de PZT-
depositie. Wanneer dit gedaan wordt door middel van chemisch mechanisch
polijsten kunnen verliezen van ongeveer 1 dB/cm gemeten worden. In deze
golfgeleiders tonen we ook frequentieverdubbeling aan. Verder kunnen ze
gebruikt worden voor elektro-optische fasemodulatie. Door een spanning
aan te leggen dwars over de golfgeleider, verandert de effectieve index van
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de optische mode. Op figuur [Bb wordt getoond hoe dit kan gebruikt worden
in combinatie met een ringresonator om een amplitudemodulator te maken.
Figuur toont het transmissiespectrum van deze ring, voor verschillende
spanningen. De resonantiegolflengte verschuift wanneer de spanning wordt
aangepast. Deze ring is ontworpen voor gebruik in de optische C-band (1530
- 1565 nm), verder zijn er ringmodulatoren voor de O-band (1260 - 1360
nm) en Mach-Zehndermodulatoren voor de C-band gemaakt. Halve golf
spanning-lengteproducten (VL) van 3.2 Vem kunnen worden aangetoond.
Hieruit kan een effectieve Pockelscoéfficient van 60-70 pm/V worden afge-
leid. Deze modulatoren worden gepoold met hoge spanningen voor gebruik.
Tests tonen aan dat de elektro-optische respons stabiel bijft voor minstens
enkele dagen na het polen. De kleinsignaalrespons van onze modulatoren
is te zien in figuur [db. Bandbreedtes van meer dan 33 GHz wijzen erop
dat dit materiaal geschikt is voor hoge-snelheidsmodulatie. Oogdiagram-
men werden ook gemeten, en blijven open tot bij modulatiesnelheden van
ongeveer 40 Gbps (zie figuur [dc voor een voorbeeld). Simulaties tonen aan
dat simpele aanpassingen aan de dwarsdoorsnede van de golfgeleider nog
voor sterke verbeteringen kunnen zorgen.
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Figuur 5: Metingen met MoS2. a Meting van frequentieverdubbeling op een
met MoSz bedekt substraat, ofwel de s-gepolariseerde component (blauw), of de
p-gepolariseerde component (rood) van de tweede harmonische wordt gemeten.
De volle lijnen zijn de theoretische fits. b Verlies versus MoSz-lengte voor met
MoS, bedekte siliciumnitridegolfgeleiders met een breedte van 1200 nm, het pro-
pagatieverlies in deze meting is ongeveer 20 dB/cm.

Via imec (Leuven) hebben we toegang tot monolaag MoS,. Figuur
toont het resultaat van een frequentieverdubbelingsexperiment op een met
MoS, bedekt silica-op-siliciumsubstraat. Een lichtstraal met een fundamen-
tele golflengte van 1550 nm valt in op het sample en is lineair gepolariseerd.
De polarisatiehoek wordt tijdens de meting geroteerd. De blauwe en rode
punten tonen het vermogen in respectievelijk de s- en de p-gepolariseerde
component van de tweede harmonische. Uit deze meting kunnen we een
tweede-orde oppervlaktesusceptibiliteit en bulksusceptibiliteit van respec-
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tievelijk x\? ~ 5-1072 m2/V en Xl(>2) ~ 8 pm/V afleiden. We kunnen MoS,
ook combineren met optische golfgeleiders, gelijkaardig aan de golfgeleiders
in figuur De gemeten propagatieverliezen op deze bedekte golfgeleiders
zijn echter relatief hoog (zie figuur )

Conclusies

De experimenten met grafeen in deze thesis zijn een gote stap vooruit voor
het ontrafelen van het complex niet-lineaire gedrag van dit materiaal. We
tonen voor het eerst experimenteel aan dat een aantal niet-lineaire effec-
ten sterk afhankelijk zijn van de Fermi-energie, en dat ze vooral te wij-
ten zijn aan variaties in de distributie van de elektronen en gaten bij in-
tense belichting. Satureerbare absorptie op een chip kan gebruikt worden
voor bijvoorbeeld geintegreerde gepulste lasers. De vierbundelmenging- en
kruismodulatie-experimenten tonen aan dat de niet-lineariteiten in grafeen
inderdaad heel sterk kunnen zijn. Anderzijds concluderen we ook dat ze
veroorzaakt worden door excitatie van ladingsdragers. Dit betekent dat
deze sterke niet-lineariteiten samengaan met sterke lineaire absorptie, dat
ze waarschijnlijk zullen satureren bij hogere vermogens en dat fenomenen
zoals vierbundelmenging smalbandig zijn. Omwille hiervan is het aangera-
den geen onrealistisch grote hoop te koesteren voor het gebruik van grafeen
voor niet-lineaire toepassingen. We tonen echter ook aan dat al deze effec-
ten heel sterk aangepast kunnen worden door gating, wat dan weer een heel
sterke troef kan zijn.

We tonen hoe dunne lagen PZT kunnen gecombineerd worden met foto-
nische chips voor frequentieverdubbeling en elektro-optische modulatie. Ons
frequentieverdubbelingsexperiment toont aan dat dit mogelijk is, maar kan
nog sterk verbeterd worden. Wel hebben we de eerste echte hogesnelheids-
modulatoren gemaakt op siliciumnitride, wat een mijlpaal betekent voor
dit platform. Deze modulatoren kunnen nog verbeterd worden door opti-
malisatie van de dimensies van de doorsnede en op langere termijn zouden
Mach-Zehnder modulatoren met langere fasesecties moeten gemaakt wor-
den, zodat kleinere spanningen kunnen gebruikt worden. Het platform zou
ook modulatie bij andere golflengtes mogelijk maken en PZT kan verder ook
gebruikt worden op andere geintegreerde platformen. De materiaalcontan-
ten (de tweede-orde susceptibiliteit en de effectieve Pockels coéfficient) die
we hier meten zijn kleiner dan wat kan verwacht worden op basis van andere
metingen op bulk samples en dunne lagen [2]. Dit betekent dat het polen
van onze dunne lagen nog niet optimaal is, beter polen (bijvoorbeeld bij
hogere temperaturen) zou een directe weg naar betere modulatoren kunnen
zijn.

De tweede-orde niet-lineaire respons van MoSs is niet buitengewoon
sterk. In combinatie met de hoge verliezen die we meten op met MoSs
bedekte golfgeleiders is dit niet zo veelbelovend. Er zijn echter een aantal
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pistes die nog kunnen verkend worden. Ten eerste is de oorsprong van de
grote verliezen nog niet volledig gekend. Dit verlies kan te maken hebben
met de materiaalkwaliteit. Het groeien van monolagen van TMDCs is com-
plex en wordt voortdurend verbeterd. Kleinere verliezen zouden betekenen
dat ondanks relatief kleine niet-lineariteiten toch sterke effecten gemeten
kunnen worden. Toen de metingen uitgevoerd werden was bovendien enkel
MoS; voorhanden. Meer TMDCs, bijvoorbeeld WS,, kunnen tegenwoordig
gegroeid worden en kunnen worden onderzocht.
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Summary

Goals and Motivation

Integrated photonic technologies are rapidly coming of age. This is illus-
trated by the many applications that are being explored in both academia
and industry. Examples range from optical interconnects, over various types
of medical and industrial sensors, to neuromorphic photonic chips and much
more. Different material platforms are being developed for these purposes,
all with their own advantages and disadvantages. Particularly promising
materials for photonic chips are silicon, and increasingly silicon nitride [1].
The main selling point of silicon- and silicon nitride-based integrated op-
tics is that conventional CMOS-fabrication can be reused. This enables
us to recycle very mature fabrication techniques stemming from more than
half a century of research and development in the field of electronics. The
high index contrast in these platforms makes very compact circuits possible.
Especially silicon nitride exhibits low linear and nonlinear losses, a broad
transparency window and good thermal stability. There are however some
significant downsides. Although modulators and detectors can be made in
standard silicon platforms, lasers and amplifiers can’t. The situation for
silicon nitride with respect to active functionalities is even more dire, since
neither light modulation, detection nor generation or amplification is possi-
ble.

A promising strategy to solve these issues is the integration of other ma-
terials onto silicon or silicon nitride chips. In this work we look specifically
into the co-integration with materials which show large optical nonlineari-
ties. Nonlinear optical effects come into play when the polarization density
of a material depends nonlinearly on the optical field strength. Typically
these effects require very strong optical fields and thus very high optical
powers. However with the advent of integrated optics, where the optical
mode is confined into a very small cross-section, nonlinear effects can be
observed and even used using much lower powers. In second order non-
linear optics the polarization density scales with the square of the electric
fields. This can be used to generate new frequencies of light, for example
through second harmonic generation, but it can also be used for electro-optic
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phase modulation, which is referred to as the Pockels effect. Third order
nonlinearities, where the polarization density scales with the third power of
the field, can also be used to generate light at specific wavelengths, or even
to generate extremely broadband light. Neither silicon nor silicon nitride
show significant second order nonlinear effects. Third order nonlinearities
are typically weak in silicon nitride, and though they are relatively large in
silicon, they are not so useful since nonlinear absorption processes limit the
optical power that can be used. Several materials are studied in this thesis.
We focus on materials which are expected to show high optical nonlinear-
ities and can be integrated in a relatively straightforward and cheap way
onto chips fabricated in the CMOS foundry. Graphene, the prime example
of a two-dimensional material, is the first to be considered. 2D materials
can relatively easily be integrated onto nanophotonic structures, moreover
some groups have reported very strong third order nonlinear effects in this
material. A second material which is extensively studied is thin film lead
zirconate titanate (PZT). PZT is known for a variety of interesting prop-
erties, among which a strong second order nonlinear and Pockels response.
This material has always been an attractive candidate for second order non-
linear optics. However only recent progress in PZT-deposition made by the
Department of Electronics and Information Systems at our university en-
ables the deposition of high-quality optically transparent thin films onto
nanophotonic chips [2]. A final material which is studied, is molybdenum
disulphide (MoS,), this material belongs to the class of transition metal
dichalcogenides (TMDCs). TMDCs are 2D materials like graphene. They
can also be integrated onto nanophotonic structures in a relatively straight-
forward way. As single layers these materials can show significant second
order nonlinear effects.

Results

Graphene can be integrated onto both silicon and silicon nitride photonic
chips. On figure[I]such a silicon nitride chip is shown. On the electron micro-
scope image of the cross-section (figure )7 one can see that the waveguide
core is in close proximity of the graphene on the chip’s surface. The gra-
phene is also contacted using metallic contacts. The graphene on these chips
can be electrostatically gated, which means that the Fermi energy can be
tuned by applying a voltage. On our silicon chips this is done by applying a
gate voltage onto the waveguide core itself. On our silicon nitride chips this
is done using a polymer electrolyte. As a first experiment, we demonstrate
that the graphene-covered silicon chips can be used as saturable absorbers.
This means that when injecting optical pulses the waveguide absorption de-
creases with increasing pulse power. The saturation power of this process
is roughly 1 W. It is also demonstrated that the strength of the absorption
saturation can be tuned by changing the gate voltage. On the silicon ni-
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Figure 1: Graphene-covered silicon nitride waveguides. a Optical micro-
scope image of a set of waveguides. The extent of the graphene (under the con-
tacts) is shown by the dashed lines. b Scanning electron microscope image of one
of the waveguides, the graphene is clearly visible. ¢ Scanning electron microscope
image of the cross-section of such a waveguide.

tride waveguides, we perform two other experiments, the results of which are
summarized in figure [2| By means of degenerate four-wave mixing we show
that the effective waveguide nonlinear parameter |y| and the correspond-
ing third order nonlinear conductivity |0§3)| of the graphene are strongly
tunable when changing the gate voltage (figure [2a). By tuning the sig-
nal wavelength, we also show that the four-wave mixing response depends
very strongly on the detuning between the signal and the pump (figure )
By doing a cross-modulation experiment, we can distinguish the nonlinear
phase and amplitude response separately. Figures and d show respec-
tively Im(7y) Re(og?’)), which quantifies cross-amplitude modulation, and
Re(v) x Im(og?’ ), quantifying cross-phase modulation, as a function of the
applied gate voltage. Again, we see strong variations in the nonlinear pa-
rameters. The tunability is even more drastic than when measured through
four-wave mixing, including sign changes in both the real and imaginary
part of v. This implies that different regimes can exist, including both pos-
itive and negative nonlinear refraction, saturable absorption and its reverse
effect. Both the four-wave mixing and cross-modulation experiment can
be modeled with acceptable accuracy using a simple model based on carrier
heating. This implies that the strong nonlinearity of graphene stems mainly
from its carrier dynamics, and not from nonresonant electronic effects which
dominate in most low-loss dielectrics.

Second harmonic generation experiments on thin-film PZT show that the



x1 SUMMARY

a Er (eV) b ws — wp (1012 rad/s)
—-0.4 -0.3 -0.2 0 6 4 2 0 —2-4-6
8 o 2
— —2.88 nm 5 i 5 i
> — —1.18 nm ~ - ~
Z 5 —-038mm |, & Z 4 B
£ =35 hm - B N
w4 c-312mm (32 o 3 2
2 2 2 2 2
= S 1 = < 1=
RO RO
0 0 & 0 &
-1 -0.5 0 0.5 1 10
Vas (V)
c Eg (eV) d Eg (eV)
—0.45 —-04 —-0.35 —0.3—-0.25 ~—~ —0.45 —-0.4 —-0.35 —0.3—-0.25 &
4 % 5 <
—~ ——82nm |1 > o )
E 2 — —1.7nm E B 1 g
= ~ <
g 0 — 1.3 nm 0 < g -
~ - s < a
2, 98 nm = 2 0 --82mm |0 T
22 S = — —1.7nm Z
< -1 < — 1.3 nm -1
g—4 2, S_5 9.8 Loy
— \_/b ~ = J.0nm 2 3
—6 T TCE
-1 —0.5 0 /& -1 —0.5 0 |

Vas(V) Vas(V)

Figure 2: Measurements of the effective nonlinear parameter of
graphene-covered silicon nitride waveguides (y) and the correspond-
ing third order nonlinear surface conductivity of the graphene (cr£3)).
a, b v and o characterized by degenerate four-wave mixing (pump wavelength
Ap & 1550 nm), as function of gate voltage and estimated corresponding Fermi
energy, for different values of signal-pump detuning As — Ap (see legend) (a) and
as a function of signal-pump detuning, for different gate voltages Vs (see leg-
end) (b). ¢, d v and a§3) characterized by cross-modulation between a pump at
wavelength Apump ~ 1550 nm and a tunable probe at wavelength Aprobe, see leg-
ends for the detuning Aprobe — Apump. € Im(y) and Re(a§3>), which quantify the
cross-amplitude modulation, as a function of gate voltage and estimated Fermi
energy. d Re(y) and Im(agg)), which quantify the cross-phase modulation, also as
a function of gate voltage.

material can have second order nonlinear susceptibilities of at least x(?) ~ 40
pm/V for a pump at 1550 nm. We demonstrate that PZT thin-films can be
integrated on silicon nitride waveguides, as can be seen in figure [Bp. The
losses of these PZT-covered waveguides depend strongly on the method
used to planarize the underlying silicon nitride chip. When this is done by
chemical mechanical polishing, losses on the order of 1 dB/cm are observed.
In these waveguides also second harmonic generation through modal phase
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Figure 3: PZT-on-silicon nitride Pockels modulator. a Scanning electron
microscope image of the cross-section of a silicon nitride waveguide covered with
a PZT film. b Microscope image of one of the ring modulators.
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Figure 4: Some measurement results obtained using the PZT-on-silicon
nitride modulators. a Normalized transmission spectra of a C-band ring modu-
lator, for different applied DC voltages. b Electro-optic small signal (]S21| param-
eter) measurement of several modulators. ¢ Example of an eye diagram obtained

with a C-band ring modulator, using a non-return-to-zero modulation scheme at
28 Gbps.

matching is observed. However of most significance is the ability to use the
Pockels effect in PZT for electro-optic phase modulation. By applying a
voltage across the waveguide, the effective index of the optical mode can be
changed. On figure[3p it is shown how this can be used in a ring resonator to
make an amplitude modulator. Figure [da shows the transmission spectrum



xlii SUMMARY

of this ring, for different applied voltages. The shift of the resonance wave-
length of these devices can be used for amplitude modulation. Besides this
ring modulator for the C-band (1530 - 1565 nm), ring modulators for the O-
band (1260 - 1360 nm) and Mach-Zehnder modulators for the C-band were
also fabricated. Half-wave voltage-length products as low as 3.2 Vcm are
measured. The extrapolated effective Pockels coefficients lie in the range of
60-70 pm/V. These modulators need to be poled using relatively high volt-
ages before use, the stability of the material after poling is tested, and the
response remains constant for at least several days at room temperature.
The small-signal response in figure [db indicates that these devices can be
used for high-speed electro-optic modulation, with bandwidths beyond 33
GHz. Using a non-return-to zero modulation scheme, eye diagrams were
also measured, which remained open until about 40 Gbps, an example is
plotted in figure [c. Simulations also show that the modulator efficiency
can still be improved by optimization of for example the PZT thickness,
electrode gap and waveguide width.
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Figure 5: MoS2 measurements. a Measured second harmonic power for an
MoSa-covered substrate, for the analyzer selecting either the s- (blue) or p-
polarizations (red). The solid lines are the theoretical fits. b Loss versus MoS,-
covered length for MoSs-covered silicon nitride waveguides with a width of 1200
nm, the propagation loss in this measurement is around 20 dB/cm.

Through imec (Leuven, Belgium), we have access to large area single
layer MoSs. Figure [pa shows a second harmonic generation measurement
obtained with a silica-on-silicon substrate covered with monolayer MoS,.
The fundamental beam with a wavelength of 1550 nm is linearly polarized,
and the polarization angle is rotated during the measurement. The blue
and red line respectively correspond to the second harmonic power detected
with the analyzer set to select either the s- and p- polarized component.
From these measurements we extract respectively a surface and bulk second
order nonlinear susceptibility of XQ) ~5-1072' m?/V and ng) ~ 8 pm/V.
This material can also be transferred on top of an integrated waveguide
and patterned in a desirable shape. This was done using a silicon nitride
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waveguide similar to the one shown in figure[I] However the measured losses
were on the order of 20-25 dB/cm (see figure [5b), which is relatively high.

Conclusions and Perspectives

For graphene, this work is a step towards better understanding the mate-
rial’s intricate nonlinear behavior. We show that the nonlinear effects we
probe are strongly dependent on the Fermi energy, and that they are mainly
caused by changes in the carrier distribution under strong illumination.
Gate tunable saturable absorption could be used in integrated modelocked
lasers. In the four-wave mixing and cross-modulation experiment, very high
nonlinear parameters were measured. However since they are caused by car-
rier excitation, they inevitably coincide with a large linear absorption, they
will probably suffer from saturation at higher optical powers and effects
such as four-wave mixing are intrinsically narrowband. These reasons make
me less hopeful when it comes to actually using these effects in nonlinear
devices. However we have also shown that these effects are readily tunable
using a gate voltage, which might be a very strong advantage.

We show that thin-film PZT can be combined with integrated photonics
for second harmonic generation and electro-optic modulation. Our demon-
stration of on-chip second harmonic generation is very preliminary and still
needs to be improved, for example by looking into quasi phase-matching
by periodic poling. The modulators we fabricated are however the first
true high-speed modulators on silicon nitride. The most straightforward
next steps are the improvement of the modulator efficiency by optimizing
the cross-section and the design of Mach-Zehnder modulators with longer
phase shifters. Demonstrations of modulation in other wavelength ranges,
and perhaps the use of PZT on other integrated platforms, can also be
considered. It should be noted that the second order susceptibility and ef-
fective Pockels coefficient that were measured were lower than what can be
expected based on bulk values and other thin-film measurements [2|. This
might be an indication that the poling of the material was not yet optimal,
better poling (for example by raising the temperature) would be a direct
way towards more efficient modulation.

The second harmonic response of the MoSs is not extremely high. In
combination with the high losses of MoSs-covered waveguides this does not
give a very positive outlook. However some future avenues can be explored.
First of all, the high loss is not yet understood. Absorption or scattering
might be related to the quality of the monolayer which is under constant im-
provement. If the loss can be reduced then the relatively small nonlinearity
can in principle be compensated for. At the time of the measurement, only
MoS> was available, however more TMDCs, for example WSs, are available
now and could also be tested.
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Chapter 1

Introduction

1.1 Silicon and silicon nitride photonics

Optics is the branch of physics in which light is studied. The average
high-school curriculum does not go much further than covering lenses, mi-
croscopes and telescopes, which have been around since at least the 17"
century. As a consequence this topic perhaps has the reputation of being
somewhat old-fashioned among the broader public. In the past decades
this perception has however become completely unjust. Several key devel-
opments have transformed the science of light and its applications into a
hugely dynamic field, with increasing importance in modern society. At the
basis of this rejuvenation lie the invention of the laser, the introduction of
low-loss optical fiber, the development of semiconductor optical devices and
recently the advent of integrated optical circuits [1].

To underline the increasing use of semiconductor materials for generat-
ing and manipulating light, and the growing link between electronics and
optics, the term photonics has largely replaced the term optics [1]. One
of the main evolutions photonics has gone through has been the drastic
miniaturization. Making ever smaller components has already drastically
transformed the performance and economics of electronic systems. For pho-
tonic systems, the same general laws are valid. If you can make the building
blocks smaller, production volumes and yields tend to go up, driving prices
down. Photonic circuits can also become more complex, with improved
functionality. Figure illustrates this evolution. Light can be a mixture
of different wavelengths, which for visible light correspond to different col-
ors. An important functionality of an optical system could be the ability
to separate these different colors. In the days of Isaac Newton, and in your
high-school physics class, this was done by using centimeter-scale glass com-
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Figure 1.1: Different devices separating light into its different wavelengths. a
Dispersive prism (image reproduced from Wikipedia). b Silica-based integrated
optical arrayed waveguide grating (image from reference [2]). c¢ Silicon-based
planar concave grating, the colors conceptually show how white light can get
split into its different components and do not represent actual colors (image from
reference [3]).

ponents such as dispersive prisms. This is shown in figure [[.Ip. However
with the advent of novel photonic technologies, such as silica-based photon-
ics (figure [I.1p) and silicon photonics (figure [I.1lc), devices with essentially
the same functionality on the order of tens to hundreds of micrometer can
be made.

The term “photonic integrated circuit” (PIC) refers to optical systems
implemented on a chip, as can be seen in for example figures and
c. These chips are fabricated using very similar techniques as the ones
used for electronic chips. That photonic chips are here to stay is illus-
trated by the many applications which are currently being explored, both
in academia and industry. On the forefront are the many commercial prod-
ucts for optical interconnects, which have replaced long-distance electrical
interconnects, and are increasingly replacing interconnects within datacen-
ters . Silicon photonics-based optical tranceivers for these markets are
being developed by both tech giants like Intel , and younger companies
like Luxtera @ In recent years, important progress has been made towards
combining photonic interconnects with conventional electronic processors
and memory on the same chip, which could be hugely beneficial for op-
erating speeds and power consumption of computing devices . Other
applications are currently appearing at a rapid pace. PICs are especially
useful for biosensing and medical applications. Companies such as Gen-
alyte are working on silicon photonics-based lab-on-a-chip devices which
promise to provide cheaper, faster and better diagnostics [§]. Indigo, a
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spin-off of our research group, works towards next-generation needle-free
glucose monitoring systems, promising to improve the quality of life of nu-
merous diabetes patients [9]. Not only biosensors are being developed, but
also sensors for industrial applications, such as the silicon photonics-based
solutions for monitoring the structural health of windmills and other large
infrastructure which are currently being developed by Sentea [10]. In the
wake of extremely fast proliferation of machine learning and neural network-
ing, neuromorphic photonic chips are also in the pipeline. Important steps
towards hardware-based neural networks using light are being made [11],
which is illustrated by the recent appearance of startups Lightmatter and
Lightelligence [12} |13]. Driven by the needs of future self-driving cars, com-
panies like Analog Photonics are developing integrated photonic-based next
generation Light Detection and Ranging (LiDAR) sensors [14]. These are
only some of the examples of what integrated photonics has in store for
us. The list could go on, for example considering recent developments in
the use of integrated photonics for quantum information processing [15] or
the many potential applications of on-chip optical frequency combs, such as
spectroscopy or extremely precise optical clocks [16].

Unlike electronics, where silicon is the predominant material system for
making integrated circuits, PICs are still being fabricated in a variety of
platforms. Some notable examples are III-V materials such as InP, silicon-
on-insulator, silicon nitride, chalcogenide glasses, polymers and recently
nanophotonic lithium niobate-based platforms [35]. All of the aforemen-
tioned applications have different requirements, but generally an ideal plat-
form provides low-loss waveguides, good passive components such as filters
and splitters, optical sources, detectors and some kind of active control like
amplitude or phase modulators. Preferably this would be at a low cost, and
for a large range of optical wavelengths. Table compares some key prop-
erties of commonly used material systems. Indium phosphide (InP) is prob-
ably the most mature platform, which is illustrated by the long-standing
success of companies using this technology like Infinera [36]. A fundamen-
tal advantage of III-V semiconductors is that they have a direct bandgap
and can be used for light generation in lasers and optical amplifiers. This is
for example not possible in silicon. However, silicon photonics has some no-
table advantages as well, an important one is the much larger index contrast
between the waveguide core and cladding. As a consequence silicon-based
PICs are significantly more compact. Another advantage is the much larger
transparency range, which for example makes mid-IR spectroscopy possi-
ble |37]. Although lasers and amplifiers cannot be made within the platform
itself, detectors and modulators can [38]. One of the most significant ad-
vantages of silicon is the fact that the technology is CMOS-compatible. The
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Table 1.1: Some key properties and available building blocks on some common
nanophotonic platforms. The color code denotes whether the properties are de-
sirable (green), moderately desirable (orange) or less desirable (red) for most
applications.

 Since these materials are centrosymmetric, their second order nonlinear coeffi-
cients are very small. Recently, several groups have however shown that second
order nonlinearities can be induced through control of composition , strain
or the photogalvanic effect . This is however not considered here.

¥ These devices can be fabricated through heterogeneous integration with III-V

materials .

PICs can be produced using standard CMOS processes, and decades of re-
search and investment from the field of electronics can be recycled. This
has a huge impact on fabrication cost and yield. Silicon nitride is a mate-
rial which appeared more recently and is also CMOS-compatible. This
material is excellent for passive structures, and offers far reduced waveguide
losses, still with a reasonably high index contrast. Contrary to InP and Si,
high optical powers can be tolerated in the telecom bands (around wave-
lengths of 1.3 pm and 1.55 ym) due to the absence of two-photon absorption
(TPA). The lower thermo-optic coefficient implies much better temperature
stability. This however comes at a cost, being an insulator with a very large
bandgap, the use of SiN is limited to passives. Neither amplifiers, lasers,
modulators nor detectors can be directly fabricated in this platform.

It is now clear that the existing platforms all have specific advantages
and disadvantages, and that the choice of the material platform will depend
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strongly on the envisaged application. A promising strategy is to heteroge-
neously integrate other materials on silicon or silicon nitride. Co-integration
of ITI-V semiconductors on silicon PICs has been done routinely by our
research group, enabling amplifiers and light sources [34]. This thesis fol-
lows a similar strategy. However, instead of looking into the co-integration
of direct-bandgap materials with silicon or silicon nitride, we look at the
integration of several materials which exhibit large optical nonlinearities,
namely several two-dimensional crystals and the thin-film ferroelectric ma-
terial lead zirconate titanate. These phenomena will be discussed in more
detail in the next section. They can be used for different types of light
generation or amplification, and other more exotic applications such as all-
optical signal processing. Second order optical nonlinear materials are also
prime candidates for optical phase modulators. We have chosen to work
mainly with silicon nitride nanophotonic structures, and occasionally with
silicon. As was discussed before silicon nitride is a very good material for
integrated photonics, but it has some notorious flaws which in part can be
alleviated by the co-integration of highly nonlinear materials. One however
has to note that due to the specific deposition processes used in this work,
these materials can be readily integrated on other nanophotonic platforms
as well.

1.2 Nonlinear optics

Nonlinear optics is typically defined as the study of optical phenomena which
are nonlinear in the sense that the material polarization depends nonlinearly
on the optical field strength. Such a nonlinear relation can in most cases be
expressed using a Taylor expansion [29):

P(t) =P (t) + PA(t) + PO (1) + ...

:Eo(X(l)E(t) + X(2)E2(t) + X(3)E3(t) + ... )’ (11)

where E(t) is the time-varying electric field and P(t) is the material polar-
ization density. (! is the linear susceptibility and x® and x(®) are respec-
tively the second and third order nonlinear susceptibilities, €q is the vacuum
permittivity. The consequences of having significant nonlinear terms P(?)
and/or P®) can be far-reaching. Let’s first consider a material where the
nonlinear terms are not present. In that case light, which is a sinusoidal
wave of frequency w (say E(t) « sin(wt)), will induce a polarization of the
same frequency. This in turn will radiate electromagnetic waves at fre-
quency w. Interference between the incident and emitted waves will merely
induce phase changes, which can be quantified by the refractive index of
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the material. In this case no new frequencies/wavelengths of light are gen-
erated. When the nonlinear terms are strong however, the polarization and
radiated electric field contain components which scale as E2(t) o sin?(wt) =
[1 — cos(2w)]/2 and/or E3(t) o sin®(wt) = [3sin(w) — sin(3w)]/4. Electro-
magnetic waves of new frequencies, 0, 2w and/or 3w, are now generated
in the material. When two waves of different frequencies w; and ws are
incident, the frequencies can even mix into different combinations of these
incident frequencies (w; +wa, w1 —wa, 2w1 —ws...). In other words, nonlinear
optics can be used to generate new wavelengths/colors of light.
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Figure 1.2: a Commercially available optical parametric oscillator (Coherent Mira-
OPO ) b Fiber-based supercontinuum source (NKT Photonics SuperK EVO
OEM ) ¢ Example of a supercontinuum generated on an integrated silicon
nitride waveguide, the right-hand picture shows a scanning-electron micrograph
of the waveguide cross-section (images from reference )

A strong second order nonlinearity, x(?), can be used to generate new
frequencies through second harmonic generation (SHG, w — 2w), sum fre-
quency generation (SFG, wy, ws — wy +ws), difference frequency generation
(DFG, wi,ws — wi — we) and optical rectification (w — w — w = 0) [29].
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These phenomena are routinely used to obtain optical gain at specific wave-
lengths (Optical Parametric Amplification, OPA). This gain can then be
used to amplify modes of an optical cavity which is then called an opti-
cal parametric oscillator (OPO). OPOs are similar to lasers in that they
produce highly monochromatic, coherent and directional beams. Typically
these sources have a very large tuning range. OPOs are commercially avail-
able, see for example figure [[.2, but they contain sensitive free-space op-
tics and are very expensive, bulky and cumbersome to operate. Sponta-
neous parametric downconversion (SPDC), which is essentially the reverse
process of SFG (w; + wy — wi,we) is used in the field of quantum op-
tics to make entangled photon pair sources [42]. Finally, when one of
the input fields is not optical, but is an externally applied DC (or RF)
field Epc, then the induced polarization will contain the following terms
P(t) = o [(xY + X Epc)E(t) +...]. The applied field changes the lin-
ear susceptibility and hence the refractive index of the material. This phe-
nomenon is called the linear electro-optic or the Pockels effect and is very
useful for making optical phase modulators. Unfortunately, as can be seen
in table x?) is not present in silicon or silicon nitride (although there are
exceptions [31H33]). This is because in centrosymmetric materials second
order effects are negligible [29)].

Third order optical nonlinearities (X(?’)) are however present in all ma-
terials. Again these effects can be used to generate new frequencies, for
example through third harmonic generation (THG, w — 3w). As a matter
of fact, any possible addition or subtraction of three incident frequencies
can be generated (for example wy, ws, w3 — wy + ws — w3), these processes
are typically called four-wave mixing (FWM) and can also be used for am-
plification, photon pair generation, etc. The optical Kerr effect, where the
incident field imposes an intensity-dependent phase change upon itself or
on another probe beam (self-phase modulation or cross-phase modulation),
is another important effect. The combination of the Kerr effect and cas-
caded four-wave mixing effects can be used to drastically broaden the spec-
trum of short optical pulses, and create extremely bright broadband sources
called supercontinua, an example of a commercially available supercontin-
uum source and its spectrum are shown in figure [I.2b.

These many applications show that nonlinear optics can be a very pow-
erful tool, however under most circumstances either the electric fields or
the nonlinear susceptibilities are too small for them to have any measurable
effect. In fact, it was only after the laser was invented that strong enough
optical fields were available to observe these effects [43]. The advent of
guided-wave optics has also been a game-changer for nonlinear optics. By
confining a light beam of a given power into a smaller cross-section, elec-
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tric field strengths go up drastically. Moreover by having long interaction
lengths, the newly generated optical frequencies can add up coherently and
become much stronger. This has lead to optical fiber-based broadband
sources of the kinds shown in figure [[.:2b, which were the first actual plug-
and-play products based on nonlinear optics (much less cumbersome than
for example OPOs). Integrated optical devices consist of waveguides with
cross-sections that are more than an order of magnitude smaller than the
cores of optical fibers. This extra confinement enhances nonlinear processes
even more. This is for example demonstrated in figure [I.2c, which shows a
supercontinuum generated in an integrated silicon nitride waveguide, bright
white light is visible, even after only several millimeters of interaction length.
Modulators based on the Pockels effect typically consist of centimeter-long
nonlinear crystals. The advent of nanophotonics has recently also enabled
the fist demonstrations of strongly miniaturized x(?)-based optical modula-
tors [44] 45|, where the device footprints are on the order of several 100s of
micrometer. Other demonstrations of nanophotonic nonlinear devices, for
example producing entangled photon pairs or frequency combs, are appear-
ing at a rapid pace.

1.3 Enhancing silicon/silicon nitride
photonics with novel nonlinear materials

In the previous sections, we introduced integrated photonics and discussed
some of the material platforms which are particularly promising. Silicon
nitride (and to a slightly lesser extent silicon) photonics has some clear-cut
advantages, mainly stemming from the convenience and cost-effectiveness of
CMOS-fabrication, low losses, high-quality passives, small device footprint,
etc. However, especially silicon nitride is a notoriously unsuitable platform
for active devices for light generation, modulation, detection, etc.

x? and x(® nonlinear optics can be used to fill some of these voids, as
discussed in the previous chapter, these processes can provide a flexible tool
for light generation and manipulation. Since both silicon and silicon nitride
have negligible ¥(?), and relatively limited y () We will look into heteroge-
neous integration with other materials. There are several candidate mate-
rials. Utsav D. Dave has studied the co-integration of InGaP onto several
platforms [46]. The fabricated waveguides exhibit third order nonlineari-
ties similar to silicon waveguides, in the absence of two photon absorption.

1Silicon actually has a rather large x(3), however two-photon absorption limits the
amount of optical power than can be injected in a waveguide, hampering the overall
effect.
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Moreover the material also has a relatively strong x(?)-coefficient. However
the fabrication is based on bonding and is relatively cumbersome and expen-
sive. Lithium niobate, a material typically used for bulk modulators, can
also be integrated, for example for on-chip second harmonic generation [47]
or electro-optic modulation [48]. However in these examples, the waveguides
are patterned in SiN layers deposited on top of a lithium niobate layer, and
not using standard CMOS-processes. Using organic materials, some promis-
ing modulator designs have been made on silicon [49], although questions
can be asked about the long-term stability of these materials.

Integration of all the aforementioned materials onto silicon or silicon ni-
tride photonic chips is still in its infancy. It is certainly worth the effort to
be on the lookout for new materials which have high optical nonlinearities,
and perhaps are easier/cheaper to integrate. In this thesis, we investigate
several of such materials. First of all there is the class of 2D materials,
of which graphene is the most famous exponent. Our research was trig-
gered by some early reports [50, |51] suggesting that the x®) of graphene
is extremely high. Besides that, research around graphene is booming, and
relatively cheap high-quality large-area graphene is already commercially
available. Graphene is also considered to be one of the candidates for post-
Si electronics [52], so it is expected to be available in standard fabrication
facilities at some point. 2D materials in general also have the advantage
that they are naturally passivated, with no dangling bonds. This facilitates
integration with all kinds of integrated platforms. Another class of 2D ma-
terials, the transition metal dichalcogenides (TMDCs), is also considered.
The motivation for this is largely the same as for graphene: the ease of
integration and the large interest in these materials as a whole. Unlike gra-
phene, TMDCs have a nonzero second order nonlinearitiy x(?). At the time
of the start of this PhD project, several groups had done preliminary stud-
ies of these effects, some of which again published extraordinary high values
of the material nonlinearity [53]. At the beginning of this project we were
for a big part driven by curiosity, wondering whether the hopeful numbers
that had been published would turn into something practically useful, or
whether it all would turn out to be a bit more complicated (let’s leave this
question open for now). Apart from 2D materials, we also studied integra-
tion of thin film lead zirconate titanate (PZT) onto our chips. This was
of course driven by the fact that this is a ferroelectric material known to
exhibit strong second order nonlinear effects. Moreover, we have the ability
to deposit this material onto our chips, thanks to the research performed
by John P. George [54], with who we closely collaborated. The deposition
method is unique in the sense that high-quality and optically transparent
thin films can be deposited onto any sufficiently planar surface, including
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silicon or silicon nitride chips fabricated in a CMOS-fab.

1.4 Overview of the work presented in this
thesis

The thesis is structured so that different materials are covered in different
chapters. Graphene, which was most extensively studied, comes first. Chap-
ter [2] first introduces this unique material, and then goes on discussing the
state of the art of graphene photonics and nonlinear optics, important con-
cepts for understanding nonlinear optics in graphene and graphene-covered
waveguides are introduced. Chapter [3| goes on discussing our experimen-
tal work on graphene-covered waveguides. Most notable are a study of
grate-tunable saturable absorption and tunable four-wave mixing and cross-
modulation in graphene-covered waveguides. PZT comes next, in Chap-
ter [d] we explore both the necessary theory, the second harmonic genera-
tion experiments performed both on thin films on a blank substrate and
in PZT-covered waveguides, and the fabrication and optimization of high-
speed phase and amplitude modulators. From the class of the TMDCs, we
studied the material molybdenum disulphide (MoS;). We chose to cover this
material last because it has properties in common with both graphene (it is
also a 2D crystal) and PZT (it has a large second order optical nonlinearity).
In chapter | we introduce this material and discuss the existing literature
on second order nonlinear optics using TMDCs. After this we discuss a
second harmonic generation experiment on the MoSs-samples available to
us through our collaborators at imec, Leuven. Finally a preliminary loss
measurement of MoSs-covered silicon nitride waveguides is presented. In
Chapter [6] some general conclusions and future prospects are given.
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Chapter 2

Graphene as a material
for nonlinear optics

The material presented in this chapter has in part been published in refer-
ences [1, 2].

2.1 Introduction

Based on several promising experimental and theoretical results, graphene
has been described as a material with great potential for nonlinear optics.
To underline the strength of the third order optical nonlinearity in graphene,
authors of some of the pioneering experimental studies have not shied away
from using terms like “very strong” |[3], “remarkably huge” [4] or “giant”
[5]. An often discussed advantage of graphene is the potential tunability
of the optical properties through electrostatic gating [6-8]. At the onset
of this PhD project however, not much more was known than the rather
vague description given here. Measured values of nonlinear parameters were
orders of magnitude apart, and the assumed tunability had not yet been
demonstrated experimentally. Within this PhD project, we have combined
graphene with silicon and silicon nitride photonic structures, to characterize
its nonlinearity through different experiments. The experimental results will
be discussed in-depth in Chapter[3] In this chapter, the context is sketched,
some important literature is reviewed and necessary theoretical concepts
are introduced.

To start, in Section a brief introduction to graphene and its short
history is given. In Section we describe how graphene has been used
so far in the field of photonics. Section introduces graphene nonlinear
optics, including an overview of the different units that are used and with
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a strong focus on some issues with the existing experimental demonstra-
tions. In Section [2.5] the theory describing third-order nonlinear optics in
graphene-covered waveguides is developed. This section provides important
tools for the interpretation of the experiments in Sections [3.4] and [3.5]

2.2 A brief introduction to graphene

For almost 70 years, it was assumed that purely two-dimensional (2D) crys-
tals could simply not exist, that they would be thermodynamically unstable
and would disintegrate at even the lowest temperatures . As a con-
sequence, interest in graphene and other 2D crystals was for many years
purely academical, as a model system for theoretical physicist . In 2004
however, this assumption was fundamentally challenged, when Konstantin
S. Novoselov, Andre K. Geim and their collaborators published the first
experimental findings on single layer graphene . They had isolated
single crystals using a technique called micromechanical cleaving or the
‘scotch-tape method’, since it involves repeated peeling from bulk graphite
using adhesive tape . Soon it was recognized that graphene, and the
many other 2D materials that since have followed, showed many extraor-
dinary properties and novel physics. This has lead to a surge in research
interest from researchers from a variety of different backgrounds, and even-
tually the contributions of Novoselov and Geim were recognized with the
2010 Nobel Prize in Physics .

Figure 2.1: a Crystal structure of graphene, consisting of a hexagonal lattice
of carbon atoms (image reproduced reference ) b A hypothetical graphene
hammock (image from reference )

Figure shows an artist’s impression of a graphene sheet. It consists
of a single layer of sp? hybridized carbon atoms in a hexagonal crystal lattice.
The combination of this crystal structure with the exceptional strength of
the carbon-carbon bonds , gives rise to extraordinary mechanical prop-
erties. Graphene is extremely strong (with a breaking strength over 100
times higher than that of steel), though remarkably stretchable and flexi-
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ble . This was intuitively illustrated by the Royal Swedish Academy
of Sciences when awarding the 2010 Nobel Prize with the analogy shown
in figure 2.1b: if one was to make a hypothetical 1 m?-large hammock of
single crystalline graphene (which is not possible at the time of writing),
then this hammock would be able to support a full-grown cat, whilst weigh-
ing less than one of its whiskers . As is discussed below, the hammock
would furthermore be colorless and (almost) invisible. Graphene is being
heavily researched for the use in composite materials, where it can not only
strongly improve the mechanical properties, but also can contribute to the
gas barrier properties, electrical and thermal conductivity, and more .

a b
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Figure 2.2: a Sketch of the band structure of graphene. EF is the Fermi energy. b
Demonstration of the electric field effect in graphene, sheet conductivity o versus
gate voltage V; (image adapted from reference )

The electrical properties of graphene are equally remarkable. Graphene
is a zero-overlap semimetal, with valence and conductance bands touching
at the K- and K’-points in the Brillouin zone , also known as the Dirac
points. At low energies (< 1 eV), the bands are almost perfectly conical ,
following the dispersion relation E = hvg|k|, with vp ~ 10 m/s the Fermi
velocity . The conical part of the band structure of graphene is sketched
in figure[2.:2h. One of the first notable electrical properties of graphene that
was studied was its strong electric field effect: using a gate electrode, the
charge carrier density, and correspondingly the conductivity in graphene
can be strongly tuned . An early demonstration of this is shown in
figure 2:2b. Graphene is characterized by a very high carrier mobility u,
which moreover remains high at elevated carrier concentrations . Carrier
mobilities at room temperature exceeding p = 10° cm?V—!s~! and ballistic
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transport over several micrometers have been demonstrated [18].

Graphene has attracted interest for many electronic applications, the In-
ternational Technology Roadmap for Semiconductors (ITRS) considers it as
one of the candidates for post-Si electronics [19]. On the long run, graphene
is expected to enable novel RF and logic transistors [16]. However, the zero
bandgap of graphene causes a non-zero off state drain current, currently
severely limiting the on-off ratio of graphene transistors [16]. Methods to
artificially open a band gap in graphene, such as the use of bilayers, nanorib-
bons or chemical modification, are actively being researched, and functional
device prototypes using graphene transistors are only projected to appear
in the next decade [16]. On a shorter term, graphene is an ideal candidate
as a conductive film in flexible electronics, for example for touch screens,
rollable e-paper, foldable OLEDs, flexible sensors and more [16} [20].

Expectations for graphene are high in many other fields, such as energy
generation and storage, sensing and metrology, bioapplications (for example
for drug delivery) and photonics [21].

2.3 Graphene photonics

The importance of the optical properties of graphene could hardly be un-
derestimated. This was already illustrated by the very first experimental
isolation of monolayer graphene [11} 12]. The ‘scotch tape method’, where
a piece of graphite is repeatedly peeled with adhesive tape until monolay-
ers of graphene are found, had been used before [22]. However single or
few layer graphene flakes had not been discovered. Even though single lay-
ers were almost certainly present, finding them is like finding a needle in
a haystack. This was not even feasible using advanced methods such as
atomic force microscopy (AFM) or scanning electron microscopy (SEM).
The key to discovering the first monolayer flakes was the simple observation
that these become visible in an optical microscope on top of a Si wafer with
with a very specific thickness of SiO2, due to interference effects |11}, |12]. If
it wasn’t for this method, graphene would have probably remained undis-
covered. In a sense simple optics was key in enabling graphene science as a
whole.

Likewise, graphene is starting to play an enabling role in optics and pho-
tonics. This material shows very strong light-matter interaction and has
an almost perfectly wavelength-independent absorption spectrum (= 2.3 %
for normal incidence) for wavelengths ranging from ~ 500 nm to the mid-
infrared (the upper wavelength limit depends on the doping level) |17} [23].
Photodetectors using graphene have been demonstrated [24},25]. The broad-
band nature is for example illustrated by recent work from Goossens et al.,
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who demonstrated a graphene-CMOS image sensor array covering the 300-
2000 nm wavelength range [26]. Moreover, the high carrier mobility allows
for ultra-fast carrier extraction, in principle making photodetectors with
bandwidths exceeding 500 GHz possible [27]. Graphene photodetectors rely
on different physical mechanisms, such as the photovoltaic effect, the photo-
thermoelectric effect or the bolometric effect, for a comprehensive review
see reference [28]. Closely related to photodetectors are optical modulators.
A major asset of graphene is that its Fermi energy can be changed to a
large extent by electrostatic gating, this gives rise to strong tunability of its
electromagnetic properties, for example causing its strong electric field ef-
fect [12]. Similarly, both absorption and refraction at optical frequencies can
be tuned drastically. This enabled the demonstration of integrated electro-
absorption modulators on silicon |29H31] and silicon nitride waveguides [32].
More recently, Sorianello et al. demonstrated that graphene can also be used
to make highly efficient integrated phase modulators 33| 34]. In a some-
what different context, Yao et al. have shown that gated graphene can be
used to control the properties of a frequency comb by tuning the chromatic
dispersion of the ring resonator in which it is generated [35]. Graphene can
furthermore support plasmons. This seems especially promising for applica-
tions in the terahertz and mid-infrared wavelength range, such as imaging,
sensing, or even active metamaterial development [36]. Again tunability of
the plasmon resonance through gating or doping is a crucial advantage of
graphene [36].

Finally, graphene is a very strong saturable absorber, a phenomenon
that can be used to make ultrafast modelocked lasers |37, |38]. When light
gets absorbed by graphene, electrons get excited from the valence to the
conductance band, between the energy levels at —hw/2 and Aw/2 (with w
the photon frequency). After this they will relax, due to carrier-carrier in-
traband collisions and phonon emission, into a hot Fermi-Dirac distribution
(on a timescale of about 100 fs [38]). On a timescale of picoseconds, they
further relax due to interband relaxation and cooling of hot phonons [38].
At high illumination intensities, the band-filling becomes large enough to
induce a significant decrease in the absorption of the material (no two elec-
trons can occupy the same state), this phenomenon is called Pauli blocking.
In graphene, saturable absorption in the near-infrared wavelength range oc-
curs at relatively low powers. As a consequence of the combination of a
linear dispersion relation and the vanishing density of states at the Dirac
point, optical fields can produce particularly large changes in the charge
carrier distributions and the corresponding absorption [39]. It is moreover
a fast process due to the small relaxation times involved, and it is intrinsi-
cally broadband. Initial demonstrations were modelocked fiber lasers with
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wavelengths around 1560 nm [37} [38]. However other laser types at other
wavelengths soon followed, such as in vertical-external-cavity surface emit-
ting lasers at 935-981 nm [40] or modelocked lasers in the mid-IR [41} 42].
Pulse durations down to 29 fs have been demonstrated [43]. Saturable ab-
sorption is an example of a nonlinear optical process, and it was the first to
be experimentally observed in graphene.

2.4 Graphene nonlinear optics

Nonlinear optics can be defined as the study of optical phenomena which
are “nonlinear” in the sense that the material response (for example polar-
ization or current) depends nonlinearly on the optical field strength [44].
Light-matter interaction in graphene is remarkably strong, and the mate-
rial shows a variety of nonlinear phenomena at even moderate powers. This
part focuses on experimental results that can be found in literature (Section
and on some models that are being used to explain these phenomena
(Section . First however, a section is devoted to the different ways
in which nonlinear optical phenomena are quantified in graphene, since a
variety of approaches have been used.

2.4.1 Quantifying the optical nonlinearity of graphene

Graphene nonlinear optics has been studied for about a decade [45]. This
quickly lead to the consensus that the third order nonlinearity of graphene
is “strong”, often quantified by a single scalar real valued material param-
eter (nonlinear index or susceptibility). However a very large large spread
in the measured nonlinear parameters has been published (table, hence
before giving a brief overview of these results in the next section, it is help-
ful to discuss the different material parameters typically used to quantify
nonlinear optical phenomena in graphene, and how they can be compared.

2.4.1.1 Nonlinear susceptibility

Historically, nonlinear optical processes have been studied in the context of
dielectrics, the nonlinear optical response is described by an optical polar-
ization P(t) with a nonlinear dependency on the electric field strength E(t).
This is often expressed by a power series [44],

P(t) =PO(t) + PA(t) + PO (1) + ...

e VB OB OB+,
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where &g is the vacuum permittivity and x, x, ¥ ... are respectively
the linear susceptibility and the second and third order nonlinear susceptibil-
ities. Equation works very well for many isotropic dielectrics, for which
certain approximations are valid |[44]. Graphene, being a two-dimensional
semi-metal, behaves differently and several of these approximations need to
be revisited. Mainly, graphene is extremely anisotropic, and the material
response is non-instantaneous. Taking this into account, the m'™ term of
the polarization series expansion can be written as [46],

P (1) = ¢, / dry-- / AR (11, ) Bt —71) . Bt — 1) |
0 0
(2.2)

where R("™)(7y,...,7y) is the polarization response function of the m®®

order [46]. The time-dependence reflects the non-instantaneous nature of
the nonlinear response, and R(™) being a tensor reflects the anisotropy of
the medium. If we decompose the electric field and the polarization in a set
of monochromatic waves, with frequencies w; and complex amplitudes E(w;)
and P(™)(w;). Then the relationship between the nonlinear polarization and
electric complex field amplitudes can be written as E|,

m € m :

wj=wi+-Fwm

(2.3)

with (™ (wj; W1, .- ,wm) the m'" order Fourier transform of R(™) |46).
The sum is taken for all combinations of m frequencies for which w; = w; +
-+ -+ w,,. Note that for a non-instantaneous response, X(m) (Wjswi, ..., wm)
is in general dependent on the exact frequencies involve

Being the parameter-of-choice in dielectrics, x(") is often used for gra-
phene [3, 4, |47-50]. Due to symmetry considerations only the odd orders
X, xB) xG) - are present in centrosymmetric materials such as gra-
phene [44]. Often it is assumed that x(®) is the only non-negligible nonlinear
term.

2.4.1.2 Nonlinear surface conductivity

Graphene is known to be a conductor, rather than a dielectric. Moreover
(™ is usually defined as a bulk parameter, whereas graphene is inherently

1A similar approach can be taken for more general fields, replacing the sum in equation
by an appropriate integral [46].
wj is not an argument of this function, it is a common convention to write the
“generated” frequency (the sum of all the actual frequency arguments [44]) before the
frequency arguments wi, ..., wm.
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a 2D material. It is much more natural to describe graphene as an infinitesi-
mally thin surface, and to quantify its response to electromagnetic radiation
(both linear and nonlinear) using surface conductivities agm), so that,

m 1 m .
J¢ >(wj):W > oM (wjiw, . wm)Ewr) . Ewn)

wj=wi -+ twm

(2.4)

is the m*™ order surface current density. Both descriptions are equivalent
using the relation,

JM) (1) (2.5)

RO 2210
5ot

where § is the graphene thickness and J(™) is the m*™ order bulk current
density. This leads to,

agm) (Wjswiy ... W) = —i&:odwjx(m) (Wjs Wi, ...y W) (2.6)

Using symmetry considerations one can also prove that the third order
conductivity tensor of graphene has only the following nonzero elements
[6] (with z and y coordinates within the graphene sheet, the out-of-plane
components are negligibly small [50]):

0 hare = 0y 2.7)
Ugé)zzyy = O—g?)yyxz ) (2.8)
Ug?)ﬂcyxy = Ug?)ywyw ) (2.9)
Jg?)ﬂﬁyym = O—g?)’yxxy ) (2.10)
0 = O kg + 0 ke + 0k - (2.11)

2.4.1.3 Nonlinear refractive index

Alternatively, the nonlinear response of graphene is often quantified by sim-
ply assuming that the refractive index n+ix of the material depends linearly
on the illumination intensity I,

n+ik = ng +ikg + (ng + tke)l (2.12)

where ng +iko is called the intensity-dependent refractive index. ny and
Ko represent the nonlinear refraction and absorption, respectively. When
the optical absorption is negligible, k < n, and the relations ny o Re(x(3))
and ky o Im(x®) can be used. In a strongly absorbing medium such as
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graphene however, the nonlinear refraction and absorption are the result of

a more complex functions of real and imaginary parts of y(!) (o)) and y©®
(o17) [51],

:m _—Im(of’)) + %Re(ag?’) )] ,
gy e+ m)].

In absorbing media, the complex linear refractive index is related to the
linear susceptibility and conductivity through the relation (ng + irg)? =
L+ xM =1+ iagl)/(wéeo).

As mentioned before, graphene is often used as a saturable absorber
[37,/38]. In this context usually only nonlinear absorption is considered and
a somewhat different phenomenological model is used [37],

as

I) = _— 2.15

o(l) OKNS—'—1+I/IS’ ( )

where ag and ang are the saturable and the nonsaturable contributions

to the absorption, and Ig is the saturation intensity. For the limit I < Ig

this converges to the intensity dependent refractive index model (a(I) =
(47 /X)) (ko + K21), with A the optical wavelength), with,

A as
N ———. 2.1
T T (2.16)

2.4.1.4 Which description should one use?

Historically, third order nonlinear optical properties have been described in
terms of a nonlinear index or a nonlinear susceptibility [44]. For graphene,
these conventions have been taken over by most experimentalists |35 |47,
48, [52154).

However to unambiguously quantify third order processes in graphene,
the third order surface conductivity tensor 023) is the best option. It natu-
rally reflects graphene’s high conductance, its 2D nature and can encompass
frequency dependence.
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Using a third order susceptibility tensor x®) is in practice equivalent
and will yield the same results. However it is intrinsically a bulk value and
hence somewhat unnatural for graphene (we effectively assume graphene is
a uniform slab of thickness ¢). Using this quantity also leads to some unfair
and even deceptive comparisons. Extremely large x(3) values for graphene
compared to bulk materials such as glass or silicon are often used as a selling
point. However these large nonlinearities are characteristic to monolayers
and the interaction volumes/lengths are henceforth orders of magnitude
smaller than when shining light through bulk materials (think for example
about a ~ 0.3 nm thick layer of graphene covering a 300 nm thick SiN
waveguide and the correspondingly small overlap between graphene and
the optical mode).

The nonlinear refractive index is the least appropriate. It is again a pa-
rameter defined for bulk media. Anisotropy as well as frequency dispersion
are often not included. Moreover the conversion to the other parameters
is nontrivial, equations and were initially derived for lossy
isotropic bulk media [51] and should only be used for order-of-magnitude
estimates when comparing experimental values for a material such as gra-
phene. More detailed studies show that experimentally reported ng (k2)
values depend on different combinations of the 023) tensor components, de-
pending on the measurement technique and the pump/probe polarizations
used [55].

As a general rule, the use of bulk parameters such as linear and nonlin-
ear refractive indices should be avoided for monolayer 2D materials, linear
and nonlinear optical processes can be appropriately modelled using surface
conductivities [

2.4.2 Theoretical models for optical nonlinearities in
graphene

The strong nonlinear response of graphene to electromagnetic radiation
was, from a theoretical point of view, first noted by Mikhailov in 2007
[45]. Qualitatively, his argumentation was based on the linear carrier dis-
persion relation of graphene. He noted that in the presence of a sinu-
soidal electric field E, oc cos Qt, the momentum of an electron follows the
equation of motion dp,/dt = —eE,, hence p, x sinQt and the velocity
v, = 0€¢/0p, o sgn(sinQt), where € is the electron energy. As a conse-
quence the induced current does not only oscillate at frequency €2, but also
strong higher harmonics of frequencies mf2, m = 3,5,7,... are present. This

3 A parameter which is equally appropriate, but was not mentioned here, is the surface

susceptibility Xsm) =6x(m) = iogm)/(sow). For low loss 2D materials or interfaces this
parameter is often used, see for example Chapter E}
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first quasi-classical theory only takes into account intraband transitions and
is valid for frequencies typically below 5-10 THz [45].

Since then, Mikhailov and other authors have published more extensive
theoretical models for the nonlinear conductivity of graphene, also taking
into account interband transitions, and extending their models to the op-
tical domain [6-8]. Analytical expressions are obtained using perturbative
approaches, be it of large complexity. These models have been success-
fully linked to several experimental results, such as recent demonstrations
of gate-tunable third harmonic generation [56,|57] and the four-wave mixing
experiment presented in Section [3.4]

A more intuitive approach is developed in Appendix[A] We apply a sim-
ple phenomenological model which takes into account the heating of the
electron-hole gas by the incident electromagnetic radiation and its cooling
due to interaction with the environment, with a phenomenological time con-
stant 7¢. Based on some simplifying assumptions, we calculate the intensity
T (or electric field E,,) dependence of the charge carrier distribution in the
graphene. Since the linear conductivity of graphene (and hence the linear
optical properties) depend strongly on this distribution, an estimate can
be made of the intensity-dependence of the conductivity, ng)(|Ew|2) (see
Appendix E for more information). A agg)—based description of the nonlin-
earities assumes that the function Ugl)(|Ew|2) is approximately linear with
respect to |E,|?, so that oV (|E,[?) ~ oW (0) + 20®)|E, 2. Our model is
based on the assumption that the electron distribution can at all times be
described by a Fermi-Dirac-type function. The chemical potential p and hot
electron temperature T' describing this distribution are dependent on the lo-
cal optical intensity. It must be clear that this approach can only be used to
describe phenomena for which the fluctuations in the local intensity occur at
a longer time-scale than the time needed to reach a steady-state Fermi-Dirac
distribution. This model can be used to describe self- and cross-modulation
experiments, as long as sub-THz modulation frequencies are used, or pulses
with ps durations or more. The model is validated by cross-modulation
experiments in Section [3.5] Four-wave mixing experiments can also be de-
scribed using this model, be it for a relatively small signal-pump wavelength
detuning, this is discussed further in Section [3.4] The model is also used
to explore the limitations of a purely U§3)—based description of the optical
nonlinearities in graphene in terms of optical intensity, see Section [2.4.3
(and Appendix for more details).
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2.4.3 Experimental demonstrations of nonlinear
optics in graphene

In 2009, the first demonstration of strong optical nonlinearities in gra-
phene was published, in the context of saturable absorption for modelocked
lasers [37]. The first demonstration of frequency conversion through four-
wave mixing was published by Hendry et al. in 2010 [3]. Soon many other
experimental demonstrations of nonlinear optical processes in graphene fol-
lowed. Gu et al. also observed four-wave mixing in graphene, this time
after incorporating it in an integrated silicon photonic crystal cavity [47].
Wu et al. studied self-phase modulation in solution dispersions of chem-
ically exfoliated graphene. The same phenomenon was later also studied
on CVD-grown single layer graphene using the Z-scan method [5] 52} |53].
Dremetsika et al. used an optical heterodyne detection technique for mea-
suring the optical Kerr effect (OHD-OKE), concluding that the nonlinear
refractive index ng had a negative value in their measurements [53]. They
later refined their method and reported complex values of the nonlinear
index, conductivity and susceptibility [50]. The observation that graphene
can induce negative nonlinear refraction was also made by Vermeulen et al.,
who covered integrated silicon waveguides with graphene and performed a
self-phase modulation experiment using chirped pulses [54]. Strong third
harmonic generation has furthermore been demonstrated on graphene by
several groups [48, 49].

Table[2.I]summarizes the nonlinear parameters reported in some of these
earlier experimental studies (mostly pre-2017), along with some of the ex-
perimental parameters. The nonlinear parameters as they are reported in
the paper are denoted by a grey background, the others are estimated based
on the relations from the previous section. These values are often only crude
order-of-magnitude estimates, because not all information is available to do
a proper conversion. For example conversion between the nonlinear index
and the nonlinear conductivity/susceptibility requires full knowledge of the
complex nonlinear index, as can be seen in equations and .

When comparing these different experimental studies, one cannot but
notice the enormous spread in reported values. This can have several differ-
ent causes. As was mentioned in the previous section, ns values measured
using different experimental methods are generally not the same, as they are
functions of different components of the a§3) tensor. An other explanation
for this is the variety of different phenomena that have been experimentally
studied, at different wavelengths. The nonlinear conductivity is very depen-
dent on its frequency arguments, and we for example cannot expect third
harmonic generation and self-phase modulation experiments to yield the
same values. Theoretical models further indicate that sample dependent
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A At| I, @) s no
Ref. (nm) | (ps)[(W/m?)| (m?/V?) | (Am?/V?) (m?/W)
3] | 760-1200 | 6 | ~10' | 2.1-1071%| 1.5.10720 ~ 10713
47 1560 |CW| - ~ 10715 ~ 10720 ~ 10713
4 532 CW| < 10° ~ 10715 ~ 10720 ~ 10713
5 1550 38| <10 | ~10712 ~ 1018 ~ 1071
52 733 01|~10" | ~10°'° ~ 10720 ~ 10713

54|t 1550 1.2 =103 | ~10"1 ~ 10720 ~—10"13

53|t 1600 0.18/ 5-1012 | =~ 1014 ~ 10—20 —1.1-10713
53]t 1550 3.8|5-102 | ~1013 ~ 10719 —2.1012
(—6 —9.67)| (—3.3+2.1i)| (-1 — 1.60)

50]* 1600 0.18] 5 - 102

.10—16 '10—21 '10—13
789 — 263 [0.05| 2-10' | 2.1019 5-10724 -
1550 — 520(0.15| 3-10'® | 4.10-1° 5-10720 -

Table 2.1: Some earlier experimental values for X<3>, 02-3) or ns from literature. A\

is the wavelength of the measurement, At is the approximate pulse duration (CW
denotes continuous wave illumination). I, is the approximate (peak) intensity.
[[] Four-wave mixing experiments.

Self- or cross- phase(or amplitude) modulation experiments.
] Third harmonic generation experiments.
[ ] Nonlinear parameters as reported, the other values were extrapolated.
f Dremetsika et al. and Vermeulen et al. were the first to independently
report negative values for the intensity-dependent refractive index.
¥ In a second publication, Dremetsika et al. published complex values for the
nonlinear parameters .

parameters such as the Fermi energy Er or the carrier lifetime (material
quality) strongly influence the nonlinear conductivity of graphene . Fi-
nally, in most experimental studies, the third order nonlinearity is assumed
to be dominant, and higher order terms are neglected. However when us-
ing high optical powers the validity of this assumption is not so trivial.
Demetriou et al. recently showed that higher order nonlinearities become
significant at intensities on the order of 10'2 Wm~2 and higher . It has
even been argued that at very high powers, the whole series expansion of the
type in equation becomes incorrect and an exact solution for the
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Figure 2.3: a Real part of the intenstity-dependent change in linear conductivity
oW (|EL?) = oM(0), as a function of 7¢|E,|>. The dotted lines represents the
approximation using only the third order conductivity o®; ¢V (|E,|?) = o™ (0)+
ga(3>|Ew\2. b Imaginary part of the same parameters. See Appendix Section
[A74] for more details. These calculations are done for a wavelength of 1550 nm,
assuming continuous-wave illumination.

intensity dependent conductivity os(I) has to be calculated. Using the sim-
ple phenomenological model for the optical nonlinearities in graphene which
was introduced in Section and is described in detail in Appendix [A]
this issue can be explored in some more detail. This is done in Section [A74]
As discussed, this model takes into account the heating of the electron and
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hole distributions in graphene under strong illumination. An estimate can
then be made of the intensity-dependent linear conductivity of graphene,
agl)(|Ew|2) and the third order nonlinear conductivity by introducing the
linearization, o™ (| E, %) ~ oW (0) + 26| E,,|2. Figureshows the vari-
ation in linear conductivity as a function of electric field strength, using
both the full model (solid lines) and this linearization (dotted lines), for a
variety of Fermi energies Fp. According to these estimates the o(3)-based
model is a reasonably good representation for 7¢|E,|?> < 1 sV2/m?. For
increasing intensities, the linearization starts to deviate strongly from the
exact calculations. For 7¢|E,|? > 10 sV2/m?, even order-of-magnitude esti-
mates become problematic. Our experimental results in Sections[3.4]and [3.5]
show reasonable correspondence with this model for time constants within
the range 0.1 ps < 7¢ < 1 ps. For these values, we expect the third order
description to lose its validity somewhere within the local intensity range
of 101%...10'2 Wm~2, depending upon the exact time constant, the Fermi
energy and the amount of error that can be tolerated. This is compara-
ble with, or even slightly more pessimistic than, the conclusions made by
Demetriou et al. [58].

With the experiments presented in Sections and we try to re-
solve some of these issues. We measure different nonlinear phenomena on
graphene (four-wave mixing and cross-amplitude/phase modulation) and
we explicitly map the frequency dependence of the corresponding nonlin-
ear conductivity af’). By using SiN waveguides we moreover strongly im-
prove the efficiency of the nonlinear interactions, allowing us to work in the
continuous-wave regime with limited local intensities. Finally, we have also
gated the graphene, which enabled us to map 023) over a range of Fermi
energies Ep. Recently, several other groups have also performed more elab-
orate studies on gated graphene. Soavi et al. reported a change of almost
two orders of magnitude in the third harmonic generation efficiency when
tuning the Fermi level in gated graphene [56]. Jiang et al. reported similar
dependencies, for third harmonic generation, and four-wave mixing [57].

2.5 Third order nonlinear optics in
graphene-covered waveguides

For the experiments presented in the next chapter, graphene will be de-
posited on integrated waveguides. This has some advantages compared to
more traditional experiments performed on single-layer graphene. Firstly,
the optical mode is strongly confined, which is beneficial for nonlinear ex-
periments which scale nonlinearly with the local intensity. Secondly, the
interaction length can be tailored and can easily amount to hundreds of
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Figure 2.4: Sketch of typical graphene-covered waveguide

micrometer, in contrast to experiments where the light passes through a
layer of graphene with a nominal thickness of only several Angstrom. A
disadvantage however is that by using a waveguide the nonlinearity in the
graphene is measured indirectly. Instead of the nonlinear conductivity of
the graphene 0‘§3), an effective nonlinear parameter of the whole waveguide,
typically called «, is measured. The relation between the nonlinear con-
ductivity and this waveguide parameter is complicated and depends on the
exact waveguide cross-section. In this section we derive the conversion be-
tween these parameters.

Figure shows a typical graphene-covered waveguide. It consists of a
dielectric core and cladding, which have an overall nonlinearity quantified
by a position-dependent nonlinear susceptibility Xé‘:’il_(x, y). The graphene
layer covers the waveguide. Its contribution to the overall nonlinearity of
the waveguide can be taken into account by assuming that the graphene
is an infinitesimally thin layer with nonlinear surface conductivity Ugg), or
equivalently by assuming it is a uniform layer with thickness § and nonlinear
susceptibility xg;)aph, The conversion between these parameters is shown
on figure

We will start our derivation by using the latter assumption, in that case
the overall nonlinear susceptibility x(*) (z,y) is just the sum of the dielectric
contribution and the contribution by the graphene. Another assumption is
that we consider the nonlinear interaction between a discrete number of
monochromatic waves. This allows us to express the nonlinear polariza-
tion density at frequency w; within the cross-section using the following
expression,

N o 3) (1 :
Py (wjy) = y Z X (wjs wis, wi, wim ) E(wr ) E(w) E(wy,). (2.17)
wj=wg+
witwm
In the derivation of the effective nonlinear parameters of the graphene-
covered waveguides, we will assume that this nonlinear polarization causes
only a small perturbation to the waveguide modes calculated using the linear



CHAPTER 2 2-17

material parameters. The complex amplitude of an unperturbed waveguide
mode at frequency w; can be written as:

e(wj,r1) ;5.
Eo(w;,1) =Ag(wj) ——2==>¢iz, (2.18)
j j 2
h(wﬁri)ei,ﬁjz-

V7

Where e(w;,r ) and h(wj,r ) are the vectorial electric and magnetic mode
profiles, in what follows, we will often omit the arguments r and r, for
brevity. Ag(w;) is the complex amplitude of the mode. f; is the mode
propagation constant and &; is the power normalization constant, defined
so that the total power of the mode equals |Aq(w;)|*:

1 se(wj)  h*(wy)
//AOO2RC{|A0(WJ‘)| 5"~

Ho(wj,r) =Ao(w)) (2.19)

}-é.dA= \Ao(wj)\Z

' (2.20)
= 2= //Ax{e(wj) x h*(w;) + € (w;) x h(w;))} - 8.dA.

A is the plane perpendicular to the waveguide propagation direction. &,
is the unit vector in the propagation direction z. By definition, these modes
obey the Maxwell curl equations,

V x Eo(w]‘) ZinuoHo(Wj), (2.21)
V x Ho(w]') = — in60n2E0(wj'), (222)

n(r,) is the refractive index of the unperturbed waveguide cross-section.
One can include the effect of perturbations, such as linear losses and non-
linearities, by introducing complex slowly varying amplitudes A(wj, z). The
perturbed waveguide modes are then written as:

e(wj,r1) ;5.
E(wj,r) =A(w;, 2) ——L—=Lebiz | (2.23)
j j >,
H(w;, 1) —A(w;, ) 2@ TL) gigye (2.24)

NEZ

<.

In practice, we will consider the total time-varying fields to be superpositions
of a number of monochromatic waves:

E(r,t) = Z Re{A(w;, z)%ei(“’jtﬂ”)} : (2.25)
H(r,t) :ZRe{A(wj,Z)Me_i(”ft_ﬂfz)}. (2.26)

J



2-18 GRAPHENE AS A MATERIAL FOR NONLINEAR OPTICS

These perturbed modes should also obey the Maxwell curl equations, where
the influence of third order nonlinearities can be incorporated as a nonlinear
polarization density, Py, (w;),

V x E(w;) =tw;poH(w;) , (2.27)
V x H(Wj) = — iwjeonQE(wj) — iCUjPNL(Wj) . (228)

To derive the coupled-wave equations, we can start from the conjugated
form of the Lorentz reciprocity theorem [60):

//AOOV'F: i/AmF'ész- (2.29)

A, is the surface perpendicular to the propagation direction. The F-field
can be constructed from the perturbed and unperturbed waveguide mode
fields as F = Efj(w;) x H(w;)+E(w;) xH{(w;). Substituting this in equation

yields:
JJ, 7 < B B - Bie,) (7 Hiwy)
(VB i) = Blo): (7 x Bl
T 0z // ke wg’ ){e(wj) x 7 (wj) +e7(w)) x h(w;))} - &:dA.
(2.30)

The left hand side of equation (2.30)) can be simplified by substituting equa-
tions (2.21)-(2.22)) and (2.27)-(2.28)). The right hand side can be simplified
by using the normalization condition (equation (2.20)). Eventually this
gives

—z,BJz
%A(u}j,z) = iw] // ) - P (wj)dA, (2.31)

substituting equations (2.23) and (2.24) in equation (2.17]), and subse-

quently in equation (2.31)), one gets a general coupled-wave equation for
the set of slowly varying amplitudes:

(B +B1+Bm—B;)z
QA(wj,z) icow; Z A(wg, 2)Awy, 2) A(wpm, 2)e '
0z =t P P PP,
Fwitwm

//A e (w5) - X (wy: wns s o) e(wn e (wr)e(wm ) A,
h (2.32)
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here the summation goes over all possible combinations of 3 frequencies that
add up to wj, including the negative frequencies. Moreover, since the time-
dependent electrical fields are real-valued, one can make use of the equalities
e(—w) = e*(w) and A(—w;) = A(w;)* [44].

The integral in equation can now be split into the dielectric contri-
bution containing Xd?el.’ and the graphene contribution Xé?;ph.' Moreover,
we can switch to the description using the nonlinear sheet conductivity for
graphene using the conversion 0§3) = *i“:O‘SWXSZ;ph.v

A(wka Z)A(wl7 Z)A(wma Z)ei(Bk-‘_ﬁlJrﬁm_Bj)z

)
= Al —
g2 A (@5 ?) w; 16/, P, P, P,

Fwitwm

[zsow] / / )X (s w0 ewr)elwr)e(wn)dA

_/e (wj) -0 (3)(W]awkawlawm) e(wg)e(w;)e(wnm)dl
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where for the graphene contribution, the surface integral over the cross-
section of the waveguide has become a line integral over the graphene. The
final approximation is in the assumption that the nonlinear interactions in
the dielectrics are negligible compared to the ones in the graphene. This the
case for our graphene-covered SiN waveguides discussed in the next chapter.
A simple SiN waveguide without graphene has a nonlinear parameter of
ysin ~ 1.4 em™*W~1 [61], more than 3 orders of magnitude smaller than
our experimental values for graphene-covered waveguides presented in the
next chapter. This is not necessarily the case for silicon waveguides, for
example in reference [54].

Note that in the above derivation, we have not taken into account lin-
ear losses, although these are very important when considering graphene.
Linear losses in these waveguides can be obtained by calculating the unper-
turbed modes with a mode-solver (by making n(r )? complex, or by adding
a conductive boundary representing the graphene). The propagation loss is
then a(w;) = 2Im(3;). The most intuitive way to describe loss is to incorpo-
rate a loss term, —a(;j )A(wj, z), in the right-hand side of equations
and and to assume the propagation constant is real. For graphene-
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covered waveguides, it is also intuitive to treat the linear loss due to the
graphene absorption as a perturbation, namely by adding a term represent-
ing the linear surface current density o{" (w;)E(w;) to equation (-28). A
similar derivation as the one given before will then give,

o) = 55 [ &) ol @etey)ar, (231

with agl) the linear surface conductivity of graphene.

2.6 Conclusion

In this chapter we started by introducing graphene from a general perspec-
tive (Section, then we have focused more on the potential of graphene as
a material for photonics (Section and more specifically nonlinear optics
(Section . In Section the issue of quantifying the optical nonlin-
earities in graphene was addressed. This is a seemingly tedious exercise,
however necessary because several units have been used in literature and
the interpretation and comparison is not straightforward. In Section [2.4.2
a brief overview of different theoretical approaches to model the optical
nonlinearities in graphene is given. A phenomenological model discussed
in detail in Appendix [A] is also introduced here. Section [2.4.3 gives an
overview of some important experimental demonstrations of graphene non-
linear optics. A comparison between the numerical values given in these
different publications is made, to the extent that this is possible. The main
conclusion is that there is a very large discrepancy between different pub-
lished parameters. Several possible explanations of these large differences
are given. For example the different wavelengths used, differences in dop-
ing levels and graphene quality, etc. The possibility that the third-order
description of the optical nonlinearities, which is generally used, is just not
adequate for the high optical powers used in many experiments, is also ex-
plored in more detail. These large differences between existing experimental
values and the potential experimental issues serve as a motivation for the
experiments discussed in Chapter [3] more specifically Sections and
In these experiments the nonlinear properties of graphene incorporated on
integrated waveguides are probed, while carefully tuning parameters such
as the carrier density and while keeping the local optical intensities modest.
In Section a general theoretical model describing third-order nonlinear
optics in graphene-covered waveguides is developed. This theory will serve
as a stepping stone for the interpretation of the experiments in Sections [3-4]
and
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Chapter 3

Nonlinear optics in
graphene-covered
waveguides

The material presented in this chapter has in part been published in refer-
ences [1H6].

3.1 Introduction

In Chapter graphene was introduced as a material for nonlinear op-
tics. The context and literature were discussed and some theoretical back-
ground was provided. In this chapter, the experiments performed using
graphene-covered waveguides within this PhD project will be discussed.
The first experiment, a demonstration of gate-tunable saturable absorption
in graphene-covered silicon (Si) waveguides, is presented in Section Ina
sense this experiment stands somewhat separate for the other experiments
discussed in this chapter. Firstly, because it is the only experiment us-
ing Si waveguides, secondly, because saturable absorption is not a simple
third order nonlinear effect if measured with high-power pulses. Hence the
theory developed in Section [2.5]is not adequate and a different model will
be used. The remaining experiments have been performed using graphene
covered silicon nitride (SiN) waveguides, the development of this platform
is described in Section The main reason for switching from Si to SiN
is the strong optical nonlinearity (Kerr and two-photon absoprtion) in Si,
which make it more difficult to intperpret the nonlinear measurements of
graphene-covered silicon waveguides. Gate-tunable four-wave mixing and
cross-modulation were demonstrated on this platform, the experiments and
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their interpretations are discussed in Sections [3.4] and The possibility of
using this platform for gate-tunable third harmonic generation is discussed
in Section [3.:6] Some conclusions are drawn in Section [3.7] Appendix [A] is
closely related to this chapter, it contains a theoretical model which is used
to interpret some of the experimental results.

3.2 Gate-tunable saturable absorption in
graphene-covered Si waveguides

The first experiment that was performed in the context of this thesis was
the demonstration of gate-tunable saturable absorption in graphene. As
was mentioned above, saturable absorption is a well-known phenomenon in
graphene, at high optical intensities the absorption of the material decreases
due to band-filling and Pauli blocking. This experiment is distinct from the
experiments presented later in this chapter (four-wave mixing and cross-
modulation) in that it is performed using a picosecond pulsed laser, and that
only nonlinear absorption, and no nonlinear refraction effects are probed.

3.2.1 Sample fabrication and measurement setup

The samples for this experiment were originally designed and fabricated
by Yingtao Hu, in the context of the development of graphene electro-
absorption modulators [7]. The device fabrication is summarized in figure
[3:-Ih. The waveguides, grating couplers etc. are first defined and patterned
using deep UV lithography. Phosphorous ion implantation is used to lower
the electrical resistance of the Si (while keeping the optical loss acceptable,
hence the different doping levels). A thermal oxide layer of ~ 5 nm thick
is then grown on the surface. The graphene is grown by chemical vapor
deposition (CVD) on a Si/SiO2/Cu substrate and transferred using an elas-
tomer stamp at Graphenea [8]. After this it is patterned through an oxygen
plasma etch at Ghent University. Finally the doped silicon and the gra-
phene were contacted in two different steps. More details on the fabrication
can be found in reference [7]. Figure shows a sketch of the final device.
The silicon waveguide itself can be used as a gate for the graphene, due to
the thin layer of thermal gate oxide. When applying a gate voltage Vg the
charge carrier density in the graphene can be drastically tuned, changing
its optical absorption. These waveguides have been used as efficient electro-
absorption modulators [7]. In figure typical mode profiles of a TE and
a TM mode are plotted and figure shows optical microscope and SEM
images of the fabricated devices, note that monolayer graphene is clearly
visible in the SEM. Waveguides are either optimized for TE or TM modes
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Figure 3.1: a Fabrication steps for graphene-on-silicon waveguides. b Sketch of
the cross-section of the final device, with applied gate voltage Vo (doping levels
n & 10%cm™3, n+ = 10°ecm ™3, n + + ~ 10>°cm™?). ¢ Examples of mode fields
of a TE and a TM mode. d Optical micrograph (top) and SEM images (bottom)
of the fabricated devices (taken from reference )

depending on the grating couplers used.

The setup used for the saturable absorption measurements is shown in
figure[3.2] Pulses from a Pritel, inc. FFL-1550-10 modelocked laser are am-
plified using a Pritel, inc. HPP-PMFA-20 high peak-power erbium doped
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PD Vs
Modelocked laser 1% FPC l‘”‘l —»
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Figure 3.2: Setup used for the saturable absorption measurements. Modelocked
laser: Pritel, inc. FFL-1550-10, EDFA: erbium-doped fiber amplifier. VOA: vari-
able optical attenuator. PD: photodiode. FPC: fiber polarization controller. In
the measurement presented in figure [3.4] a modelocked laser of type Calmar FM-
SA-306-SN was used, without EDFA.

fiber amplifier (EDFA), producing pulses of about 8 ps long at 10 MHz
repetition rate, with a central wavelength of 1550 nm. The pulses are then
attenuated using a JDS Fitel HA9 variable optical attenuator (VOA), en-
abling us to tune the optical power without significantly changing the pulse
shape. A splitter and photodiode are used to have a reference measurement
of the optical power injected into the chip and a fiber polarization controller
(FPCQ) is used to optimize the amount of light coupled into the waveguide.
The power coupled out of the waveguide is detected with another photodi-
ode (PD). Hence the transmission of the graphene-covered waveguide can be
estimated as a function of voltage and input power. Using picosecond pulses
and a relatively low repetition rate, the influence of free carriers generated
by two-photon absorption in Si is minimized.

3.2.2 Experimental results

In figure B.3h, the measured transmission as a function of the input peak
power is plotted for different voltages, for a TM-waveguide of width 650 nm,
with a graphene-covered section of 150 ym long. At low optical powers the
transmission is independent of input power and the device behaves linearly.
One can see that the absorption decreases when the gate voltage decreases.
The graphene becomes increasingly p-doped and the occupation probability
at —hw/2 gradually decreases, reducing the number of available electrons
and thus reducing the low-power absorption. In this regime the device op-
erates as an electro-absorption modulator. At high input powers nonlinear
effects play a significant role. On one hand one can see a clear initial de-
crease of optical loss, especially for the high positive voltages. This is a clear
signature of saturable absorption. At higher powers however, the transmis-
sion drops drastically, this is a known complication of silicon waveguides and
is due to very strong two-photon absorption (TPA) in silicon at telecommu-
nication wavelengths [9]. Saturable absorption is caused by band-filling and
subsequent Pauli-blocking in graphene (less electrons in the valence band
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Figure 3.3: a Transmission as a function of input peak power for the TM mode of
a hybrid graphene-covered Si waveguide. Measurements for different gate voltages
are shown (see legend), the solid lines represent a theoretical fit. Pulse duration:
~ 8 ps, wavelength: 1550 nm, waveguide width: 650 nm, graphene-covered length:
150 pm. b, ¢ Saturable loss (ag), nonsaturable loss (ajg) and saturation power
for the fits shown in figure a (solid lines). Using the phenomenological model in
equation , as a function of gate voltage. An effective two-photon absorption
coefficient frpsy = 100 m~'W™! was used.

and unoccupied states in the conduction band are available for absorption).
The saturable absorption modulation depth, defined as the ratio between
the peak transmission and the the low-power transmission, amounts to 2.2
dB for Vo = 9 V. At lower voltages, as the linear absorption drops, the
relative effect of absorption saturation due to band-filling also becomes less
pronounced. This causes TPA to dominate and brings the modulation depth
down to 0 dB.
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A simple phenomenological model based on equation ([2.15)) can be fitted
to these resultsﬂ The power transmission through a section of graphene-
covered waveguide can be modelled by the following differential equation,

OP(z ar
PO - oot =S 4 B PG| PO, ()
2 1+ £

where P(z) represents the optical power as a function of position along
the waveguide z. ajg and ag represent respectively the contribution to
the waveguide loss which does not saturate, and the contribution which
saturates. Ps is the saturation power and fSrp, the effective two-photon
absorption coefficient of the waveguide. The primes in ajg, of and Spa
denote that these parameters are effective waveguide parameters and not
material parameters (as opposed the parameters in equation (2.15)). The
devices discussed here also have significant sections of silicon waveguides
which are not covered with graphene (see figure [3.1d), these can be mod-
elled with acceptable accuracy by only maintaining the two-photon absorp-
tion term in equation . In figure , the solid lines represent fits to
the different measurements, using this model. In figure 3:33p and c, the
corresponding fitting parameters are plotted. An effective two-photon ab-
sorption coefficient of Brpy = 100 m~*W~! was used. This is a realistic
value considering the (approximate) relation Sipsy = Srpa/Aeg [10] (where
Brea =~ 0.5 cm/GW [9] is the two-photon absorption coefficient of silicon
and Aeg is the nonlinear effective area |10]).

In figure 3.4k, a measurement of the transmission versus peak power for
a TE-waveguide of width 500 nm, also with a graphene-covered section of
150 ym long, is shown. For this measurement, the source was a different
modelocked laser (Calmar FM-SA-306-SN) without EDFA, generating an
estimated on-chip pulse duration of 4 ps, with central wavelenght of 1548
nm. The fits based on the equation are represented by solid lines.
In figures and d, the corresponding fitting parameters are plotted, an
effective TPA coefficient of 8fpy = 260 m~'W~! was used to obtain a good
fit.

Comparing the nonlinear response of the TM and TE waveguides (fig-
ures and ), one can clearly see that the saturable absorption is
much less pronounced for the TE waveguide. This is illustrated by figure
[3:4p. In this graph, the saturable absorption modulation depth is plotted
for different voltages, for the TE and TM waveguide. The difference is
due to the very distinct field profiles of the TE and TM modes. As can

INote that the purely third-order model developed in Section is not adequate for
this experiment, since high peak-power pulses are used.
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Figure 3.4: a Transmission as a function of input peak power for the TE mode of
a hybrid graphene-covered Si waveguide. Measurements for different gate voltages
are shown (see legend), the solid lines represent a theoretical fit. Pulse duration:
= 4 ps, wavelength: 1550 nm, waveguide width: 500 nm, graphene-covered length:
150 ym. b Comparison between the measured saturable absorption modulation
depth for this TE-waveguide and the TM-waveguide characterized in figure .
c, d Saturable loss (ag), nonsaturable loss (ayg) and saturation power for the
fits shown in figure a (solid lines). Using the phenomenological model in equation
7 as a function of gate voltage. An effective two-photon absorption coefficient
Blrpa = 260 m™*W™! was used.

be seen on figure [3.Ifc, the TE mode is much more confined in the wave-
guide core. The contribution of the TPA in silicon will as a consequence be
much higher. Hence a f5p, of almost 3 times higher was used for the TE
mode, and the ‘roll-off” in the transmission curves due to TPA occurs at
lower powers. Secondly, the interaction between the optical mode and the
graphene is different for both modes. The interaction between the optical
mode and the graphene is larger for TM than for TE modes. Intuitively,
but incorrectly, one might attribute this to this high out-of-plane electric
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field component just outside the waveguide core for TM modes (see figure
). This is however incorrect as graphene is highly anisotropic and only
interacts strongly with field components parallel to its plane. This high
interaction is mainly caused by the longitudinal component of the electric
field, which for silicon waveguides is almost as strong (though continuous)
as the out-of-plane component in the vicinity of the interface.

3.2.3 Conclusion and comparison with literature

In conclusion we have demonstrated that the saturable absorption proper-
ties of graphene-covered silicon waveguides can be drastically tuned through
electrostatic gating. We are not the first to demonstrate a change in the
saturable absorption properties of graphene as a function of charge carrier
density. Lee et al. have studied such effects for chemically doped gra-
phene [11], and Baylam et al. using electrostatic gating [12]. We are the
first however to demonstrate this effect on integrated waveguides. By mak-
ing use of the high confinement and long interaction lengths inherent to such
waveguides, the nonlinear interactions are strong and saturable absorption
modulation depths exceeding 2 dB are demonstrated. An important mate-
rial parameter of graphene as a saturable absorber is its saturation intensity
Is. By simulating the electric field components in-plane with the graphene
and converting this to a local intensity, we estimate the saturation intensity
in our measurements to be on the order of 100-200 MW /cm?. This fits
within the saturation intensities found in literature (0.71 MW /cm? in refer-
ence [13], ~1-30 MW /cm? in reference [14], >100 MW /cm? in reference [15],
250 MW /cm? in reference [11], etc.). The spread of these published satu-
ration intensities is very large, this might have to do with differences in
quality of the used graphene samples. Higher quality graphene has a longer
carrier lifetime so will saturate easier. Bao et al. also work with multilayer
graphene [13] and Sun et al. use a graphene suspension. These might all be-
have differently. An other possible explanation of the discrepancies could be
mistakes in the previously publised results, Lee et al. for example question
the correctness of the very low saturation intensity published by Bao et al..
Yao et al. have recently demonstrated that gate-tunability of graphene-
coated fibers can be used for tuning the operational regime (continuous-
wave, Q-switching or mode-locking) of a modelocked fiber laser, as well as
for stabilization of the timing jitter and tuning of the repetition rate (by
tuning the linear properties through gating) [14]. By studying gate-tunable
saturable absorption on an integrated waveguide platform, the results in
this section can be the basis for the design of integrated modelocked lasers
with similar properties. A notable disadvantage of silicon is the competi-
tion between the graphene saturable absorption and two-photon absorption
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in silicon. For the experiments discussed in the remainder of this chapter,
we have switched to graphene-covered silicon nitride waveguides, in which
two-photon absorption is negligible.

3.3 Gate-tunable graphene-covered SiN
waveguides

Saturable absorption measurements were performed on graphene-covered
silicon waveguides, as discussed in Section It is clear that these wave-
guides can indeed be used to study graphene nonlinear optics, but that
the silicon itself shows strong optical nonlinearities. For the experiments
presented below (in Sections and , we have also deposited graphene
on integrated waveguides. Using a guided-wave approach we benefit from
the high optical confinement and long interaction lengths, this enables us
to perform our experiments at low powers, which assures that third order
nonlinear effects are dominant. However we preferred not to use silicon
waveguides because the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>