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Nederlandse samenvatting
—Summary in Dutch—

Optische interconnecties hebben hun nut bewezen als een revolutionaire
oplossing om aan de noden van snelle en breedbandige datanetwerken met een
laag energieverbruik en lage overspraak te voldoen. Deze interconnecties
worden momenteel volgens verschillende technologieén ontwikkeld,
waaronder InP  monolithische integratie. Recentelijk kregen twee-
dimensionale (2D-) materialen bijzondere aandacht vanuit de
onderzoeksvelden materiaalkunde, fysica, chemie en elektronica omwille van
hun uitzonderlijke eigenschappen. Grafeen is een uniek 2D-materiaal dat
interessant is als alternatief tot de eerder vermelde technologieén. Grafeen is
één atoomlaag dik, heeft een lineaire dispersie en een sterke absorptie in het
frequentiedomein  gebruikt voor optische communicatie. Golfgeleiders
geintegreerd met grafeen bieden veel fotonische toepassingen waaronder
signaaldetectie, modulatie en schakelaars.

Deze thesis beschrijft de verschillende aspecten in de realisatie van
grafeen-gebaseerde optische schakelaars. Zowel ontwerp, fabricage als
karakterisatie worden in detail toegelicht.

De eerste stap behelsde het ontwerp van grafeen-gebaseerde modulatoren
en schakelaars. De vooropgestelde componenten werken capacitatief en
maken gebruik van silicium- of SisNa-platformen. Het eerste ontwerp
integreert een monolaag grafeen op silicon-on-insulater (SOI), waarbij de
monolaag getransfereerd wordt op een gedopeerde silicium golfgeleider,
ervan gescheiden door een dunne oxidelaag. De gedopeerde golfgeleider
fungeert als plaat van de capaciteit voor het device. De tweede structuur bevat
een dubbele laag grafeen bovenop een SOI golfgeleider, waarbij de twee lagen
grafeen van elkaar gescheiden zijn door een dun diélektricum. In dit ontwerp
is de dopering van het silicium overbodig aangezien de aandrijfspanning
wordt aangelegd over de twee grafeenlagen. De derde configuratie maakt
gebruik van een dubbele grafeenlaag op een siliciumnitride golfgeleider. Dit
ontwerp is gelijkaardig aan het vorige, het enige verschil zijnde dat de
golfgeleider nu uit siliciumnitride bestaat. In de laatste configuratie is een
dubbele laag grafeen ingebed in een SiN golfgeleider, het diélektricum is dus
vervangen door SiN.
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De mechanismen verantwoordelijk voor lichtverliezen en de dynamische
prestatie van deze devices werden gesimuleerd. We merkten dat de FOM,
zijnde de verhouding van de extinctieratio (ER) tot het insertieverlies,
onafhankelijk was van de configuratie maar opmerkelijk beinvioed werden
door de kwaliteit van het grafeen. Een andere belangrijke parameter is de 3 dB
-bandbreedte. Volgens onze berekeningen kan een bandbreedte van 16 GHz
en een extinctieratio van 5 dB bereikt worden in een korte modulator met een
kleine capaciteitsbreedte en een dik gate oxide (bijvoorbeeld in een 20 pm-
lange component met een 0.8 um-brede capaciteit en een 5 nm-dik gate oxide
bijvoorbeeld). Een 200 pm-lang device zou echter meer dan 20 dB
extinctieratio kunnen bereiken met een schakeltijd van 0.4 ns.

Vervolgens vatten we de fabricage aan: we ontwikkelden stappen voor
het verwerken van grafeen door verschillende structuren te construeren voor
transmissielijnmetingen. Op deze manier konden we ook de resistiviteit van
het grafeen optimaliseren. We merkten dat twee devices degelijk presteerden.
Het eerste was een transmissielijnstructuur van grafeenstroken met palladium
elektrodes. Het tweede was Al.Osz-bedekt grafeen gecombineerd met rand-
gekoppeld grafeen met een contactsweerstand van 400-900 Q.um en een
vierkantsweerstand van om en bij 400 Q/c.

Verder ontwikkelden we een nieuwe methode om grafeen van
micrometergrootte te transfereren. Tot op heden waren zulke methodes
gebaseerd op een manueel proces aan de hand van zelfgebouwde
instrumenten, waardoor de kwaliteit van het proces sterk afhankelijk is van de
kunde van de onderzoeker. Om reproduceerbare grafeenoverdracht mogelijk
te maken en de gebruikersafhankelijkheid te verminderen, ontwikkelden we
een nieuwe methode om micrometergroot grafeen te transferprinten aan de
hand van een geautomatiseerde commerciéle transferprinter (X-Celeprint,
model uTP 100). Dit proces is gebaseerd op het creéren vij hangende,
micrometergrote grafeenpatronen op een Si substraat, beschermd door een
fotoresistieve laag (voortaan de coupon genoemd). De coupons werden bereid
zodat ze door een PDMS stempel opgepikt konden worden (deze stempel is
aan de stempelhouder van de transferprinter gehecht) om ze dan op een
specifieke component op het doelsubstraat te printen. Na het printen kon de
fotoresist verwijderd worden met aceton. Om de optische absorptie van het
geprinte grafeen te Karakteriseren, transfereerden we verschillende
grafeencoupons op een geplanariseerde siliciumnitride golfgeleider. Het
verkregen verlies van 0,054 dB/um was in lijn met onze simulaties. Bovendien
maten we het Raman spectrum voor het getransfereerde grafeen op de SiN
golfgeleider. We vonden een 2D-band met een halfwaardebreedte gelijk aan
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33 cm?, een G-band met halfwaardebreedte 15 cm™ en I, /I; = 2,36. Deze
resultaten waren in goede overeenstemming met die van een referentiestaal.
Er werd geen D-band geobserveerd (deze is indicatief voor defecten in het
monster), wat de performantie van de ontwikkelde transferprintmethode
bevestigt.

De volgende stap was de overdrachtsmethode toepassen op een op
grafeen-gebaseerde  schakelaar, geintegreerd met voorwaarts- en
zijwaartsgekoppelde silicium fotonische kristalcaviteiten. Metalen contacten
werden op het grafeen aangebracht en een ionische gellaag werd toegevoegd.

We maten een hoge extinctieratio van 17 dB voor de
voorwaartsgekoppelde caviteit en 4,7 dB voor de zijwaartsgekoppelde door
een spanning van -1,2 V aan te leggen (Figuur 1). De verschuiving van de
caviteitsresonantie was 0,7 nm voor beide devices. De transmissie en
kwaliteitsfactor namen toe bij negatievere spanning voor beide componenten.
Dit resultaat duidt aan dat de grafeenlaag transparanter werd, zoals verwacht.
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Figuur 1: Het transmissiespectrum van a) een voorwaartsgekoppelde
caviteit. b) een zijwaartsgekoppelde caviteit voor verschillende
gatespanningen.

Om de mogelijke verbeteringen aan het ontwerp te evalueren werd een
model gebaseerd op gekoppelde modetheorie gebruikt. We zagen dat de
voorwaarts-gekoppelde caviteit geoptimaliseerd kan worden door de
reflectiviteit van de spiegels, en dus Q., te verminderen. Voor Q. = 3500
bijvoorbeeld kan een goed resultaat, ER ~ 10 dB, verkregen worden met
tegelijkertijd een insertieverlies onder 3 dB, rekening houdend met de huidige
kwaliteit van de grafeenlaag. Verdere verbeteringen worden verwacht voor
kwaliteitsvoller grafeen. De zijwaarts-gekoppelde caviteit toonde weinig
variaties met Q. en verdere verbeteringen vergen optimalisatie van het
fabricatieproces.
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Tenslotte gingen we over tot het maken en karakteriseren van een
schakelaar gebaseerd op een dubbele laag grafeen, geintegreerd in een SiN
golfgeleider. Een dunne laag SiN werd gebruikt als buffer tussen de twee
grafeenlagen die rusten op een 300 nm-dikke SiN golfgeleider. Het
aanbrengen van de grafeenlaag werd geoptimaliseerd aan de hand van
Raman spectroscopie en ellipsometrie. De bovenste SiN laag (300 nm)
werd dan afgezet en geétst om de vorm van de golfgeleider te bekomen. In
deze configuratie werden metalen contactoppervlakken bovenop de
grafeenlagen aangebracht om het Ferminiveau te manipuleren. Volgens
onze simulatie werden er goede prestaties verwacht van deze component,
in het experiment werd echter een extinctieratio van slechts 3,5 dB voor
een spanning van 10 V gemeten. Een reden kan het gebruik van SiN als
diélektricum zijn aangezien dit een heel hoge lekstroom heeft. Dit zou
opgelost kunnen worden door een kwaliteitsvolle Al,O3 laag via ALD aan
te brengen. Verder zou een volgend ontwerp een structuur kunnen bevatten
om de koppeling tussen de 300 nm en 600 nm dikke SiN lagen te
verbeteren. Fabricage van zo’n ontwerp zou echter e-beam lithografie
vereisen.
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English summary

Optical interconnects have shown to be a revolutionary solution to meet the
requirements of high-speed and high-bandwidth data networks with low
power consumption and low cross talk. These interconnects are currently
being developed based on several technologies, such as monolithic integration
of IlI-V materials, silicon-on-insulator, silicon nitride, heterogeneous
integration, and GeSi. Recently, two-dimensional (2D) materials with
exceptional properties have received considerable attention in theoretical and
experimental studies in various research fields, including materials science,
physics, chemistry, and electronics. Graphene is a unique 2D material that has
attracted interest for use as an alternative to the aforementioned technologies
in photonics. Graphene is one atom thick, with a linear dispersion and high
absorption in communication bands. Graphene-integrated waveguides enable
many photonic applications such as signal detection, modulation and
switching. This thesis concerns the development of graphene-based switches
including design, fabrication and characterization.

Our first step was to design graphene-based modulators and switches. The
suggested devices are capacitor-based devices, on silicon or SisN4 platforms.
The first design incorporates single-layer graphene on silicon-on-insulator
(SQI), consisting of a single-graphene layer transferred to a doped silicon
waveguide, separated by a thin oxide layer. The doped silicon waveguide
serves as a plate of the capacitor. The second structure features a double layer
of graphene on top of a SOI waveguide, incorporating two layers of graphene,
separated by a thin dielectric. In this design, a doped Si waveguide is
unnecessary because the driving voltage of the device is applied between the
top and bottom graphene layers. The third configuration is double-layer
graphene on a silicon nitride waveguide. This design is similar to the double-
layer graphene on Si waveguide, except that the waveguide is SisN4. The final
configuration is double-layer graphene embedded into a SiN waveguide.

The optical loss mechanism and dynamic performance of these devices
were simulated. We observed that the figure of merit (FOM), i.e., the
extinction ratio over the insertion loss was independent of the configuration
but markedly affected by the graphene quality. Another important parameter
in these devices is the 3-dB bandwidth. According to our calculations, a
bandwidth of 16 GHz and an ER of 5 dB can be obtained in a short modulator
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with a short capacitor plate width and a thick-gate oxide (e.g a 20-um long
device with a 0.8-um capacitor width and 5-nm gate oxide thickness). A 200-
pm long device on the other hand should allow for more than 20 dB ER and
switching speed up to 2.5 GHz (0.4 ns).

Next, we proceeded to the fabrication; we developed steps for processing
graphene by fabricating various transmission line measurement (TLM)
structures. In this way we could also optimize the resistivity of the graphene.
We observed that two devices showed decent performance. The first
configuration was a TLM of graphene strips with palladium electrodes. The
second was Al,Os-capped graphene combined with graphene edge contacting
with a contact resistance of 400-900 Q.um and sheet resistance of
approximately 400 Q/[1.

Furthermore, we developed a new micron-size graphene transfer method.
To date, such transfer methods have relied on manual processes with the use
of home-built tools, depending on the handling skills of the operator. To allow
reproducible graphene transfer and minimize the dependence on handling
skill, we developed a new method for micron-size graphene transfer printing
using an automated commercial transfer printer (X-Celeprint, model uTP-
100). This process is based on the fabrication of suspended micron-size
graphene patterns on a Si substrate protected by a photoresist layer (hereafter
referred to as a coupon). The coupons were prepared such that they could be
picked up by a PDMS stamp (attached to the stamp holder of the transfer
printer) and printed onto a specific device on the target substrate. After
printing, the photoresist could be removed with acetone. To characterize the
optical absorption of the printed graphene, we transferred several graphene
coupons onto planarized silicon nitride waveguides. The extracted loss of
0.054 dB/pum was in line with our simulations. Moreover, we measured the
Raman spectrum for the transferred graphene on the SiN waveguide. We
found a 2D-band with a full width at half maximum (FWHM) of 33 cm™, a
G-band with a FWHM of 15 cm™, and Ip/lc = 2.36. These results were in
good agreement with those from a reference sample. No D-band (indicative of
defects in the graphene) was observed, confirming the effectiveness of the
developed transfer printing method.

The next step was to apply the developed transfer method to fabricate a
graphene-based switch integrated on front-coupled and on side-coupled Si-
based photonic crystal (PhC) cavities. After graphene transfer, metal pads
were then fabricated on the graphene, and an ionic gel layer was coated on the
sample.

We measured a high extinction ratio of 17 dB from the front-coupled
cavity and 4.7 dB from the side-coupled cavity by applying a voltage of —1.2
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V (Error! Reference source not found.). The shift of the cavity resonance was
0.7 nm for both devices. The transmission and quality factor increased for both
devices as the voltage became more negative. This result indicates that the
graphene layer became more transparent, as expected.

To evaluate possible design improvements a model based on coupled
mode theory is used. We observed that the front-coupled cavity can be
optimized by reducing the strength of the mirror section and thus a lower Qc
E.g. with Q. = 3500, it is possible to obtain a good ER ~ 10 dB while reducing
the IL below 3dB, taking into account the current quality of the graphene layer.
Further improvements are expected for higher quality graphene. The side-
coupled cavity showed limited variations with Q. and further enhancement
requires fabrication optimization.
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Figure 1: The transmission spectrum of a) Front-coupled cavity. b) Side-
coupled cavity for different gate voltages.

Finally, we fabricated and characterized a double-layer graphene-based
switch embedded in a SiN waveguide. A thin layer of SiN was used as a spacer
between the two graphene layers (transferred by our developed technique)
lying on a 300-nm SiN waveguide. The deposition of this layer on graphene
was optimized by Raman spectroscopy and ellipsometry. The top SiN layer
(300 nm) was then deposited and etched to form the shape of the waveguide.
In this configuration, metal pads were fabricated on the graphene layers to
control the Fermi level. According to our simulation, good performance was
expected from this device; however, in the fabricated device, we measured
only a 3.5-dB extinction ratio at an applied voltage of 10 V. One reason for
this is the use of SiN as a dielectric, which has a very high leakage current.
The use of a high-quality Al,Os layer deposited by atomic layer deposition
might address this issue. Furthermore, an improved device could feature a
tapered top SiN layer to enhance coupling between the 300-nm SiN and 600-
nm SiN layers; however, fabrication of this device would require the use of e-
beam lithography.
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In this chapter, we will discuss technology and devices required for optical
communication. In this context, the need for efficient, compact, fast, and
broadband electro-optical modulators will be explained. Graphene will be
briefly introduced, and its properties will be discussed. Graphene-integrated
photonic circuits will be presented as an alternative platform to existing
technologies. Finally, we will review some techniques for the fabrication and
characterization of graphene for photonics-related applications.

1.1 Optical interconnects

It has been predicted that integrated circuits will encounter an interconnection
bottleneck. One of the main problems limiting high-data rate electrical
interconnections over long distances is signal attenuation. Such attenuation is
unavoidable in electrical wires because of the resistance of conductors and
dielectric losses. This attenuation becomes worse at higher frequencies,
leading to severe signal distortion [1].

To overcome the aforementioned issues of electrical interconnects,
optical interconnects based on low-loss optical fiber links have been
introduced, enabling ultra-high-speed communication. In addition, these data-
transparent optical links provide a low cost solution. Fiber-optic
communication has dominated the long-distance, metro, and access
communication networks, for distances more than 100 m. Recently optical
interconnects have also received attention for applications to much shorter
interconnection, distances of 1 cmto 100 m and even for on-chip interconnects
(distances of 100 umto 1 cm).

Optical interconnects do not suffer from the bottlenecks associated with
electrical interconnects. The losses in optical media are independent of the
modulation speed. Crosstalk between adjacent fibers is negligible. Hence,
optical interconnects provide high bandwidth, low power consumption, low
latency, and low crosstalk compared with electrical interconnects. However,
implementing them in communication systems remains challenging. For
instance, the energy consumption on electrical backplanes is of the order of a
few tens of pico-joules per bit. Therefore, target energies for optical
interconnects should be approximately the same, or even lower.

1.2 Silicon photonics

Silicon, a high refractive index material, can be used to build a high contrast
waveguide platform, allowing for compact photonic integrated circuits. The
main advantage of Si is that it is widely used in electronics, therefore photonic
integrated circuits can be fabricated using mature CMOS technology. A large
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amount of passive components have already been successfully demonstrated
on the SOI platform. Research is ongoing on this platform for the
demonstration of active components. In this section, we focus on modulators,
one of the main active devices and briefly review the state-of-the-art on
modulators.

Many studies have been devoted to demonstrating light modulation with
the use of various technologies, such as those based on lithium niobate (LN).
LN modulators are broadband, operating in both C and L bands; high speed,
and thermally stable; however, LN modulators are not easily scalable because
of the difficulty of nanostructuring LN [2]. Si Mach-Zehnder modulators
(MZMs) are high-speed and broadband; however, these modulators have a
large footprint and consume large amounts of power. Intensity modulation at
60 Gb/s has been reported with the use of a 0.75-mm-long Si MZM [3].
Conversely, Si ring modulators are compact, but not broadband. These
modulators are also highly sensitive to temperature variation [4]. GeSi-based
electro-absorption modulators (EAMS) have a higher optical bandwidth than
that of Si-based ring modulators and a lower footprint and power consumption
than that of MZMs but have high costs associated with complex processing.
A 100-Gh/s C-band GeSi EAM has recently been demonstrated by imec [5].
Ge EAMs are compact and high-speed; however, these modulators are also
wavelength-dependent (10 nm operational bandwidth) and require many extra
processing steps. A 56-Gb/S Ge EAM has also recently been reported [6]. In
2016, a monolithic EAM was demonstrated on an InP platform at 56 Gh/s by
Fraunhofer HHI [7]. The same bitrate has recently been demonstrated by
heterogeneous integration of InP-on-Si, in our group [8]. Although Il1-V-
based devices are promising, they require high-cost technologies. An
alternative technology is polymer-based modulators [9],[10]. A 100-Gb/s
(dual binary) Si organic hybrid modulator has been reported by KIT [9];
however, polymer involved devices may suffer from long-term stability
issues. All of discussed modulators thus far are external modulators. However,
there are also interesting reports on directly modulated lasers (DML),
including the monolithic DML [12], InP-on-Si DML published by our group
[13] and VECSELs [14].
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The integration of graphene with Si photonics can introduce potentially a
low cost technology with compact, high speed and broadband active devices
such as modulators and photodetectors. In the next sections, we further discuss
about the advantages of graphene.

1.3 Graphene

Graphite is a three-dimensional allotrope of carbon, which became widely
known after the invention of the pencil in 1565 [15]. Its application as a
writing instrument is attributed to the fact that graphite is composed of
graphene layers that are bonded to each other by weak Van der Waals forces.
Hence, when a pencil is pressed against a sheet of paper, graphene stacks can
be produced on the paper, which might also contain individual graphene
layers. Although graphene is produced every time someone writes with a
pencil, it was first isolated 440 years after its invention, in 2004, by Andre
Geim jointly with Konstantin Novoselov via a mechanical exfoliation method
[16].

1.3.1 Graphene properties

Graphene is a semi-metal with a linear dispersion near the corners of the
Brillouin zone. The six corners of the Brillouin zone are known as the Dirac
points, and the electrons and holes at the Dirac points are known as Dirac
fermions. With the fermi level at the Dirac points, graphene has minimum
conductivity because of the zero density of states. However, the Fermi level
of graphene can be tuned by doping; therefore, its conductivity can be
modulated [17],[18]. An ultra-high mobility of 200,000 cm?-V*-s™* has been
experimentally demonstrated for suspended graphene [19]. However, in
reality, the quality of graphene and its substrates are limiting factors. Another
remarkable property of graphene is its strength. The high strength of 1.42-A-
long carbon bonds makes graphene one of the strongest materials ever
discovered (by weight) [18].

Graphene also exhibits excellent optical properties, which make it an
ideal material for photonic and optoelectronic applications [20]. For example,
the linear dispersion of Dirac electrons enables broadband applications. The
high mobility of graphene makes it a suitable material for high-speed
modulation of light. Saturation of the absorption is observed as a consequence
of Pauli blocking. This is an important optical characteristic of graphene for
its applications in the field of mode-locked lasers.

Figure 1.1 illustrates the absorption spectrum of graphene with finite
doping and the optical transitions involved in the process. From near-infrared
to visible frequencies, absorption can be attributed to interband transitions.
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The 2.3% absorption of infrared light is particularly high considering the
single-atom thickness of graphene [21]. In 2008, it was reported that the
amount of absorbed light in a graphene layer is related to its fine structure
constant, rather than being controlled by specific material parameters. On the
basis of this result, adding another layer of graphene will increase the amount

of absorption in proportion. [22].
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Figure 1.1: a) Absorption spectrum of n-doped graphene,
illustrating the maximum absorption at terahertz frequencies,
minimum absorption in the mid-infrared region, and 2.3%
absorption in the near-infrared region. b) Optical transition

processes (figure from [21]).
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1.3.2 Graphene electro-absorption modulators

Integrated optical modulators with a high modulation speed, small
footprint, low power consumption, and large optical bandwidth are highly
desired to realize high-density, low-power optical interconnects for future data
centers and high-performance computing systems [23],[24]. A modulation
depth (or extinction ratio) greater than 7 dB is preferable for most applications,
such as high-data rate interconnects. However, a modulation depth less than 4
dB is adequate for certain applications, such as passive mode-locking and
short-distance data transmission [23]. The targeted energy consumption for
future energy-efficient optical modulators is estimated to be a few fJ bit™* for
on-chip connections (approximately two orders of magnitude below current
power consumption levels) [25]. The insertion loss of a modulator is also of
practical significance, because it directly relates to the energy efficiency of the
system. Other considerations, such as stability and cost, are also essential. In
the following sections, we will review existing graphene EAMs. However,
this technology is undergoing rapid development and further progress will
likely be achieved with time.

In 2011, the first graphene waveguide EAM was fabricated at Berkeley
by integration of a single-graphene layer on a silicon waveguide [26]. A
schematic of the modulator is illustrated in Figure 1.2. A doped Si layer was
used to connect the waveguide to the metal pad. In this design, both the Si
layer and Si waveguide were doped to reduce the contact resistance. An ALD
Al;O; layer was deposited as a spacer between the waveguide and the
graphene layer. CVD-grown graphene was then transferred onto the Al.Os;
layer and metal pads were deposited on the graphene and the Si slab. By
electrically tuning the Fermi level of graphene, a modulator with a 3-dB
bandwidth of 1.2 GHz (at a bias voltage of —3.5 V) and an extinction ratio of
4 dB was demonstrated using a 4 V voltage swing. The device operated from
1.35 to 1.6 pm with an active area of 25 um? (graphene length = 40 pm,
waveguide width = 0.6 um) and a negligible insertion loss.

-=- Graphene
AlLO,

Figure 1.2: a) Graphene-based waveguide-integrated optical
modulator. b) Left: TM mode profile in the graphene modulator.
Right: Magnitude of the electric field in the cross section of the
waveguide (figure from [26]).
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In 2012, the same group reported a graphene modulator using a double-
layer of graphene on a Si waveguide with an Al,O3 layer between the graphene
layers acting as a spacer and contacting both graphene layers [27] (Figure
1.3). The device modulation depth was improved to 6.5 dB over a 40-um-long
device with an applied voltage of 6 V. The insertion loss was 4 dB. The 3-dB
bandwidth of the device was 1 GHz at a 2-V bias voltage.

m— Graphene

—— Al,O0;

Au

sio,
Si02

Figure 1.3: Double-layer graphene modulator (figure from [27]).

In 2015, another double-layer graphene modulator on Si was reported by
AMO [28]. In this device, a longer graphene layer than that of previous
devices was used; thus, the extinction ratio was improved to 16 dB with only
a 3.3-dB insertion loss. The 3-dB bandwidth of the modulator was 670 MHz.

SR metal contacts

2 graphene
IR aluminium oxide
HSQ layer
S silicon dioxide
S silicon waveguide

Figure 1.4: Double-layer graphene modulator on a Si waveguide
(figure from [28]).

In 2015, a double-layer graphene modulator on a SiN ring resonator with
30-GHz modulation bandwidth was demonstrated (Figure 1.5). Similar to the
previous modulators, metal pads were fabricated on two graphene layers. In
this device, a relatively thick Al,O3z layer was deposited between the two
graphene layers to reduce the device capacitance. Large signal measurements
showed a 22-Gb/s non-return-zero (NRZ) modulation with 7.5 Vy, and a bias
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voltage of =30 V. A modulation efficiency of 15 dB per 10 V and an energy
consumption of ~800 fJ per bit were reported. Although this device has a high
extinction ratio and a high modulation bandwidth, it sacrificed broadband
operation, an important property of graphene [29].

~)
a) Q’J

Si0,
—
To Outside of Ring

Graphene

Ti/Pd/Au

ALO

Figure 1.5: a) Schematic of a modulator consisting of a
graphene/graphene capacitor integrated along a ring resonator. b)
Optical image of the final fabricated device. c) TE mode profile in
the graphene modulator (figure from [29]).

In 2014, a single-layer graphene modulator on a Si waveguide was
reported by our group [30],[31]. The design was similar to that in reference
[26]. The only difference in the design of [31], was that the waveguide was
fully planarized to simplify the integration of graphene with the waveguide
(Figure 1.6). A bandwidth of 5.9 GHz at a bias voltage of 1.75 V was
achieved, and 10-Gb/s NRZ modulation with 2-dB dynamic extinction ratio
was demonstrated (2.5 V, modulation).

©
- +
Graphene
Metal Thin Oxide Spacer Metal
L —
| .
SiO;

Figure 1.6: Single-layer graphene modulator on a planarized Si
waveguide (figure from [31]).
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In 2016, the Berkeley group reported a 35-GHz graphene modulator [32]
by fabricating the double-layer graphene structure below the waveguide, as
shown in Figure 1.7. A thick Al,O3 layer was deposited between two graphene
layers to improve the speed. Consequently, with the use of a thick spacer, the
modulation depth was only 2 dB under a bias voltage of 38 V.

L

Figure 1.7: Schematic of a device showing two layers of graphene
separated by a 120-nm Al20s dielectric layer to form a capacitor
(figure from [32]).

Table 1.2 summarizes the important parameters of the previously
mentioned graphene EAMSs. A notable feature of all these modulators is the
polarization. All operate with TM waveguides because the interaction of the
TM mode with the graphene layer in these structures is higher than that of the
TE mode. The only exception is in reference [29], which was based on a SiN
platform. Polarization becomes an important factor when graphene-based
devices are integrated with other photonic building blocks, such as lasers,
which mostly operate in TE mode.
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Although high-mobility graphene can be achieved through micromechanical
exfoliation [33], this approach is not well suited for industrial applications
because it suffers from a random distribution and the formation of flakes with
uncontrollable size and thickness [34]. On the contrary, CVD growth of
graphene is the most mature and scalable method. In this technique, carbon-
containing gases are decomposed on metal surfaces such as Cu, Ni, Pd, Ir, and
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Co at high temperatures [34]-[39], or on dielectrics [40]-[42], and converted
into a graphene layer. Growth on copper foils enables fabrication of high-
quality graphene over a large area. In addition, thin copper foils are
inexpensive and can be easily etched to release the graphene layer. After
copper etching, the transfer of graphene onto the desired substrates is possible.
These features of copper make it an interesting material for graphene growth.
Figure 1.8 illustrates the three main steps in CVD graphene growth on copper
foil.

The material of choice in the market is currently CVD-grown graphene
on copper foil because the transfer of graphene from copper is much easier
than that from other metals. The graphene used in this thesis was also grown
on a copper foil by Graphenea [43].

a) Copper oxide b) 1000 C, CH4/H2

/

Copper

Figure 1.8: Schematic illustration of the three main stages of
graphene growth on copper foil by the CVD method. a) Copper
foil with a native oxide layer. b) Exposure of the copper foil to
CHa/Hz atmosphere at 1000 °C, leading to nucleation of graphene
islands. ¢) Enlargement of the graphene flakes with various lattice
orientations (figure from [34]).

1.3.4 Graphene transfer

The most common approach for graphene transfer is to protect the graphene
layer on the original growth substrate with PMMA. The substrate is then
etched away to obtain a free-floating graphene-PMMA stack. The graphene-
PMMA stack can then be scooped onto the selected substrate. Finally, the
PMMA layer is removed on the target substrate to obtain a clean graphene
layer. Substrate wet etching is feasible for metals such as Ni and Cu but is
more challenging for metals such as Ir, Pd, and Pt [44]. In the following
chapters, we will discuss the graphene transfer method in more detail.
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1.3.5 Graphene visualization

Although graphene is produced every time one uses a pencil, finding
graphene monolayers on a substrate is difficult. A visualization technique has
been demonstrated for SiO, substrates. Using a model based on the Fresnel
law, researchers at the University of Manchester have investigated the
dependence of contrast on the SiO» thickness and light wavelength (Figure
1.9) [45],[46]. In this approach, graphene layers on several SiO,/Si samples
with different SiO, layer thicknesses were deposited. Normal light illuminated
the graphene/SiO,/Si substrates from air and the reflected light was measured.
The contrast was defined as the relative intensity of the reflected light in the
presence and absence of graphene. On the basis of these results, 300 nm and
90 nm were found to be the optimal SiO- thickness for producing the highest
contrast [45].

Currently, commercial graphene on SiO2 is on 300-nm SiO; substrates.

Therefore, using green light, one can easily spot graphene layers on the
substrate.
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Figure 1.9: Color plot of graphene contrast as function of light
wavelength and SiOz thickness. Color scale on the right indicates
the expected contrast (figure from [45]).

Figure 1.10 shows graphene layers on 300-nm SiO, and 200-nm SiO;
viewed with an optical microscope. The graphene layer is completely invisible
on the 200-nm SiO; substrate [45].
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a) 300 nm SiOx on Si P) 200 nm SiOx on Si

Figure 1.10: Graphene on Si substrates: a) 300-nm SiO2; b) 200-
nm SiOz2. Scale bar is 5 um (figure from [45]).

Consequently, graphene layers on photonic devices are not visible either
on the Si waveguide or in the trenches of the waveguide, which is a thick SiO;
layer (>2 um). Furthermore, graphene layers are very thin and not measurable
with a standard profilometer. These features make the fabrication of graphene-
based photonic devices challenging. However, graphene on 300-nm SiO, can
be used as a substrate for basic characterization such as contact resistance or
sheet resistance measurements. This substrate can also be used to develop
specific fabrication processes, such as the bilayer resist process that is
described in this thesis (chapter 3).

1.3.6 Graphene characterization techniques

To characterize the graphene layer quality, which involves information about
the number of layers, thickness, defects, and the amount of doping, many
techniques have been used, including atomic force microscopy (AFM),
transmission electron microscopy (TEM), and Raman spectroscopy. Scanning
electron microscopy (SEM) is another method for imaging of graphene. In the
remaining sections of this chapter, each technique is briefly introduced.

1.3.6.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a non-contact and relatively
convenient method for graphene observation. It is a useful technique for rapid
characterization of micro- and nano-scale graphene features, including
wrinkles, folding lines, and grain shapes. Although a SEM image can be used
for an initial estimation of graphene quality, it is a challenging to use SEM as
a technique for direct imaging of graphene. Because of the atomically thin
structure of graphene, it is transparent to the high acceleration voltages used
in SEM imaging and its properties can also be altered during imaging [47].
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Figure 1.11: SEM image of a monolayer graphene on one of our
SOI samples.

1.3.6.2 Atomic force microscopy

Atomic force microscopy (AFM) is used to map the topography of materials.
Its accuracy depends on the adhesion of an AFM probe tip to the surface. This
method is extensively used because it provides three-dimensional images,
enabling the measurement of film thickness. However, AFM has proven to be
inaccurate because of different reported values for single-layer graphene
thickness, ranging between 0.4 and 1.7 nm [48]. The discrepancy in the
reported values has been attributed to AFM probe tip and surface interactions,
image feedback settings, and surface chemistry [48].
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Figure 1.12: AFM image of graphene (figure from [49]).

1.3.6.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is another technique for measuring
the thickness of graphene and estimating the number of layers. In this method,
the electron beam is focused on the folding edge of a flake. At the folding
edge, graphene planes are parallel to the electron beam, and each plane
diffracts electrons and appears as a dark line in the image. The dark lines of
the image can be counted to determine the number of layers and the thickness
of the flake [50]. Figure 1.13 shows a TEM image of multilayer graphene.

!
Bilaz' ’,.;-;iir

Figure 1.13: TEM image of multilayer graphene (figure from
[50]).
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1.3.6.4 Raman spectroscopy

Raman spectroscopy is a powerful method for precise measurement of
graphene quality, including the number of layers, doping level, and defects
[51]-[54]. The most important bands (for extraction of the information about
graphene equality) in the Raman spectrum are the D, G, and 2D bands,
appearing near 1350, 1582, and 2700 cm™?, respectively. The 2D band is so
named because it occurs at approximately twice the frequency of the D-band.
Figure 1.14 shows a Raman spectrum of pristine and defected graphene. In
the spectrum of high-quality and defect-less graphene, the 2D band is expected
to have higher intensity compared to G band. The D and D’ bands appear in
the spectrum of graphene with defects.
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Figure 1.14: Raman spectra of pristine (top) and defected (bottom)
graphene. (figure from [55]).

1.4 Research objectives

This project has three main objectives. First, to perform a detailed simulation
of various configurations of graphene EAMs and switches on Si and SiN
integrated waveguide platforms. On the basis of these simulations, we will
further design and fabricate graphene-based switches. Our second objective is
the development of micron-size graphene transfer printing based on a
commercial transfer printer. The third objective is fabrication and
characterization of a graphene-based switch using the developed transfer
technique. The performance of the devices will be examined to establish the
versatility of our developed transfer method. To accomplish the third
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objective, we will fabricate a hybrid graphene-Si photonic crystal cavity and
a double-layer graphene-based device on a SiN platform.

In this research, the graphene was provided by Graphenea. The SOI and
SiN waveguides were fabricated with the use of Imec’s pilot lines. Other
works, such as the simulation, design, fabrication, and characterization, were
performed in the Photonic Research Group at Ghent University.

1.5 QOutline of the work

In chapter 1, we review the state-of-the-art modulators, the background of
graphene EAMSs, graphene properties, and characterization techniques. The
thesis objectives are then defined.

In chapter 2, simulation results for different structures are presented for
both Si and SiN platforms. On the basis of these simulations, the trade-offs
between the important parameters for both modulators and switches are
discussed.

In chapter 3, we explain the fabrication processes used to make graphene-
based devices. This chapter primarily focuses on the fabrication and
characterization of different TLM devices and optimization of the main
processing steps of the graphene sample.

In chapter 4, a micron-size graphene transfer method is developed with
the use of an automated tool. This chapter presents details of the processing
and transfer printing. Raman spectroscopy and some basic optical and
electrical characterizations are performed to evaluate the graphene quality
after printing.

In chapter 5, we demonstrate graphene-based switches integrated onto a
front-coupled and a side-coupled Si photonic crystal cavity, using the transfer
method presented in chapter 4. The fabrication and characterization of these
devices are discussed in this chapter. We demonstrate high extinction ratios of
17 dB with the front-coupled cavity and 4.7 dB with the side-coupled cavity.

In chapter 6, a double-layer graphene-based switch embedded in a SiN
waveguide is presented. This device was also fabricated based on the
developed transfer printing technique. The fabrication process steps, initial
characterization results, requirements, and challenges are discussed.

Finally, in chapter 7, conclusions and a future outlook are given.
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An optical transceiver incorporates a transmitter, receiver, and an optical
fiber transmission line. The workhorse of the transmitter is an optical
modulator. Waveguide-integrated optical modulators are important devices
for compact and energy-efficient transceivers, where the electrical signals are
converted to optical data. In this chapter, we propose several designs for
graphene modulators and switches and outline strategies to improve the
performance of these devices. Some of the text in this chapter has been adapted
from reference [1].
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2.1 Modelling of graphene devices

To understand the interaction of light guided in an integrated waveguide with
a graphene layer, the electromagnetic field is numerically simulated. Since
graphene is a monolayer film, only the in-plane components of the electric
field play a role in the interaction with light. Therefore, in the simulation the
graphene layer is defined as a conductive surface. In this thesis, we have used
the finite element solver COMSOL (based on finite element method) to obtain
the optical modes. For further calculations, the optical modes were imported
in MATLAB exploiting the MATLAB Livelink module.

2.2 Graphene conductivity

The conductivity of graphene can be calculated using the so-called Kubo
formula [2].

_ie2 . -
o(w, e, I', T)= je?(w+j2r) 1 fo (afd(g)_

Th? [ (w+j2r)2 de

fa(=¢) o fa(-&)—fa(e)
—)de — [ ] (2.2)

a (w+j2r)2-4(g/n)?

where —e is the charge of an electron, A = h/2m is the reduced Plank’s
constant, f;(g) = (e */KBT 4 1)~1 js the Fermi-Dirac distribution, and ks
is Boltzman’s constant.

The conductivity depends on the wavelength of light, the chemical
potential p. of the graphene layer (controlled through the applied voltage), the
carrier relaxation time (z = 1/I", which depends on the quality of the graphene)
and the temperature. In all simulations in this work, we assumed room
temperature conditions T = 300K.

Figure 2.1 depicts graphene’s conductivity for the scattering rates of 13
fs and 65 fs using equation 2.1, taking into account both inter-band (the
transition of an electron from conduction band to the valence band) and intra-
band (the transition of an electron in the conduction or in the valence band to
an upper state) transitions. The proposed values for the scattering rate were
observed in recent experiments [3],[4] and a scattering rate between these two
values is expected for experimental CVD-type graphene currently available.
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Figure 2.1: Real and imaginary part of graphene conductivity as
function of the chemical potential for the scattering time (zr) of 13
and 65 fs at optical frequencies.

For an isolated graphene sheet, the chemical potential . is determined by
the carrier density ns,

ne = —a—s fy elfa(e) = fale + 210)]de @2)

where v_f = 9.5 x10° m/s is the fermi velocity [2]. The carrier density can be
controlled by applying a gate voltage or chemical doping. For the undoped
and ungated case at T=0K, n, =, =0.

2.3 Graphene modulators and switches on Si and
SiN

In this section, we propose several designs for graphene-based switches and
modulators. Figure 2.2 shows four structures where the first two
configurations are based on a silicon waveguide and were originally proposed
in [5],[6]. The main difference is that the waveguides are assumed to be
planarized by CMP (chemical mechanical polishing) to ease the integration
process with the graphene layer (see also [7]). The single layer graphene on
silicon configuration (SLG-Si) shown in Figure 2.2(a) has a single layer of
graphene transferred on the silicon waveguide, with a thin oxide layer in
between. The silicon waveguide here serves as the capacitor plate. The
double-layer graphene on silicon configuration (DLG-Si) has two layers of
graphene separated by a thin dielectric, on the top [Figure 2.2(b)]. Typically,
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a thin layer of Aluminum Oxide deposited by atomic layer deposition is used
as the dielectric in this capacitive stack. The voltage to drive the device is now
applied between the top and bottom graphene layer. The double-layer
graphene on silicon nitride device (DLG-SIiN, Figure 2.2(c)) is conceptually
identical to the DLG-SI, except for the fact that the waveguide is now formed
by a lower index SizN strip (nsisna = 2.0 vs. nsi= 3.5). Finally, given that SizN4
is a deposited material, it is possible to embed the double-layer graphene stack
within the waveguide core, leading to the double-layer graphene embedded in
SiN device (DLG-E-SiN) shown in Figure 2.2(d).

Al,0, Graphene

Al,0; Graphene

i A Pd Pd
sio, Sio,
a) b)
Al,0; Graphene Graphene
Pd 293 ; p Pd 5 =5
sio, Sio,
C) d)

Figure 2.2: Schematics of graphene-based waveguide integrated
electro-optical devices. a) SLG-Si, b) DLG-Si, ¢) DLG-SIN, d)
DLG-E-SiN.

2.3.1 Static performance

Figure 2.3 plots the absorption as function of the waveguide width, at the
neutrality point (u.=0 eV) for the different proposed waveguide
configurations. The absorption is a measure for the interaction between the
optical mode and the graphene layer, hence a higher value is preferred. Figure
2.3(a),(b) shows that for all structures the absorption increases with increasing
waveguide width (assuming waveguide height of 220nm for the Si structures
and 300nm for the SiN structures) except for TE-polarization on the Si
waveguide. However, there are important differences between different
configurations. Assuming quasi TM polarization, the DLG-Si devices exhibit
almost twice the absorption of the SLG-Si device. For TE-polarization, the
absorption in the Si-based devices is considerably lower (up to 0.12 dB/um
and 0.08 dB/um for DLG-Si and SLG-Si devices respectively). This is related
to the interaction with the strong longitudinal electric field component at the
top interface of the silicon waveguides (note that the graphene sheet does not
interact with the out-of-plane field components [2]). In the SiN-devices on
the other hand, the quasi TE-polarized modes exhibit higher interaction with
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the graphene film than the quasi TM modes. The DLG-SIiN has lower
absorption than the DLG-Si device but by embedding the graphene stack
within the SiN waveguide, the absorption level of DLG-E-SiN can be
increased again, almost to the level of the DLG-SI, albeit at larger waveguide
dimensions. The simulations shown in Figure 2.3(a),(b) were carried out for
a gate oxide daizo3 =5 nm. Varying the gate oxide from 1nm to 15nm has very
limited impact on the absorption (<0.03 dB/um). In the case of DLG-E-SIiN
(TM maode), the mode leaks to the buried oxide and the mode near the interface
of the SiN waveguide and graphene is very weak. This leads to very low
interaction of the mode with the graphene layer and therefore low absorption.

Finally, it can be seen that, e.g. for the DLG-E-SiN with optimized layer
thickness, the absorption at a wavelength of 1310nm is significantly higher
than for 1550 nm [Figure 2.3(b)]. This is related to a higher overlap of the
optical mode with the graphene layer at 1310 nm, rather than to a change in
the intrinsic absorption properties of graphene, which are fairly constant over
the wavelength interval considered.

Figure 2.4 depicts the effect of the SiN waveguide thickness on the
absorption of the DLG-E-SIiN device both at a wavelength of 1310 nm and
1550 nm, assuming the graphene layers are embedded symmetrically in the
center of the waveguide. At 1550 nm, the absorption peaks for a total
waveguide thickness of 300 nm (150 nm bottom layer, 150 nm top layer),
while at 1310 nm it reaches its maximum for a 250 nm thick waveguide. In
the remainder of the text we assume a 300 nm thick waveguide for both
wavelengths. Simulations further also showed that the 220 nm thick silicon
waveguide widely used in the industry is close to optimal in terms of height.
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Si, as function of waveguide width. b) TE and TM mode
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Figure 2.4: TE mode absorption in DLG-E-SiN as function of
bottom SiN thickness. All were simulated for zr = 65 fs, T = 300
K, A =1550 nm and 1310 nm while the waveguide width is 1200
nm.

Table 2.1 shows the parameters selected for each configuration and used
further in this work. The widths of 750 nm and 1200 nm for the Si and SiN
waveguides respectively are chosen to get high absorption while remaining
sufficiently far from the multimode regime.

Table 2.1: Extracted parameters from Figure 2.3 for both 1310
nm and 1550 nm wavelength.

Structure Polarization ~ Width  Waveguide
(nm) thickness
(nm)
DLG-E-SIN TE 1200 300
DLG-SIiN TE 1200 300
DLG-Si ™ 750 220

SLG-Si ™ 750 220
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Applying a voltage over the graphene layer changes its chemical
potential W, equivalent to shifting its Fermi level. This implies higher inter-
band transition energy and therefore the absorption of the graphene layer is
suppressed. Given the high carrier mobility of graphene (~10% cm? V-1 s-! at
room temperature, taking into account the fabrication process [8],[9]) this
effect is quasi instantaneous. The change in the absorption as function of
voltage is illustrated in Figure 2.5 for an Aluminum Oxide layer as a gate
oxide with relative permittivity of 5 and thickness of 1nm, 3nm and 5 nm. In
calculating these curves we took into account the geometrical capacitance of
the stack, using the approach described e.g. in [7],[2] and Vo which is the offset

induced by the background doping n of the graphene with n, = =%, [10],

whereby we assumed that both layers are equally but oppositely doped. If this
is not the case, e.g. if both layers have the same type of doping, the maximum
achievable absorption will decrease, however this reduction is very small
(about 10%). The curves are plotted for two values of z, 65 fs and 13 fs
respectively, whereby the higher 7, is equivalent with less scattering and hence
higher quality graphene. The change in z; has little impact on the maximum
absorption but strongly affects the remaining absorption at higher voltages,
with strong consequences on the insertion loss and overall figure of merit of
the devices as will be discussed later. The shape of the curves is only
determined by p.. However, the voltage needed to reach a given | in the
graphene layer strongly depends on the gate oxide thickness daizos and the

graphene doping through the quantum capacitance (= fmzfiﬁ Jn, +n) and

hence the voltage needed to reach transparency increases for the thicker gate
oxides.

From Figure 2.5, we can now calculate the modulation efficiency defined
as (agow—a10m). L/(Vaaow-Vogow), the insertion loss (IL) and extinction ratio
(ER) for the different devices. The IL is determined at high forward voltage,
where the absorption is quasi-minimal while the ER is calculated as the ratio
of the maximum and minimum absorption, multiplied by the device length.
The results are shown in Figure 2.6 and Figure 2.7, as function of length of
the device for 7, = 65 fs.
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Figure 2.5: TE mode absorption in DLG-E-SiN and DLG-SiN and
TM mode absorption in DLG-Si and SLG-Si as function of voltage
for zr =65 fs and 13 fs at A =1550 nm with daizo3 = 1 nm, daizos = 3
nm and daizoz = 5 nm.

The modulation efficiency strongly depends on daizoz and a 5 nm oxide
reduces the modulation efficiency considerably in comparison to a 1 nm oxide
[Figure 2.6 (a),(b)]. IL and ER on the other hand, are nearly independent of
daros (Figure 2.7). Further, the modulation efficiency improves for devices
that interact stronger with the graphene film (DLG-Si > DLG-E-SIiN > SLG-
Si > DLG-SIiN). This is also true for the ER but the IL shows an opposite
behavior: stronger interacting structures exhibit higher excess loss for a given
length (Figure 2.7). In chapter 6, the fabrication and characterization of a
prototype DLG-E-SiN will be discussed.
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Figure 2.7: Insertion loss and extinction ratio as function of device
length for daizoz =1 nm, 3 nm and 5 nm and zr =65 fs. The solid
line belongs to oxide thickness of 1 nm, dotted to 3 nm and dashed
to 5 nm.

To get more insight in this trade-off, we calculate a figure of merit often
used for electro-absorption based modulators, FOM= ER (avi—av2)/IL(av?) as
function of the applied drive voltage AV (with 4V=V1- V,) and Vpias = (V1+
V,)/2 chosen such that the FOM is maximized. The results are shown in Figure
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2.8. The FOM strongly depends on daizos, the applied drive voltage and z.
Introducing lower quality graphene with shorter scattering time (zr = 13 fs vs
7 = 65 fs) reduces the best achievable FOM by almost a factor of five. But,
interestingly, the FOM is independent of the chosen device configuration. A
similar conclusion was reached in a more general context in [11]. Hence, only
considering the static performance of the device one should select the thinnest
oxide layer technologically feasible while the detailed device configuration
can be decided on other grounds, e.g. compatibility with other devices or cost.
This conclusion will no longer be correct however when taking also the
dynamic response into account as discussed in the next section.

Figure 2.8: FOM as function of voltage difference. The solid line
is for 7r = 65 fs, dashed line is for zr = 13 fs.

Thus far we only considered the insertion loss related to the graphene
layer itself. However, we also have to take into account the losses caused by
the metal contacts and by the resistive part of the graphene outside of the
capacitive stack (see Figure 2.9(a)). Here we have assumed palladium as the
contact because of its low contact resistance on graphene [12]-[14]. Figure
2.9(b) shows the impact of the metal contacts as function of its spacing (s)
with the waveguide, assuming, for technological reasons, that the graphene
capacitive stack itself extends 300nm besides the waveguide (do=300nm).
Extending the spacing beyond 0.75um (DLG-Si) and 1um (others) is
sufficient to suppress the loss of the metal contacts almost completely. The
remaining loss then stems from the overlap with the non-transparent graphene
(absorber graphene, da) outside the capacitive stack. Figure 2.9(c) shows the
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IL as function of the parameter do, which indicates how far the two
overlapping graphene layers extend besides the waveguide.

Increasing do reduces the loss due to the non-transparent graphene.
However, note that this also has a strong impact on the overall capacitance of
the device, negatively impacting its modulation speed. Similarly increasing
the metal contact spacing s [Figure 2.9(b)] increases the series resistance of
the device again resulting in a reduced modulation speed. Therefore, as will
be shown in the next section, in particular for high speed modulators it might
be beneficial to tolerate some added IL and reduce both do and da to maximize
the speed.
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Figure 2.9: a) Schematic figure describing the parameters used in
calculating the metal insertion loss b) IL as function of metal and
waveguide spacing s for daizos = 3 nm with ¢ =65 fs and overlap
width do 0f 300 nm c) IL as function of overlap width d. for spacing
of 1 um.
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All the devices discussed above operate over a wide wavelength range,
inheriting the broadband modulation properties of graphene. As an example
Figure 2.10 shows the modulation curves for a DLG-SIN device (daizos = 3
nm, 7 = 65 fs). Nearly wavelength independent operation is obtained from
1500 nm to 1600 nm and from 1250 nm to 1350 nm. Operating at 1310 nm
results in a higher absorption as discussed above but also requires a higher
drive voltage.

0.16 T T T T
; =44/ 1250 nm to 1350 nm

0.12

Absorption (dB/um)

0-00 ] I L] I L I 1 I ]
000 125 250 375 500 6.25
V4V, (V)

Figure 2.10: TE mode absorption of DLG-SIN as function of
voltage for daizos = 3 nm and with the zr = 65 fs for the wavelength
of 1500 nm to 1600 nm and 1250 nm to 1350 nm.

2.3.2 Dynamic performance

The frequency response of the DLG devices can be calculated using the
electrical circuit model shown in Figure 2.11(a), similar to the one used in ref
[15]. Rswp and Chox present the substrate resistance and buried oxide
capacitance, Csir is the capacitance between the electrodes through the air and
Caic is the capacitance of the graphene-insulator-graphene stack. The series
resistance, Rs, is the sum of the contact resistance (Rqc) and sheet resistance
(Rg,sh) Of the first and second graphene layer.

Caic comprises the oxide capacitance (Cox) and quantum capacitance (Cq)
of top and bottom graphene layers [15] where Cox Was calculated using a
simple parallel plate approximation and Cq is dependent on the carrier density
in the graphene sheets. This means Cq and hence the modulation bandwidth
faas are voltage dependent. Therefore, we calculated fsqgs at the bias voltage
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exhibiting the highest modulation efficiency (1.6 V, 4.27 V and 6.9 V for 1
nm, 3 nm and 5 nm oxide thickness respectively). Cq was calculated assuming
a background doping of n, = 9x10'2 cm and the doping from bias voltage.
The relative permittivity of Aluminum Oxide varies for different fabrication
processes, hence in our calculations it is assumed to be 5 or 9. The graphene
contact resistance is assumed to be Rgc =150 Q.um, a value achievable e.g.
through edge contacting of graphene [12]-[14]. The graphene sheet resistance
Rgsh is varied between 100 Q/sq and 300 €)/sq, equivalent with a mobility of
6900 cm?/V.s and 2300 cm?/V.s, respectively, assuming the same background
doping as used for the Cq calculation (n, = 9x10'? cm) and the spacing s
between the waveguide edge and the metal contact edge was varied between
1 um and 2 um. The effect of do is included in the capacitance width (dc),
which comprises the waveguide width and twice the overlap region do. Cai,
Choox and Rsup Were taken from ref [17].

The electrical bandwidth was calculated assuming a 50 Q source
resistance [Figure 2.11 (b),(c)]. Figure 2.11(b) shows how the modulation
bandwidth changes as function of device length for varying oxide thickness
and capacitor width (dc). Further one notes that a smaller dc and a thicker
oxide lead to higher bandwidth. However, as discussed in the previous
paragraph, these also lead to lower modulation efficiency and higher IL. A
200 pum long device with dc =1.8 um, daizoz = 3 nm has a bandwidth 2.5 GHz,
compatible with 0.4 nanosecond switching time. Assuming a DLG-SIN
configuration, and a 3 V drive voltage this device also exhibits a low IL (1dB)
and a high ER (23 dB). Alternatively, a 20 um long DLG-Si device with dc =
0.8 umand s = 0.35 um, daizo3 =5 nm is compatible with 16 GHz modulation
(shown in Figure 2.11(c)) and exhibits reduced IL (0.25 dB) but also a reduced
ER (5.2 dB).



Chapter 2. Design of graphene-based modulators and switches

Rg ¢
Z=500Q R, E Rau
= C.
air CGIG e Cbox
Rg,sh
a) Rg.c
25
e C|c =0.8um, dA|203 =1nm
20 4 dc =0.8um, dA|203 =3nm
- ——— dc =0.8um, dA|203 =5nm
~ 15 1 ~-°--d, =18um,dppp3=1nm
i -
©) " d_ =1.8um, dpjpo3 = 3nm
\O—B i \\. —'.—'dc =1.8um, dA|203=5nm
e \»i\.,
1.° s A..;\ 28— . =
P Ml oo o TE T T
L) I L} ' L) I L)
0 50 100 150 200
Length (um)
25 T ' L] l L) ' L)
4 —*—epsy =5, s =0.35um, R_ =100 Q/sq
20 — —e—eps =9,s=1um, R =100 /sq
A —A—eps,=5,s = 1um, Rsh= 300 Qsq
15 4 +epsr=5,s=1um, Rsh=1OOQ/sq —
T
<
[1s]
3
0 50 100 150 200

Length (um)

Figure 2.11: a) The equivalent electrical circuit b) Electrical 3-dB
bandwidth as function of device length for daizos =1 nm, 3 nm and
5 nm. All for &r =5, s =1 um, Rsh = 100 Q/sq ¢) Electrical 3-dB
bandwidth as function of device length for different relative
permittivity, spacing and graphene sheet resistance all for dc= 0.8
pm and oxide thickness of 5 nm.
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Figure 2.11(c) also shows the effect of the sheet resistance Rqshand the
relative permittivity of the oxide layer. Obviously a lower sheet resistance and
reduced spacing s are beneficial for the performance of the device. Increasing
the relative permittivity of the oxide layer on the other hand is equivalent to
decreasing its speed.

2.4 Slot-waveguide structure

The configurations proposed in the previous section or demonstrated in the
earlier works are high performance devices. However, in most of the
investigated graphene-on-Si waveguide based devices, the quasi-TM mode
has the highest interaction with the graphene layer [5]-[7],[18] while the quasi-
TE mode is the most common polarization for the guiding mode in other
optical devices. Hence, graphene-on-Si based devices that are operating with
the TM-like mode lead to a complicated design when integration with other
optical components is desired.

In this section, we propose a double-layer graphene-on-Si slot waveguide
based optical modulator [19]. Our simulation results show that the TE mode
interacts more strongly with graphene in the slot waveguide compared to
standard waveguides, which addresses the difficulty of integration with other
optical devices. This solves the issue of poor extinction ratio in previous
graphene-based devices operating with the TE-mode.

In the next section, we investigate the effect of the waveguide width,
capacitor width, polarization, metal pads distance from the waveguide and
finally graphene quality on the absorption of the graphene-on-slot modulator.
The most important results are compared with Si strip waveguides with
double-layer graphene on top (DLG-Si).

The presented structure is a Si slot waveguide with a graphene-dielectric-
graphene stack on top. A voltage can be applied through metal contacts on
both graphene layers (Figure 2.12). The results presented here are for an
operating wavelength of 1550 nm and a temperature of 300 K. Figure 2.13(a)
shows the absorption of the TE mode versus width of the slot waveguide with
a double-layer graphene on top. In this design the width of the slot section is
fixed to a constant value of 120 nm and the width of the Si is varied. A
maximum absorption of 0.27dB/um is found for a waveguide width of 620
nm. Figure 2.13(a) also depicts that the absorption of the TE mode of the
DLG-Si-Slot waveguide is much higher than that for the DLG-Si strip
waveguide, which is due to the high interaction of the mode with the graphene
layers for the slot configuration.

To assess the effect of graphene quality on the absorption, we simulated
the graphene loss for two different types of graphene as function of the applied
voltage. It is shown in Figure 2.13(b), that the high quality graphene has a
smaller insertion loss (the smallest absorption for a given voltage) and thus a
higher extinction ratio. According to this graph, a remarkably high extinction
ratio of 23 dB can be reached with only 1dB insertion loss for a device with
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100 pm length. These parameters can be improved linearly for the longer
devices.

Al,O Graphene
Pd 23 p Pd

Si0,

Figure 2.12: Schematic of the double-layer graphene-on-Si slot
waveguide.
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Figure 2.13: a) The TE mode absorption of DLG-Si and DLG-
Slot-Si at the Dirac point versus the total waveguide width (in
DLG-Slot-Si total waveguide width = 2xSi section width + slot
section width), the graphene scattering time is 65 fs b) The TE
mode absorption for the scattering time of 65 and 13 fs. Si section
width= 200 nm, slot section width = 120 nm, thus the total
waveguide width is 520 nm. ¢) TE and TM mode profile in DLG-
Slot-Si.

The capacitor width is another important parameter in the device
absorption. The loss (i.e. interaction between light and graphene layer)
increases by widening the width of capacitor. For widths more than 1 um the
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increase saturates [Figure 2.14(a)]. The minimum point is a configuration
where graphene layers are just covering the slot and interestingly the
absorption is still a notable value of 0.16 dB/um. Therefore, for a device with
a length of 100 um the extinction ratio can be 16 dB, a quite large value. The
advantage of such a structure is that it considerably decreases the capacitance
and hence improves the bandwidth of the device.

For the real device we also have to consider the extra loss due to the metal
pads and the resistive part of the graphene. To evaluate this effect Figure
2.14(b) plots the influence of the distance between the metal and the
waveguide. It is seen that insertion loss originating from the metal pads is
suppressed by enlarging the distance between metal and the waveguide over
1 pm. The remaining loss is due to the resistive graphene, which is absorbing.
Since the two configurations, the DLG-Si strip and the DLG-Si-Slot, have
almost the same length of resistive graphene, their insertion loss evolves to the
same value in Figure 2.14(b).

The mode profiles for the structures exhibiting maximum and minimum
insertion loss for the DLG-Si-Slot waveguide are also shown in Figure
2.14(b). These show clearly that the mode tends to confine in the metal area
if these pads are close to the waveguide (spacing = 0.35 pm). On the other
hand, the mode only exists in the waveguide-graphene section with no leakage
towards the metal pads for the low insertion loss state (3 pum spacing).
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Since, a short capacitor width is achievable in this design an improved
dynamic performance and a modulation speed of 23 GHz is predicted for a 20
pm device length. In this calculation, we assumed Rs=100 Q/sq, s = 0.35 pum,
epsr = 5, ox thickness = 5nm, dc = 520 nm.

2.5 Graphene saturable absorber for hybrid
integration with semiconductor lasers

A typical hybrid 111-V on Si laser consists of an optical cavity formed in the
silicon layer and a gain section consisting of I11-V materials within the cavity.
They also contain a taper section where the light is adiabatically coupled from
the I11-V gain section to the silicon waveguide [20],[21]. Often, there are many
modes of the optical cavity falling within the gain band. The total output of
such a laser as function of time depends on the amplitude, frequency and
relative phase of these oscillating modes. If the oscillating modes are forced
to maintain equal frequency spacing with a fixed phase relationship to each
other, the output as function of time will vary in a well-defined manner. The
laser is then said to be mode-locked or phase-locked. The result is a train of
short intense pulses with a repetition rate corresponding to the cavity round
trip time. For many applications such as THz generation a high repetition rate
mode-locking is a desire.

Passive mode locking is obtained by inserting a saturable absorber (SA)
into the laser cavity. A SA is a medium whose absorption coefficient decreases
as the intensity of light passing through it increases. Thus, it transmits intense
pulses with relatively little absorption and absorbs weak ones.

In [20] a mode-locked laser (MLL) with a I11-V SA was demonstrated.
However, I11-V SA have some drawbacks such as their limited optical
bandwidth. It is believed that a graphene SA might overcome these limitations
exploiting its broadband and high speed operation. Here, we investigate how
a graphene SA can be efficiently integrated on the standard I11-V silicon
platform. Standard 111-V lasers operate with the TE polarization and in the
previous sections we observed that the TE polarization has a lower interaction
with graphene compared to the TM mode. This will be even weaker, if
graphene is integrated on the 400 nm Si waveguide used in the hybrid I11-V
silicon platform. Therefore, the design should be optimized to enhance the TE-
mode interaction with graphene. We propose to embed the graphene layer in
the taper section of the laser where the mode has high confinement in the
middle.

Figure 2.15 shows the top view and cross section of our structure. The
InP epitaxial layers are chosen similar to that of a standard heterogeneously
integrated laser design [21]. A single layer of graphene is included on the 400
nm Si rib waveguide. The InP mesa is bonded on top of the graphene layer
with an insulating adhesive layer of DVS-BCB in between. The BCB layer
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has two roles in our design. First, it serves as the adhesive bonding layer
between the 111-V and the Si chips. Second, it acts as a dielectric layer for the
switch. Applying a voltage between the metal contact on the graphene and
the doped bottom InP cladding layer of the laser allows controlling the
chemical potential and hence the transparency of the graphene layer [5]-
[71,[18]. In Figure 2.16, the TE mode absorption is plotted as function of the
InP mesa width and Si waveguide width as they vary along the taper. It shows
that the absorption level changes drastically along the taper length and can be
controlled by varying the respective waveguide widths. The graph also
compares the absorption in the modulator with that of a layer of graphene
directly deposited on the 400 nm silicon waveguide. In the latter design, the
Si waveguide has to be doped in order to apply a voltage over the graphene
layer. This increases the complexity of the process and as the graph shows also
has considerably lower performance. According to Figure 2.16, the TE mode
absorption in the taper design is almost 4 times higher than for the standard
device. The total absorption for a taper length of 150 um is about 6 dB in the
Dirac point of graphene, sufficient for datacom applications. The figure also
shows the effect of the bonding layer thickness. A thicker BCB-layer, pushes
the mode toward the Si waveguide and reduces its interaction with the
graphene. Thinner bonding thickness not only increases the absorption (and
hence the modulation efficiency) but also is beneficial to boost the coupling
from the I11-V mesa to the Si waveguide and enhance the laser performance
[21]. Figure 2.17 shows how the optical mode evolves in three cross sections
along the taper length.
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Figure 2.15: a) I11-V on Si laser design, top view, b) Schematic of
the graphene device integrated with an InP/Si laser. The structure
in the option 1 in the image (a) is embedded in the taper section,
therefore the width of Si waveguide and P-InP is varied c) The
cross section of the graphene in the option 2 in the image (a).
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Figure 2.16: The TE mode absorption as function of the InP taper
width and Si waveguide width for a design with the graphene
embedded in the taper section (blue, green) and a design whereby
the graphene is integrated on a standard waveguide, outside the
taper region.

Figure 2.17: Three cross sections from the taper with a) P-InP
width 3000nm, Si width 200 nm b) P-InP width 1600nm, Si width
1600 nm c) P-InP width 600nm, Si width 2600 nm.

2.6 Conclusion

In summary, we investigated the performance of four representative
configurations, relying either on Silicon or on Silicon Nitride waveguides, for
realizing graphene-based switches and modulators operating in the
wavelength regions around 1310 nm and 1550 nm. We first studied their
properties at static operating conditions, which might actually also be relevant
for other types of devices such as detectors. Interestingly we found that the
figure-of-merit of these devices, defined as the ratio of the extinction ratio
over the insertion loss, is independent of the precise waveguide configuration
and only depends on the quality of the used graphene and the gate-oxide
thickness. Hence the waveguide configuration can be selected based on other
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criteria. For ultimate speed, the high confinement offered by higher index
contrast silicon waveguides offers more compact and hence faster devices. For
switches, which have less stringent requirements on operating speed,
deposited silicon nitride waveguides can provide more versatility and do not
suffer from two photon absorption. In all applications accurately controlling
the gate-oxide thickness is extremely important as it directly impacts
modulation efficiency, power consumption and operation bandwidth.

In addition, we investigated the performance of an optical graphene
modulator based on a Si slot waveguide. The proposed structure has
absorption of 0.27 dB/um at the Dirac point for the optimum geometry, a high
value compared to that for a standard TE strip waveguide. For the high quality
graphene with scattering time of 65 fs and total waveguide width of 520 nm,
a 100 um long device can provide an extinction ratio of above 23 dB. Since
the device has high absorption characteristics for a small capacitor width it
improves the speed of the device considerably. The metal contacts should be
at least 1 um away from the mode confined region to avoid the extra insertion
loss. The device operates with the TE polarization, which enables to integrate
this type of switch with other optical components.

In the last section of this chapter, we proposed a design for the hybrid
integration of graphene saturable absorber with 111-V on Si laser.
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In this chapter, we will discuss the development of the processes to pattern
graphene and the fabrication of transmission line measurement (TLM)
structures. Fabrication of TLMs is a basic example to learn the tricky
graphene processing. The developed process steps discussed in this chapter
will be used in the next chapters for realizing more complex devices. Also,
here we investigate graphene’s properties such as sheet resistance and
contact resistance for different contacting schemes. All processes in this
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chapter have been carried out starting from graphene transferred on a SiO-/Si
substrate by Graphenea [1].

3.1 Process steps for fabrication of TLM devices

The TLM measurement is a two probe measurement technique to determine
the resistance of ohmic contacts. The structure consists of several metal pads
on a graphene stripe whereby the distance between the individual metal pads
gradually increases. The resistance between each two contacts is measured
and plotted as function of the contact’s distance. The schematic of such TLM
structure is shown in Figure 3.1.

Metal pads SiOx

Patterned graphene
Figure 3.1: TLM design on the graphene stripes.

To start the process, firsta 1 cm x 1 cm sample is cleaved from a SiO./Si
wafer with graphene on top. Since this layer of graphene was transferred on a
blank substrate, some alignment markers are defined for use in the next steps.
After marker definition, the graphene layer is patterned using optical
lithography and a reactive ion etching (RIE) process. This step is the most
critical one as graphene is very sensitive to chemicals. Following patterning,
a second optical lithography is carried out to define metal pad openings in a
resist layer. The metal is deposited using evaporation. After lift-off the sample
is ready for characterization. In the following sections we describe each
process step in detail, and discuss the associated issues and solutions.

3.1.1 Marker definition

On the graphene substrate, a gold (Au) layer has a high contrast and a few tens
of nm of Au is clearly visible in the mask aligner. The standard way to create
markers is to use an image reversal resist for the optical lithography and
deposit a metal film immediately after the development step. The AZ-5214
photoresist is a proper resist with a sub-micron resolution. Note that for the
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graphene-based processes increasing the resist adhesion to graphene is not a
desire. Remaining resist residuals as a result of using an adhesion promoter
can deteriorate graphene’s properties. Hence, the use of Ti prime, the standard
adhesion promoter for the AZ-5214 photoresist, should be avoided.

3.1.2 Graphene patterning using bilayer resist
process

The standard way for defining a pattern using optical lithography is to use a
positive resist, which is directly developed after exposure. However, for the
graphene patterning this conventional method is not practical and it leads to
the graphene detachment from its substrate as seen in Figure 3.2. In this
figure, two samples after developing and rinsing with DI water are shown.
Following several tests, | concluded it is important to keep graphene away
from both the aqueous developer and DI water.

a) ‘ b)

Figure 3.2: Graphene delaminated from the SiO2 substrate. a)
Developer and DI water have penetrated below graphene b)
Graphene has been removed from the right side of the image. Cyan
color shows the damaged graphene, violet is SiO2 where graphene
is completely gone.

To solve this issue, we developed a bilayer resist process, which
effectively protects graphene during development. Such an approach is
typically used for substrates with a large topography or for substrates which
are highly reflective [2]. In this method, two different photoresists are spin
coated on the sample and the first coated photoresist acts as a protection layer.
To avoid dissolving the protective resist, two resists with a sufficiently
different development rate should be chosen. The first coated resist should
have a slower development rate compared to the second resist to be used as a
protection layer. In our process, we used AZ-MIR-701 (the thinnest resist
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available in the lab) and AZ-5214 as the first and second layer respectively.
The procedure is described in Figure 3.3. First the AZ-MIR-701 resist is
coated on the graphene substrate (graphene/300 SiO2/Si). A layer of AZ-5214
resist is then coated on the AZ-MIR-701. Subsequently, illumination and
development are carried out to pattern the AZ-5214 layer. Since the
development rate in the AZ-400K developer of AZ-MIR-701 is much slower
than that of AZ-5214, after patterning of the AZ-5214, the protection resist
remains almost untouched. The final step is to etch the graphene layer using
an O plasma with a pressure of 100 mTorr, 75 Watt RF power and 50 sccm
O, flow. As we have the protection layer of AZ-MIR-701 on the graphene
layer, the sample should be exposed to the O, plasma to first etch AZ-MIR-
701 and then graphene. After O; plasma etching, the sample is cleaned with
acetone to remove the resist and obtain a patterned graphene.

1600 nmi AZ 5214

——

AZ 5214 AZ 5214

)1 kB
Si0|

Figure 3.3: Bilayer resist for the graphene patterning a) AZ-MIR-
701 is coated on the graphene/SiO2/Si b) AZ-5214 is coated on the
AZ-MIR-701/graphene/SiO2/Si c) Illumination and developing of
the AZ-5214 d) Etching the AZ-MIR-701 resist together with the
graphene layer ) Removing the unexposed resist with acetone.
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Figure 3.4 shows a graphene layer successfully patterned using the above
explained process flow. The size of the graphene patterns is 100x1200 um?.

Figure 3.4: Graphene sample patterned with the bilayer resist
process. The blue area is graphene and the violet color indicates
the SiOz substrate.

3.1.3 Metallization on the patterned graphene

To fabricate the metal contacts on the patterned graphene, an image
reversal resist (using contact lithography and a single layer resist) can
be used and a metal layer (Pd or Cr) is then deposited. After lift-off
the sample is ready for measurement.

3.2 Contact resistance on the graphene stripes

To achieve high speed graphene-based electro-optical components, the
realization of low contact resistance on graphene is of paramount importance.
Several research groups have already investigated different techniques to
reduce the contact resistance. Most proposed methods are either based on the
introduction of defects in the overlapping region of the graphene and metal or
based on the use of different metals as a contact. Figure 3.5 expresses the
contact resistance values obtained for the CVD graphene in recent years.
According to this figure, the best value of the contact resistance is 84 Q.pm.
In this work defects are created on the graphene layer underneath the metal
pad by an energetic electron beam before the metal deposition. This approach
increases the number of transport channels between the metal and graphene
considerably.
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Figure 3.5: Graphene contact resistance from 2011 to 2016
reported by different research groups (modified figure from [19]).

Figure 3.6 is another review showing the reported contact resistance
versus the graphene sheet resistance. As can be seen, there is a large scattering
in the R¢ and Rsn values in both Figure 3.5 and Figure 3.6. The main reason
for this data scatter is believed to be the invasive fabrication process steps
which alter graphene’s properties.
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Figure 3.6: Overview of the reported Rc values versus Rsh for

devices based on CVD graphene transferred onto silicon wafer
with a SiOz layer on top (figure from [30]).

In our experiment, the fabricated TLM structures (as explained in
previous sections) with Pd metal pads on one sample and with a Cr/Au/Ti/Au
stack on another sample are used to evaluate graphene’s properties. Figure
3.7 shows the total resistance versus the metal spacing in the TLM structures
for the samples with Pd and Cr metal pads. The contact resistance and the
sheet resistance are then extracted from these figures and summarized in
Figure 3.8. This figure shows a low contact resistance for Pd (400-900 Q.pum)
compared to the Cr stack (1100-2100 Q.um). The low contact resistance of pd
compared to Cr is discussed in [31]. The sheet resistance of graphene varies
from 330 to 460 Q/o for both samples. These results are comparable to some
of the reported results (Figure 3.5 and Figure 3.6), but there is room for
improvement to reach to the state-of-the-art values, below 100 Q.um.
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Figure 3.7: Resistance versus the contact’s distance. a) for the
sample with the Pd pads, b) for the sample with the Cr stack. Each
color presents a separate location and separate TLM structure on
the sample.
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contact resistance b) for two samples with the palladium (black,
filled circle) and chromium (red, half-filled circle) pads.

3.3 Contact resistance on the discrete graphene
patterns

In this section, similar TLM measurements as carried out in the previous
section will be presented. The difference is that the graphene patterns
underneath the metal pads are isolated from each other as is shown in Figure
3.9. The importance of this design relies in the fact that in this thesis we will
transfer micron-size graphene patterns (chapter 4). Hence, the TLM design
with the discrete graphene patterns discussed in this section is an evaluation
of the micron-size graphene contacting.
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Figure 3.9: Schematic of TLM devices with the discrete graphene
patterns.

Figure 3.10 shows the total resistance versus the metal spacing with the
Pd contacts for 3 sets of the TLM structures. As is seen, the data is widely
scattered and does not follow a linear trend. The contact resistance and sheet
resistance are of the order of 5 kQ.um and 1000 Q/o. This is explained as
follows. Since in this design the graphene patterns are smaller than the metal
pads, the graphene edges are exposed to the aqueous developer and DI water
during the last lithography for metallization. Intercalation of water might be
the reason for the large data scatter and the high contact and sheet resistance.
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Figure 3.10: Resistance versus the metal pad distance for the
sample with the Pd pads on the discrete graphene patterns. Each
color presents a separate location and separate TLM structure on
the sample.
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3.4 Contact resistance on the contact area
patterned graphene

The authors of [32] proposed an alternative contacting approach whereby the
graphene layer was patterned with cuts prependicular to the contact edge. In
their case, the graphene was integrated with a SiC substrate and the patterns
were defined by e-beam lithography. In the case of standard contacts (contacts
on graphene uniform stripes), they observed a reduction in R from 263 to 184
Q.um when the sample was annealed in vacuum. For graphene with cuts, the
annealing improved R¢ from 650 to 125 Q.um.

To evaluate this approach, we fabricated TLM structures with
lithographically defined cuts in graphene to enhance the carrier injection from
the contact metal to the graphene layer. The patterns are perpendicular to the
channel, such that the perimeter of the graphene edges is maximized and
accessible for contact with the metal pads [Figure 3.11(a)]. In this design, the
width of the cuts is denoted as W, and the density of the cuts is defined by the
duty cycle, i.e., the ratio of the uncut-graphene width over the cut-graphene
width (W /W).

Unfortunately, our contact resistance measurements did not show a clear
trend. In some cases, the contact resistance was higher than that of the design
without cuts [Figure 3.11(c)]. Differences in the substrates used and the fact
that the injection length of 1 pm is large are presumably the main reasons for
this result. Realizing a smaller injection length requires e-beam lithography,
which at the time of this experiment was not availbale in the lab.

In this experiment, the contact resistance is plotted versus duty cycle. One
might think to plot the contact resistance versus the contacted area or the
contacted perimeter. In this case, after some simple calculations, it is observed
that the only important parameter is the number of patterns and because the
number of patterns versus duty cycle is almost linear, the conclusion remains
the same.
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Figure 3.11: a) Design of graphene TLM with patterned graphene
in the contact region. b) A graphene stripe with cuts on the contact
area fabricated on a SiO2/Si substrate. c) Contact resistance versus
duty cycle for a sample with Pd contacts. Duty cycle is the ratio of
W'/W, and L is the spacing between the metal edge and graphene
cut edge.
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3.5 Contact resistance on the Al.Oz-capped
graphene

In the above experiments, the graphene layer is not protected during the
fabrication, which might result in resist residual on the graphene having a
direct impact its properties. To avoid this, the graphene layer can be covered
with a thin ALD Al,Os layer. Figure 3.12: a) Image of the fabricated device after
AI203 removal. b) and c) Contact resistance versus duty cycle for patterns with widths
of 2 um and 4 um, respectively.

(@) shows an image of the fabricated TLM structure after Al,O3 etching,
focused on the contact region.

The process flow starts with marker definition, followed by Al,O3 wet
etching by phosphoric acid. The Al,O3 is removed in patterns perpendicular
to the channel in the contact area (width = W) and also between the two TLM
structures. Subsequently, lithography and Pd deposition, followed by a lift-off
process, are performed on the sample. After lift-off, the remaining graphene
between the TLM structures is removed by an Oz plasma process to isolate the
TLM devices.

The results are presented in Figure 3.12: a) Image of the fabricated device
after AI203 removal. b) and c) Contact resistance versus duty cycle for patterns with
widths of 2 pm and 4 pum, respectively.

(b),(c) for openings with widths of 2 and 4 um, respectively. We observed
a reduction in the contact resistance by reducing the duty cycle (i.e., increasing
the number of patterns in the contact region) with a minimum R. value of
approximately 2000 Q.um. No clear trend was observed for either the width
of the patterns (W) or the carrier injection length (L). Although the contact
resistance in this configuration is higher than that of un-protected graphene
(section 3.2), the fabrication process is more stable.
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Figure 3.12: a) Image of the fabricated device after Al2Os
removal. b) and c) Contact resistance versus duty cycle for patterns
with widths of 2 um and 4 pum, respectively.
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3.6 Contact resistance on the Al.Oz-capped
graphene through graphene edge contacting

In the final experiment, we fabricated a device similar to that described in the
previous section; however, in this device, the graphene sheet is completely
etched where the Al,O; layer is removed [Figure 3.13(a)]. Thus, the metal
electrodes are connected to the graphene layer along the 1D graphene edge. A
similar idea has already been reported for graphene encapsulated in HBN,
where the entire multilevel stack was etched in the contact area [33]. In another
work, the edge contacting approach was applied to un-capped graphene by
AMO, and a low contact resistance of 130 Q.um was obtained [34].

Our results showed a decrease in the contact resistance with a lower duty
cycle [Figure 3.13(b)]. The values for the contact resistance obtained from
this device were similar to those for un-capped graphene (the best result in this
work), with minimum values of 300-1000 Q.um. Hence, this design is
presented as a configuration with a decent contact resistance, stable
processing, and no contamination on the graphene surface. The contact
resistance is expected to be reduced, if the photoresist is removed after Al,O3
etching and the Al,Os layer is used as a hardmask for the graphene etching (for
the current device the photoresist was removed only after the graphene
etching).



Chapter 3. Graphene process development 71

SiOx + graphene + AlOx

SiOx

5000 T
— 4000 @ L=1pm .
g ] @ L=2um I
S 3000 4 W =2um .
3 -
g
$ 2000 — &
3 1 " ? ? 4
g 10004 ° -
c p
/] o]
o 0 ? ° o
| ! | L | Y | ! |
2 8 4 5 6
Duty cycle

Figure 3.13: a) Image of the fabricated device after Al.Os and
graphene etching. b) Contact resistance versus duty cycle for
patterns with widths of 2 pm.

3.7 Conclusion

Since fabrication of graphene-based devices is not straight forward, in this
chapter we presented each processing step required for the fabrication of TLM
structures. We fabricated TLM devices to achieve two targets. The first one
was to develop the main processing steps required for the next chapters. By
coating a bilayer resist on graphene, we overcame the graphene delamination
issue typically occurring during the graphene patterning step. The second goal
was to characterize the graphene sheet resistance and contact resistance. To
this end we designed and fabricated TLM structures using five different
process flows. The measurement results showed that two types of flows result
in decent contact resistance: TLM structures with graphene stripes and TLM
structurers with an Al,Os-capped graphene combined with edge contacting.
On the graphene stripes, the Pd contact has lower resistance compared to the
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Cr contact, with a reasonable graphene sheet resistance of about 400 Q/o and
a contact resistance of 400-900 Q.um. We observed almost the same values
for the Al,Os-capped graphene combined with graphene edge contacting. The
latter is very interesting in the fabrication of graphene based optical devices,
since it provides acceptable resistance while the graphene is protected from
any environmental influence.
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In this chapter, we will discuss the development of a novel graphene transfer
printing method. Following a brief literature review of transfer techniques for

large and m

icron-scale graphene layers, we will focus on the development of a

procedure for the printing of micron-size graphene layers using an automated
transfer method. Both single and multiple layer transfer will be presented and
characterized using Raman spectroscopy. Finally, the absorption of graphene
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transferred on silicon nitride waveguides and resistivity measurements will be
discussed. Some of the text in this chapter has been adapted from reference [1].

4.1 Graphene transfer in literature

In recent years, an enormous amount of effort has been devoted to the
development of high quality graphene growth, mainly on metal substrates [2]-[4]
but also on dielectric substrates [5]-[8]. Integrated photonic devices on the other
hand are often fabricated by patterning silicon, 111-V semiconductors or silicon
nitride layers, not compatible with direct graphene growth. Therefore there is a
need for transferring graphene or other 2D materials from its original growth
substrate to another substrate [9]-[13]. Thus far, in most cases large size CVD-
grown graphene films or individual flakes of exfoliated material are thereby
transferred [14]-[21], using different approaches.

In [9], a PMMA layer is spin coated on the graphene substrate
(graphene/300nm SiO/Si). After that, the surface of SiO; is partially etched. The
300 nm SiO; is not completely etched and etching of the SiO, surface is enough
to release the PMMAV/graphene layer. Next step is to put the substrate in water
and peel off the PMMA/graphene layer manually to detach from the substrate.
Lastly, the PMMAJ/graphene is transferred on the target substrate and PMMA is
removed.

In [10], a polymer-free graphene transfer technique is developed. In this
method, the graphene-coated copper foil is placed at the interface between hexane
(low-viscosity liquid organic layer) and an etching solution of ammonium
persulfate to etch the copper foil. Hexane supports the freestanding graphene layer
obtained during the copper etching and water rinsing processes. The graphene
layer with hexane on top is scooped out with a SiO./Si substrate and transferred
to a second hexane/water solution to remove copper residuals. From this solution,
the graphene layer is transferred on the target substrate (Figure 4.1).
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Hexane
Thr - D — @ "

Etch Cu
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temperature

Figure 4.1: Schematic of polymer-free graphene transfer (figure from

[10]).
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In [11], the graphene transfer relies on nascent gas bubbles and capillary
bridges between the graphene film and the underlying substrate during etching of
the metal catalyst. In this method, after the N, plasma treatment of the substrate
(SiO./Si), Cu is deposited on the surface and CVD graphene is grown on top. The
graphene/Cu/SiO./Si wafer is then coated with PMMA and immersed in an
etchant solution. The Cu film is then etched and the PMMA/graphene film adheres
to the underlying substrate (Figure 4.2).

a Cu sputter and CVD growth
Graphene
N, plasma ‘
A H B HE. . " 5
i

Cu etching Capillary bridges

Cu etching

Figure 4.2: lllustration of face-to-face transferring graphene mediated
by capillary bridges. a) Schematic of the transfer steps showing
‘bubble seeding’ by plasma treatment, CVD growth, Cu film etching,
formation of capillary bridges and removal of water and PMMA. b)
Schematic of the transfer steps showing that in the absence of plasma
treatment, the film is delaminated (figure from [11]).

In [12], a 30 inch graphene film transfer for flexible transparent electrodes
was developed where a CVD graphene grown on the roll type Cu substrate with
a polymer support on top was used. After etching the Cu substrate, the graphene
films are transferred from the polymer support onto a target substrate by removing
the adhesive force on the polymer support (Figure 4.3).

Graphene on
/ Polymer support polym‘:ar support Released

polymer support
» ‘.ﬂ‘

Target substrate
Graphene on target

Graphene on Cu foil

Figure 4.3: Schematic of the roll-based transfer of large graphene
films grown on a Cu foil, including adhesion of polymer support, Cu
etching and dry transfer on a target substrate (figure from [12]).

In[13], MoS:; flakes are transferred on a predefined site on the target substrate
by using a viscoelastic stamp. MoS; is deposited onto the viscoelastic layer by
mechanical exfoliation of the bulk layered crystal with Nitto tape. The stamp is
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then brought in contact with the target substrate and slowly peeled off to print the
MoS; flakes. The method is strong enough for printing 2D materials and has the
advantage of dry process and deterministic printing. However, it does not serve
as a deterministic pick up method.

Although all of the above described methods resulted in a successful transfer,
they have considerable drawbacks. They lead to an inefficient use of the graphene
film, especially on large scale photonic integrated circuits, requiring only
graphene in a small area of the entire circuit. In some cases, e.g. on preprocessed
substrates with large topography, it might even be impossible to transfer full films
of 2D-materials. Therefore, it is essential to develop a method to transfer small
patches of graphene to dedicated locations on a target wafer.

Though many such techniques have been proposed, a scalable approach
allowing automated dry transfer printing of graphene patches at a given set of
locations on a target wafer substrate has not yet been demonstrated. To date, the
methods employed for the transfer of micron-size graphene layers rely on manual
processes derived from the conventional wet transfer [14]-[16], using home-built
tools, and are strongly dependent on the handling skills of the operator. In most
cases they are difficult to upscale to full wafer processing.

Figure 4.4 from [22] is an example for the micron-size graphene transfer
where the transfer is done by putting a glass fiber into the hole made in the
PMMA/graphene.
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Graphene
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d

Figure 4.4: Process steps of graphene transfer. a) PMMA coated on
graphene grown on copper foil. b) Pattern transfer to PMMA and
graphene by e-beam lithography and plasma etching. c) Dissolve
copper in FeCls+HCI solution and clean graphene in deionized water.
d) Fished out PMMA/graphene from DI water and suspended on
copper grid. ) Dry PMMA/graphene stamps that can be transferred
under microscope. f) Print PMMA/graphene stamp to targeted position
then dissolve PMMA (modified figure from [22]).

Reference [23] is another work on the micron-size graphene transfer. The
method is based on a conventional wet transfer process where the PMMA layer is
replaced by a thin layer of Au. Au is deposited on the patterned graphene/copper
foil. After cu removal, the graphene layer with Au protection layer is transferred
on the target substrate. Finally, the Au layer is etched away.

The main drawback of these methods is that the released graphene layers are
transferred to the target substrate by a fiber tip [22] or manually [23], which makes
it difficult to scale up to the massive transfer on a wafer. In our approach this
drawback is solved by using an automated tool. In addition, a higher transfer
printing yield is expected compared to the method introduced in [22]-[23].

In this chapter, we present a new method that allows transfer of micron-size
graphene towards any desired site on a target substrate, relying on a commercially
available tool used also in the solar, display and electronics industry [24]-[27] and
more recently also for the transfer of 111-V semiconductors on silicon waveguides
[28]. We demonstrate the transfer of patterned monolayer CVD graphene from a
SiO,/Si substrate to different types of target substrates including silicon substrates
with a planar SiO- film, SisN4 waveguides and palladium (Pd) contacts. Since the
transfer is carried out using an automated tool, the graphene quality is not
influenced by the operator skills. Hence, our technique allows for a repeatable and
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high quality graphene transfer. The presented approach has the capability of
transferring micron-size graphene films one by one but allows also transferring
multiple films in parallel. This property suggests an efficient way for the wafer
scale integration of graphene with other optical components in a photonic chip.
Moreover, our technique has the advantage of efficient material use. The graphene
can be transferred from a densely populated source substrate to a sparsely
populated target substrate. In addition, as after preparing them, the graphene
coupons are dry, they can be kept on the source wafer for a long time, allowing
the reuse of the source wafer to populate multiple target wafers.

4.2 Developed transfer printing procedure

In this section, we discuss our graphene transfer printing method. First, we
introduce the transfer printer and its operation. Then the process flow for the
fabrication of the source sample consisting of an array of suspended graphene
coupons is discussed. Subsequently, we show the process steps on the real device.
Finally, we evaluate the quality of the transferred graphene using different
characterization methods.

4.2.1 Transfer printer

The transfer printer (X-Celeprint, model uTP-100) consists of several stages
carrying respectively the source sample (a sample with suspended graphene
patterns covered by photoresist), the target sample and a cleaning pad (Figure
4.5). A patterned PDMS stamp fabricated using a patterned silicon substrate as a
master mold is installed on a glass plate and then attached to the stamp holder
above the stages. The stage is motorized and has the capability of moving with
sub-micrometer accuracy. The different components of the tool were described in
detail in [29].

The alignment of the stamp with the source and target samples is visualized
on a camera looking through the transparent stamp and stamp holder. A 3-sigma
alignment accuracy of 1.5 um has been reported for this tool [29].
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Figure 4.5: The transfer printer machine showing the source sample
stage, target sample stage, and cleaning pad. The glass plate with the
attached PDMS stamp in the stamp holder is indicated as well.

The stamps were fabricated by X-celeprint using a PDMS mold coated on a
Si master wafer. The desired patterns are fabricated on the Si substrate by
lithography. The PDMS layer is then casted on the master wafer. After curing, the
stamp is separated from the master wafer while the patterns of the master wafer
have been transferred on the PDMS. Figure 4.6 presents the process flow of the
PDMS fabrication [30].



Chapter 4. Development of micron-size graphene transfer printing 84

a) prepare a master by lithography

b) Cast PDMS

¢) Cure stamp and separate from
master

Figure 4.6: Stamp fabrication process flow (figure from [30]).

Pickup and printing are based on controlling the adhesion between the stamp
and the graphene structures. Graphene coupons can be picked up from the source
substrate by moving up the stamp at high speed thus exerting a force on the
coupon exceeding the photoresist tether’s strength. They are then printed to the
target chip and stay attached while releasing the stamp slowly. This leads to a
reduced adhesion between the PDMS and the photoresist, which is now lower
than the adhesion of the coupon to the target substrate (Figure 4.7) [31],[32]. The
tool has a fully automated operation mode whereby the user defines the origin of
the first coupon, the horizontal and vertical pitch of the coupons on the source
sample, the origin of the first device on the target sample and the pitch between
devices on the target sample. From this information the machine is then able to
transfer all coupons fully automatically without user intervention. If even higher
placement accuracy is required, an additional pattern recognition step with respect
to predefined markers on the source and target sample can be added.
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Figure 4.7: Schematic diagrams of the pickup (a) and printing (b) of a
coupon.

4.2.2 Source sample preparation

The process flow for preparing the source substrate is illustrated in Figure 4.8.
The starting point is a CVD grown graphene film on a 300 nm SiO; layer on a Si
substrate, obtained from Graphenea (www.graphenea.com). First an array of
graphene coupons is defined by UV lithography followed by an oxygen plasma,
Figure 4.8(a). After patterning, the resist is removed with acetone. Then a trench
is etched in the 300 nm SiO; layer, 10 pm away from the graphene coupons, using
a second lithography step, (Figure 4.8(b) top view and Figure 4.8(c) side view).
Following resist removal a new photoresist mask shielding the graphene coupons
and forming tethers to the silicon substrate is formed (Figure 4.8(d) top view and
Figure 4.8(e) side view). The used photoresist was T 35E, a relatively thick resist
that can withstand the buffered oxide etch (BOE) needed in the next step. The
width of the tethers is a crucial parameter in controlling the under-etch process
and avoiding collapse of the coupon while still allowing for easy fracturing during
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the pick-up process. For 10x250 um? graphene coupons, we used 2 pm wide
tethers. The next step is to under-etch the sacrificial SiO; layer in a BOE solution,
Figure 4.8(f). To avoid damaging the photoresist during the BOE etch, the sample
was baked 5 min at 150 °C to harden the photoresist. After under-etching, the
sample is gently rinsed by DI water and dried by a nitrogen flow. In this stage, the
graphene coupons are suspended by the photoresist tethers and ready for pick-up.
Now the source and target samples are loaded in the transfer printer. Figure 4.9(a)
illustrates the pickup of the graphene coupons protected by photoresist, being
attached to the stamp and the tethers breaking as expected. Figure 4.9(b),(c) are
images of the graphene transferred to the target device before and after photoresist
removal.

4.2.3 Single coupon transfer

The graphene coupons were defined in an array with x-pitch of 400 pum and y-
pitch of 60 um. After a first pick-up and print of a coupon on the target substrate,
the stamp is moved to the cleaning pad to remove any remaining photoresist or
other debris from the stamp. To pick up the next coupon, the stamp is moved back
to the source substrate, landing on a second graphene coupon. A new coupon is
picked up and printed on the desired spot on the target sample, with a pitch not
related to that of the coupons on the source wafer, ensuring economical use of the
graphene. In this work a semi-automatic mode is used, which is identical to the
automatic mode described above, except for the fact that for every transfer the
source coupon and target location are selected separately in the user interface. The
transfer itself, including pick-up and release speeds are fully controlled by the
tool, ensuring reliable operation independent of the operator skills. Note that the
size of the post on the patterned PDMS stamp should be close to the size of the
oxide etch mask shown in Figure 4.8(b) to avoid touching neighboring coupons
by the stamp. With a suitable stamp design, containing multiple posts, also
multiple coupons can be transferred at the same time. This will be demonstrated
in the next section.
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Figure 4.8: Process flow for preparing the source substrate and the
actual transfer printing process. a) Top view of array of graphene
patterns. b) Top view after SiOz patterning. c) Side view after SiO2
patterning. d) Top view after tether definition. e) Side view after tether
definition. f) Side view after under-etching.
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Figure 4.9: a) Pickup of the resist-covered graphene coupon. b) Resist-
covered graphene coupon after printing. ¢) After resist removal.

Figure 4.10 shows the microscope images of the source sample from the
graphene patterning step to pickup. One should notice that sometimes after SiO»
etching (step d) resist at the edge of SiO; patterns is cross-linked and it is difficult
to remove it with acetone. In this case, the resist remaining at the edge of the SiO,
patterns is also transferred to the target substrate. However, it can be removed by
another lithography step and an O plasma.
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w-y

Figure 4.10: Microscope images of the source sample during
processing. a) Graphene sheet covered with photoresist, after
development, showing graphene in the unprotected region. b) The
sample after Oz plasma process. Graphene has been removed in the
unprotected region. c) Array of graphene patterns after resist removal.
d) Etched SiOz, 10 um away from graphene. €) Fabricated tethers. f)
Zoomed in image of e showing the successful tethers development
without breaking. g) Patterns after hard bake. Dark color appears after
baking. h,k) Two sets of released coupons with 10 um and 5 um width.
The yellowish color indicates the coupon is released. I) Coupon on the
stamp, the cross and square are used for the alignment.

For preliminary evaluation of the process and the quality of the transferred
layers, we transferred graphene to a silicon substrate covered with a 300nm thick
SiO; layer. Figure 4.11 shows that the Raman spectrum (532 nm excitation
source) of the transferred graphene remains very similar to that of the reference
sample. For the reference sample the Full Width at Half Maximum (FWHM) of
the 2D and G bands are 34 cm™ and 15 cm! respectively with Ip/lg = 2.17. For
the transferred graphene we found a 2D band FWHM of 30 cm™, a G band FWHM
of 16 cm™ and Izp/lg = 2.173 in good agreement with the reference sample. No
D band, indicative of defects in the sample is introduced, attesting of the fact that
the proposed transfer technique does not degrade the graphene quality. The only
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difference with the reference sample is that the small peak close to 2400 cm™ in
the reference sample is not observed in our measurement. The reason is not fully
clear, but it probably relates to the several process steps carried out during the
coupon preparation. Another reason could be the high level of noise observed in
the transferred graphene.
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Figure 4.11: The Raman spectrum of a graphene coupon transfer
printed on SiO2 compared with the Raman spectrum of the reference
sample.

4.2.4 Multiple coupon transfer

To demonstrate the possibility of transferring multiple coupons of graphene
simultaneously, a stamp with a 2x2 pattern of posts is used. It consists of a bulk
PDMS layer patterned with 4 posts of 40x40 pm? with x-pitch of 250 um and y-
pitch of 350 um [Figure 4.12(a)]. Figure 4.12(b) shows a schematic cross section
of the stamp.
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e
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Figure 4.12: a) PDMS-stamp with 4 posts for parallel transfer. b)
Schematic cross section of the stamp showing two post in the top part
of image a).
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The pitch of this stamp was chosen to be an integer multiple of the pitch of
the graphene coupons on the source wafer, such that in every pick and print
operation four graphene coupons are being transferred. We carried out 20 transfer
steps (80 graphene coupons total) of which 17 were fully successful. In the other
3 cases at least one of the coupons was not printed. Although not tried here such
a failure can in principle be corrected by printing another coupon. The yield could
be improved with optimization of the tether design ensuring the tethers break such
that there is no tether debris underneath the graphene. Figure 4.13(a) and Figure
4.13(b) show the transferred graphene coupons before and after removing the
protective photoresist. The Raman spectrum in Figure 4.13(c), clearly proves the
transfer was successful.
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Figure 4.13: a) Microscope image of 4 resist-covered graphene
coupons simultaneously transferred using the stamp shown in Figure
4.12. b) Zoomed-in image of the graphene after photoresist removal.
¢) Raman spectra of 4 simultaneously transferred graphene coupons.
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4.2.5 Transferred graphene absorption

To characterize the optical loss of the printed graphene, we transferred several
graphene coupons on planarized silicon nitride waveguides (width = 800 nm,
height = 300 nm) with a surface topography of 20 nm, as shown in Figure 4.14(a).
Figure 4.14(b) shows a magnified image from one of the resulting patterns,
showing a clean graphene film covering the waveguide. Figure 4.14(c) shows the
excess loss of the different graphene covered waveguides with respect to a
reference waveguide. The extracted loss of 0.054 dB/um is in line with
simulations [33]. Figure 4.14(d) shows a series of Raman measurements taken at
different points on a line orthogonal to the waveguide, starting and ending just
outside the rectangular graphene area. Therefore, in the recorded spectra, we
expect to see peaks associated with monolayer graphene for the central
measurement points and no peaks for the outer points (traces number 1 and 10).
For the edge traces (number 2 and 9) there is a D band, associated with defects,
visible in the spectra. The central traces do not show this band however and for
the central trace (number 6) the 2D and G band exhibit a FWHM equal to 33 cm*
Yand 15 cm™ respectively with Iop/lg =2.36, again comparable with the reference
graphene.
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Figure 4.14: a) Resist-covered graphene coupons transferred on SisN4
waveguides. b) Zoomed-in image after photoresist removal. c) Excess
loss as function of graphene length. Inset image is the optical mode
profile of a graphene integrated SisN4 waveguide. d) Raman spectra
taken at different points along the line orthogonal with the waveguide
as shown in b).



Chapter 4. Development of micron-size graphene transfer printing 94

4.2.6 Transferred graphene resistivity

In a final experiment to assess the developed process, we measured the electrical
resistivity of transfer printed graphene by a two-probe measurement. To this end
we defined Pd electrode patterns on a SiO2/Si substrate using a standard lift-off
process. After resist patterning on the target wafer but before metal deposition the
SiO; was slightly etched such that after the Pd lift-off the sample was planarized
with a surface topography of 2 nm. Then graphene coupons were transferred on
the Pd contacts. Finally, the photoresist on top of the graphene was removed. The
result, before and after removing the resist is shown in Figure 4.15(a) and Figure
4.15(b) respectively. The size of the graphene patterns was fixed at 4x25 um?2.
The contact pad separation was varied from 3 to 25 pum.

The sheet and contact resistance were extracted by applying a voltage
between both contacts and measuring the resistance as a function of the contact
separation (Figure 4.16). From the intercept and slope of this curve, the sheet
and contact resistance of graphene were found to be 398 Q/sq and 2990 Q.pm,
respectively. The contact resistance and sheet resistance measured for
conventional TLM structures fabricated on samples from the original source
wafer are 352 Q/sq and 928 Q.um respectively, similar to other reported values
for CVD graphene [34]. This shows that the sheet resistance, and accordingly the
graphene quality, is almost not affected by the graphene process but that
contacting process is open for further improvement. One reason for the high
contact resistance could be contamination by the use of photoresist in several
steps. As such, | believe the contact resistance could be improved by using
encapsulated graphene and an edge contact scheme.
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Figure 4.15: a) Transferred graphene sheets on the Pd contact patterns
with different contact distance (graphene photoresist encapsulation
still present) b) zoomed-in image of graphene on Pd after photoresist
encapsulation removal. The distance between contacts is 20 um.
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Figure 4.16: Resistance as a function of separation between Pd
contacts.
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4.3 Conclusion

In summary, we presented a new method for transferring multiple micron-size
monolayer CVD graphene coupons to a desired site on a target substrate in a
reproducible and scalable way using a commercial tool (model uTP-100 from X-
Celeprint). The processing steps for preparation of the source substrate including
graphene patterning, SiO, etching and the realization of a photoresist
encapsulation layer were discussed. The encapsulation layer including tethers that
support the free-hanging graphene coupons enables us to release the latter by
under-etching the SiO; substrate. The tether size was shown to play an important
role in successfully suspending the graphene layers. The pickup and printing
speed were optimized to reach a 100% pickup yield and print yield of 95% (in the
single coupon transfer). The root cause for the lower print yield is believed to be
related to residues originating from the tethers getting underneath the graphene
layer. The yield could be improved with further optimization of the tether design
ensuring the tethers break such that there is no tether debris underneath the
graphene. In addition, an oxygen plasma treatment of the target sample might
result in a cleaner target surface and therefore improve the print yield. Raman
measurements on the printed graphene coupons and a reference graphene
structure indicate the quality of the graphene is preserved after printing. Graphene
coupons printed on Pd contact pads allowed us to measure the contact and the
sheet resistance of the transferred graphene, which are in line with other reported
values for CVD graphene. Similar results were observed for TLM devices. In the
next chapters we will use this process to realize a silicon photonic crystal based
switch and an electro-absorption modulator integrated with a SiN waveguide.
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In this chapter, we will present the results on the fabrication and
characterization of graphene-based switches where graphene is integrated on
a Si PhC cavity. Two types of devices will be discussed: graphene integrated
on a front-coupled cavity and graphene integrated on a side-coupled cavity.
Some of the text in this chapter has been adapted from reference [1].
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5.1 Graphene-based switch integrated on a Si PhC
cavity

To demonstrate the versatility of the transfer printing method developed in the
previous chapter we integrate graphene with PhC cavities to realize ultra-
compact switches. Integrating graphene with resonant structures such as ring
resonators or photonic crystal (PhC) cavities enhances the interaction of the
optical field with the graphene layer [2]-[4], resulting in a reduced size of the
required graphene layer, and the associated capacitance. In this chapter, we
first present the fabrication of a graphene-based integrated switch using the
transfer printing process developed in chapter 4. We thereby use an automated
commercial transfer printer to integrate a micron-scale graphene layer with a
1D silicon photonic crystal. Next, we present the experimental results,
demonstrating a voltage dependent transmission for the hybrid graphene SOI-
PhC nano-cavity. The graphene Fermi level is tuned from its intrinsic state to
beyond the transparency region by gating the graphene layer using a polymer
electrolyte [5]. Finally, we link these results with a theoretical model and
predict possible improvements to the design.

5.2 Front-coupled PhC cavity

5.2.1 Design and fabrication

Figure 5.1 illustrates the design of the proposed device. It consists of a 1-D
SOl front-coupled PhC nano-cavity with a patterned graphene layer deposited
on top. Metal contacts are deposited at both sides of the graphene layer, 1 um
away from the edges of the cavity. The SOI-PhC nano-cavities consist of two
mirror sections with a taper section in between. The radius of the holes
gradually decreases from the center to both sides. Geometric parameters of the
cavity are listed in Table 5.1. The cavities were designed by Weigiang Xie.
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mirror mirror

-~

1um

Figure 5.1: Schematic of the graphene-based switch showing the
graphene layer on three central holes only and metal pads with 1
1m spacing from the cavity.

Table 5.1: Design parameters of the front-coupled cavity.

Front-coupled Waveguide  Coupling Height (nm)
cavity width (nm)  gap (nm)

Mirror section Length Hole Distance

(um) diameter  between holes

(um) (Lm)

_ 1.92 0.178 0.208

Taper section: Length Hole Distance

Hole (um) diameter  between holes

(Hm) (Hm)

8.08 0.187 0.203

0.197 0.193

0.207 0.183

0.215 0.174

0.221 0.167

0.227 0.161

0.233 0.155

0.237 0.150

0.239 0.147

0.241 0.145

11 (central hole) 0.241 0.145
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The devices are fabricated on a 300 mm SOI wafer in a CMQOS pilot line
using 193 nm immersion lithography. The holes and waveguides are etched in
a 220 nm-thick silicon layer on top of a 2 um buried silicon oxide layer. The
devices are planarized by SiO, deposition and chemical mechanical polishing
(CMP). The cavity IL and Q-factor were 5 dB and 40,000 before integration
with graphene. After fabrication of the SOI-PhC nano-cavity, graphene is
transfer printed on top using the process described in chapter 4 [Figure
5.2(a)]. The next step is to fabricate the palladium contact pads on the
graphene layer, 1 um away from the cavity edges. After the lift-off process, a
polymer electrolyte layer consisting of LiCIO4 and polyethylene oxide (PEO)
in a weight ratio of 1:10 is spin coated on the Si chip. This layer will allow to
control the graphene Fermi-level [6]. Figure 5.2(b) shows a microscope image
of the fully fabricated device.

Grating
A couplers N\ Graphene with
the resist
protection

1 220nm Siwg PhCcavity
Z V4

Electrolyte

Palladium pad

D
Palladium pad

Figure 5.2: (a) Top view of the Si sample with the transferred
coupons on top. To provide enough space for contacts, only a
subset of the cavities is covered with a graphene layer. (b) Top
view of a fully fabricated device. An electrolyte layer has been
coated on the sample to gate the graphene layer. Given its small
size and transparency, the graphene layer is not visible in this
image.
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5.2.2 Characterization of the device performance

The 1D PhC device is connected to single mode access waveguides integrated
with grating couplers for optical characterization. The graphene Fermi level is
tuned by applying a gate voltage V¢ between one of the contacts of the device
under study and a contact of an identical device directly next to it, with the
electrolyte serving as the gate dielectric. Figure 5.3 plots the measured
transmission for applied gate voltages varying from +1.2 V to -1.2 V. The
transmission increases and the linewidth narrows as the voltage becomes more
negative. This indicates the graphene layer becomes more transparent, as
expected. For positive voltages this effect is weaker as the transferred
graphene is intrinsically p-doped (originating from the PMMA used by
Graphenea in the transfer process and doping from water absorption from the
environment).

Vds Vgs
I ik

1 I
| Electrolyte

-10 T T T T T T
— 204 [1724B |
o 20
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c st
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‘e 30{—-=-=—-- : N o
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= 1194
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Figure 5.3: top) Cross section of the device. bot) Transmission
spectrum of the hybrid graphene SOI-PhC cavity for different gate
voltages. The grating couplers loss has been extracted in this
figure.

Figure 5.4 shows the ER, measured at 1569.07 nm, the wavelength of
maximum transmission for an applied voltage of -1.2 V. This figure shows
that applying only -1.2 V results already in an extinction ratio (ER) as high as
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17.2 dB. Increasing the drive voltage to 2 V, from -1.2 to 0.8 V (the neutrality
point of graphene), the ER further increases to 19 dB.
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g 1
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Gate voltage (V)

Figure 5.4: Transmission at the resonance wavelength of -1.2 V
versus gate voltage.

The gate voltage dependent quality factor is extracted by fitting a
Lorentzian function to the transmission spectra. It increases from 2000 at
positive voltages to about 6000 at -1.2 V (Figure 5.5). The corresponding
wavelength shift is 0.8 nm. The Q factor enhancement with the gate voltage
originates from the decrease in the graphene absorption coefficient. The strong
blue shift indicates there is not only a strong modulation of the imaginary part
of graphene’s dielectric constant but also of its real part, resulting in a phase
shift. In line with what is expected from theory [4], this change in the real part
is in particular relevant if the chemical potential comes close to 0.4 eV, or for
gate voltages below 0 V.

Using a perturbative approach, the cavity resonance and its line width can
be expected to vary linearly with the gate-dependent dielectric constant of
graphene:

TR=TR" + alm[eg(w)] (5.1)
for the cavity line width and
IR = 28" + pRe[ey(®)] (5.2)

for the cavity resonance wavelength [2]. To link the experimental data to a
theoretical model for the graphene dielectric constant [7], we need to relate
the actually applied gate voltage to the fermi level of the graphene layer, using
the following formula [2], also used in chapter 2:
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E; = hvg /nb +7 (%) (5.3)

In this case however, C is the capacitance related to the depletion layer
induced in the ionic gel [5]. The intrinsic carrier density np and the fermi
velocity v are defined as before. Fitting the experimental data to the theoretical
model gives us the following values for the different parameters: a ~ 0.12,
~ 0.4, C ~ 27 mF/m?, n, ~ 9e12 cm?and 7"~ 26 fs with 7~ the scattering
time. The NMSE (normalized mean square error) for the Q factor fitting and
cavity resonance fitting is 0.03 and 1.2e-8, respectively. In Figure 5.6 we plot
the corresponding relation between E; and V, showing the neutrality point at
0.6 V. Another observation is that for positive voltages the Fermi level does
not reach the transparency region (<0.4 eV) explaining the absorptive behavior
of graphene in the transmission spectra for positive voltages (Figure 5.3). The
mobility of our graphene is 2000 cm?/V.s corresponding to a scattering time
of 26 fs at the Dirac point.

T T T T T T T
60004 L 1570.0
15698 O
5000 - - 0
5 -1569.6
- I -
S 4000 L1569.4 3
) o
£ 1569.2 B
T 30001 [ 7 3
a L1569.0 ©
=
2000 1 @ 2 0 I
* . L 1568.8 3
«
1000 +— ; . —+ 1568.6

12 08 -04 00 04 08 12
Gate voltage (Volt)

Figure 5.5: Quality factor and resonance wavelength versus gate
voltage. Solid lines and scatter data represent the theoretical model
and measurement data, respectively.

We also measured the gate voltage dependent resistance using the source
and drain contact pads on both side of the graphene layer (Figure 5.7). A
maximum resistance of 17 KQ is measured for a gate voltage of 0.8 V,
corresponding to the neutrality point. The slight difference in the voltage
correspond to the neutrality point obtained from the optical data and from the
resistance measurement is related to the error in the cavity resonance and
quality factor fitting. Also, the result with the ionic gel are not always 100%
reproducible.
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Figure 5.6: Fermi level versus gate voltage.
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Figure 5.7: Resistance as function of gate voltage. The maximum
resistance indicates the neutrality point, where graphene has
minimum conductivity and minimum carrier density.

The current device exhibits an excellent ER but also a relatively large IL.
To get insight in this trade-off and evaluate possible design improvements we
used a model based on standard coupled mode theory [8]. The measured Q-
factor can be written as:
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I (5.4)
Q Qc Qg Qi
Qiis related to intrinsic scattering losses of the cavity and found to be very
large for the devices under study. Qj will hence be neglected in the remainder
of this discussion. Qc is a design parameter and related to the strength of the
mirror sections of the 1D PhC. Qg is related to the absorption loss in the
graphene layer and hence voltage dependent. To extract the actual values for
Qc and Qg we fit the voltage dependent maximal transmission to the following
model:

_ 1/t 2
TV) = |jA<D+1/‘rC+1/Tg(V)| (5:5)

in which 7. and z, are cavity photon lifetimes corresponding to coupling loss
and graphene loss, respectively. Ty, 4, (V) is then calculated from

— 1/Qc 2

We find
QW)= 1/(5~5) (5.7)

and Qg varies from about 1000 to 8000 for the voltage varying from +1.2 to
-1.2 V (Figure 5.8). We also find Q.= 25600 from the following equation

QC: Q/\/ Tmax (V) (58)
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Using the experimental data for Qq(V) we can now calculate how the ER
and IL would vary for an optimized Qc, using the model derived from coupled
mode theory described above (equation 5.5). The results are plotted in
Figure 5.9. One can observe that ER increases steeply for small values of Q.
but then remains almost constant for Q. > 2x10% The IL on the other hand
continuously increases with Q.. Therefore, the design of the cavity can be
optimized by reducing the strength of the mirror section. E.g. for Q. = 3500,
it is possible to obtain a good ER ~ 10 dB while reducing the IL below 3 dB,
taking into account the current quality of the graphene layer. Further

improvements are expected for higher quality graphene.
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Figure 5.9: a) ER and IL versus Qc calculated from the coupled
mode theory. Black and red cross show the ER and IL for the
current device. b) FOM (= ER over IL) versus Qc.

To estimate the device energy consumption, the energy E = CV?/2
required to charge (discharge) the graphene capacitor, where C is the device
capacitance and V is the swing voltage can be calculated [2]. With the
parameters obtained from fitting the cavity resonance and Q factor to the
theoretical models, we find the electrolyte induces a capacitance density of 27
mF/m? on the graphene sheet. The graphene area is 5 um?, finally resulting in
a switching energy of 97 fJ for a swing voltage of -1.2 V (equivalent with 17.2
dB extinction ratio).
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5.3 Side-coupled cavity

5.3.1 Design and fabrication

In this section we present the results on the fabrication and characterization of
the gated graphene on a side-coupled PhC cavity. Contrary to the front-
coupled design, this device acts as a notch-filter. The main differences in the
design of the side-coupled PhC compared to the front-coupled PhC are the
width of the cavity, the length of the mirror sections and the size of holes. In
addition, for this device only one metal pad was fabricated on the graphene
layer to avoid overlapping of the second metal pad with the waveguide. The
spacing between the metal contact and the side-coupled cavity is only 0.4 um.
Schematic of the design is illustrated in Figure 5.10 and the design parameters
are summarized in Table 5.2.

*{'\ taper P

) . —

[Pe oo LLECo00000S2000BDROTL &cnoooooeog&ooeooaoanoz.n:»eoa‘
- 0.4 pm -
mirror 5 pm mirror

-—
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Figure 5.10: Schematic of the graphene-based switch showing the
graphene layer on three central holes only and metal pads with 0.4
pm spacing from the side-coupled cavity.
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Table 5.2: Design parameters of the side-coupled cavity.

Length Hole Distance
(pm) diameter  between holes
(nm) (m)
_ 7.66 0.168 0.198
Length Hole Distance
(um) diameter  between holes
(Hm) (Hm)
] 7.3 0.176 0.193
] 0.186 0.183
] 0.196 0.174
4 0.204 0.166
5 0.210 0.158
6 0.216 0.152
] 0.220 0.147
s 0.224 0.142
9 0.226 0.139
10 0.228 0.137
- 11 (central hole) 0.228 0.136

Figure 5.11 is the microscopic image of the fabricated device, showing the
source and the gate contacts on graphene.

Electrolyte

G
Palladium pad

Graphene

\

S
Palladium pad

40 pm

Figure 5.11: Top view of a fully fabricated device.
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5.3.2 Characterization of the device performance

Similar to the previous device, the transmission was measured with different
gate voltages. Figure 5.12 shows the voltage dependent spectra of the device
illustrating the shift of the resonance wavelength and also the change in the
transmission with voltage. The transmission at 1560.9 nm, the wavelength of
minimum transmission for an applied voltage of -1.2 V spectrum is extracted
for all voltages from Figure 5.12 and shown in Figure 5.13. As can be seen
in this figure, an ER of 4.7 dB is obtained by applying -1.2 V. Increasing the
drive voltage to 1.4 V (from -1.2 to 0.2 V), the ER increases to 7 dB but no
further improvement in the ER was observed with increasing voltage (due to
graphene intrinsic p-doping).

2.

-4

-6

Transmission (dB)

-84

-10 +4—+—1—"--"1—+-—-"mr—r-—T-"r—"T"rT""T
1557 1558 1559 1560 1561 1562 1563 1564 1565
Wavelength (nm)

Figure 5.12: Transmission spectrum of the side-coupled cavity for
different gate voltages.
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Figure 5.13: Transmission at the resonance wavelength of -1.2
versus gate voltage for the graphene-integrated side-coupled
cavity.

The quality factor and shift of the cavity resonance are extracted by fitting
a Lorentzian function to the transmission spectra. We observed a Q factor
increasing from 1000 to 1400 and a 0.7 nm shift in the cavity resonance. The
theoretical data was calculated from the same model described in previous
sections for the front-coupled cavity (Figure 5.14). Fitting the experimental
data to the theoretical model gives us the following values for the different
parameters a ~ 0.105,  ~0.3, C ~ 27 mF/m?, n, ~ 12e12 cm?and I” ~ 26
fs. From the fitting parameters of C and n,,, the fermi level is then calculated
(Figure 5.15).
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Figure 5.14: Quality factor and resonance wavelength versus gate
voltage for the graphene-integrated side-coupled cavity. Solid
lines and scatter data indicate the theoretical and measurement
data, respectively.
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Although the two presented devices in this chapter (front-coupled and
side-coupled cavities) were fabricated on the same chip, the graphene fermi
level in these two devices is slightly different. According to the fitting
parameters extracted from the measured data, we observe the side-coupled
cavity has a higher intrinsic carrier density (12e12 cm2) compared to the front-
coupled cavity (9e12 cm?). This might be related to the difference in the
fabrication of the metal pads. As we have already discussed, in the front-
coupled cavity metal pads are fabricated on both sides of the graphene layer
while in the side-coupled cavity the metal pad is on one side of graphene only.
Therefore, one side of the graphene is unprotected during the process and
might be contaminated by chemicals or particles resulting in higher graphene
doping.

Fermi level (ev)

ettt
-12 -08 -04 00 04 08 12

Gate voltage (Volt)

Figure 5.15: Fermi level versus gate voltage for the graphene-
integrated side-coupled cavity.

Lastly, we calculated the ER and IL for a given Q. in similar way as front-
coupled cavity (Figure 5.16). The measured Q-factor can be written with the
equation 5.2 with the same assumption for Qi. Gate dependent minimum
transmission (this device is a reflection based device and therefore the
minimum transmission is important) can be fitted to the following equation

. —— 14— 2
Tnin V) = 1= 14 /0,0 9

Qg and Q. can be calculated as

Qu(V)= 1/(% - Qic (5.10)
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and

Q= Q/(1 = yTrin (1)) (5.11)

We find Qq varies from about 2000 to 4000 for the voltage varying from +1.2
to-1.2 V.

According to Figure 5.16, the IL for low Qc is about 19 dB. Increasing
Qc reduces the IL to below 3 dB. However, the ER is also decreased to 5 dB.
Beyond this point, it seems that the device figure of merit is not dependent on
the design parameters.

As explained above, in this device the metal and cavity spacing is 0.4 um.
Increasing this spacing is one way to further improve the device performance.
As we have already mentioned for the front-coupled device the graphene
quality also is another effective parameter to obtain higher ER and lower IL.
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Figure 5.16: a) ER and IL versus Qccalculated from the coupled
mode theory for the graphene-integrated side-coupled cavity.
Black and red cross show the ER and IL for the current device. b)
FOM (= ER over IL) versus Qc.

5.4 Conclusion

We fabricated a wavelength selective switch by integrating graphene with a
1D Si PhC cavity. Graphene was transferred using a new transfer printing
method exploiting a commercial transfer printer. Next, we demonstrated
switching of the hybrid graphene PhC device demonstrating an ER of 17 dB
for a voltage swing of only 1.2 V for a gated graphene on the front-coupled
cavity. In addition, a 0.75 nm shift in the cavity resonance and an increase in
the Q factor from 2000 to 6000 were observed for the same device. The
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experimental results were fitted to a theoretical model allowing us to extract
the intrinsic parameters of the device. By combining these with a model based
on coupled mode theory we predict how design improvement can result in an
improved tradeoff between IL and ER for the device. Another important
feature of the device is the small size of the graphene capacitor, offering
potential for low power consumption and high speed operation. The same
experiment was carried out on a side-coupled PhC cavity. An ER of 4.7 dB for
a voltage swing of 1.2 V was demonstrated. A 0.7 nm shift in the cavity
resonance wavelength was observed and the Q factor was increased from 1000
to 1400 by applying 1.2 V. Further investigation about the design
improvement was carried out using the coupled mode theory and ER and IL
were calculated for different Q.. We noticed a Q. ~ 4000 is the most suitable
design parameter, but further enhancement in the device performance requires
fabrication optimization including the better graphene growth and transfer.
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In this chapter, we will present results of an electro-optical device fabricated
by embedding a double-layer graphene stack in a SiN waveguide, fabricated
using the transfer printing method developed in chapter 4. First, we will
present the process flow for the device fabrication. Next, the processing steps
that have been developed to fabricate the designed structure will be discussed
in detail. Then, the characterization results will be presented.

6.1 DLG-E-SIiN electro-optical switch

As we derived in chapter 2, a device consisting of a double-layer graphene
stack embedded in a SiN waveguide is of particular interest for its high
performance, but also because of the wide transparency of SiN and because of
using a deposited material, with possible cost savings with respect to
crystalline silicon. The fabrication starts with the SiN photonic circuit design.
The waveguide structures are designed at the Photonics Research Group based
on simulation results (see chapter 2) and manufacturing is done at IMEC
facilities using deep UV lithography and dry etching. After that, the post
processing is performed on these waveguides in the Photonics Research
Group’s clean room. Figure 6.1 is a schematic of the DLG-E-SIN electro-
optic device whose fabrication is discussed in the following sections. The
device consists of a double-layer graphene with a thin dielectric in between
lying on a 300 nm SiN waveguide. It also includes a 300 nm SiN on top to
make a symmetric structure and enhance the confinement of the electric filed
in the graphene layers. The voltage is applied over the graphene layers through
the metal contacts integrated with both graphene layers.
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Figure 6.1: Schematic of DLG-E-SiN graphene-based switch.

6.2 Process flow

The outline of the fabrication process is shown in Figure 6.2 and discussed
in detail in the coming subsections.
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Figure 6.2: The process flow for fabrication of DLG-E-SiN. a)
Sample received from imec with a 1 pum SiOz layer on top. b) Back
etching SiO2 and planarization of sample. ) Transferring the first
graphene layer. d) Patterning the transferred graphene. e)
Deposition of a 10 nm SiN film. f) Transferring the second
graphene layer. g) Patterning the second graphene layer. h)
Deposition of a 10 nm SiN film. k) Deposition of a 30 nm Al203
layer. 1) Deposition of the top SiN. m) Patterning the top SiN
waveguide. n) Opening vias on both graphene layers. 0)
Metallization and lift-off. Black color indicates the graphene layer,
light green shows 300 nm SiN, dark green is 10 nm SiN gate and
blue is Al20s.

6.2.1 SiN waveguide planarization

In the MPW runs from IMEC the thickness of the top silicon oxide layer is
fixed to 1 pm above the waveguide level, which is obviously too much for
efficient coupling with a graphene layer. Therefore, the top silicon oxide layer
should be etched back until the thickness of the silicon oxide layer is reduced
to the desired thickness. First of all, an O, plasma cleaning process is
performed on the SiN chips to remove particles and organic contaminants
before the etch-back step. This is an important step as particles on the sample
surface will work as an etch mask resulting in a non-uniform surface after
etching.

For the SiO; etch back step there are two types of etching, wet and dry
etching. Figure 6.3 shows the SEM image of three samples after different
etch-back processing techniques. In the wet etching, a 1:7 BOE solution and
in the dry etching a combination of SFs and O gasses were used.

The etch back with BOE seems to have teethed SiO- at the sides of waveguide
[Figure 6.3(a) side view, (b) top view]. Similarly, the combination of the dry
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and the wet etchings (etching 500 nm of SiO; with dry and 500 nm with the
wet etching) shows an uncontrollable etching at the waveguide trenches and a
full removal of the oxide film at the waveguide sides [Figure 6.3(c)]. On the
contrary, dry etching with the RIE process appears to result in a more uniform
surface and a controllable SiO; etching process [Figure 6.3(d)]. Hence, the
etch-back with the dry etch is chosen to be used in the next processes in this
thesis.

SiN waveguide

Buried oxide

Platinum

Platinum

Buried oxide

Figure 6.3: Fib cross section of three samples a) Wet process side
view. b) Wet process top view. ¢) Wet in combination with dry
process. d) Dry process.

6.2.2 First graphene layer transfer and patterning

The second step of the DLG-E-SiN fabrication is to transfer the first graphene
layer on the SiN waveguide using the transfer printing method discussed in
chapter 4. After a lithography step, the transferred graphene coupon is
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patterned with an O plasma to obtain the desired width and length. Finally,
the unexposed resist is removed with acetone.

6.2.3 SiN deposition-optimization

Our device is basically a capacitor that operates by applying a voltage between
two electrodes. A dielectric film is required between both graphene layers to
form this capacitor. According to previous works [1]-[6], a thin layer of Al,O3
deposited by ALD is a proper gate dielectric for graphene-based devices. In
this work, we have used a nitride layer deposited through PECVD (a Vision
310 PECVD system from advanced vacuum) however, partly because it was
the most readily available approach in the lab, partly because it fits well in the
whole process flow, which is already relying on PECVD based SiN deposition
for forming the top part of the waveguide.

The PECVD process is carried out with SiHs and NHs as the active
precursors and Ar and/or N2 as dilution gases. To minimize any possible
damage to the graphene layer, the PECVD silicon nitride process should be
optimized to obtain a low energy plasma. A high pressure and a large N or
Ar flow can be utilized to maximize collisions within the plasma and minimize
the impact with the graphene surface [7]. The resultant plasma is relatively
cold and mild. Under an optimized plasma density, the surface damage to
graphene is minimized and a continuous growth of silicon nitride over
graphene is ensured [7].

To find an optimized recipe for the nitride film deposition in PECVD, we
investigated the impact of the plasma pressure, the deposition temperature and
the flow of the diluting gasses. The N, flow was fixed to 1960 sccm in all
experiments, the maximum that can be reached in our PECVD reactor. After
deposition of SiN on the graphene/SiO,/Si sample, the graphene quality was
evaluated through Raman spectroscopy. The results are presented in
Figure 6.4. In the first part of the experiment, the impact of the dilution gas
was investigated. We used Ar and N> as a dilution gas with a pressure of 1000
mTorr and a temperature of 350 °C. Figure 6.4(a) shows that the deposition
process whereby we used a combination of Ar and N results in the largest D
band while the process with only Ar or only N2 seems to be acceptable but
requires further optimization. In the next part of the experiment, the SiN film
was deposited using N as the dilution gas. We used the recipe of N, 1960
scem, SiHa scem 40, NHz 40 scem, power 20 W, temperature 350 °C with the
pressure of 500, 700 and 1000 mTorr. The interest in studying lower pressures
is that 2000 mTorr is the maximum achievable pressure in our PECVD tool
and it is preferred to avoid working at the limits. However, at lower pressures,
next to a large D band, a large D’ band is also observed. As seen in
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Figure 6.4(b) the D and D’ band become considerably smaller with increasing
the pressure and lop/lg notably improves. Therefore, 1000 mTorr was chosen
as the best pressure value. Although the deposition at the temperature of 350
°C seems to result in a decent quality, we deposited a SiN film on another
sample at a lower temperature for technical reasons (the PECVD tool cannot
tolerate higher than 330 °C). According to Figure 6.4(c) the deposition at 300
°C results in almost the same Raman spectrum as the one at 350 °C. Therefore,
300 °C was chosen as the working temperature. The process has room for
optimization to completely remove the small D and D’ bands in Figure 6.4(c),
but we were restricted by the limits of our tool.
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Figure 6.4: Raman spectra of the SiN-capped graphene. a) The
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pressure of 1000 mTorr.

130



Chapter 6. Double-layer graphene-based switch embedded in SiN waveguide 131

To assess the quality of the deposited SiN, an ellipsometry measurement
was carried out on a SiN/SiO,/Si stack (10nm/300nm/Si substrate) whereby
the SiN layer was deposited with the optimized process as determined through
Raman spectroscopy. From this measurement, the refractive index and the
extinction coefficient of the deposited SiN at 350 °C were found to be 2.03
and 0.001 while at 300 °C they are 1.98, 0.0007 at 1550 nm. This measurement
shows a reduced refractive index and therefore lower material density at the
lower temperature. A decrease in the extinction coefficient is another
observation in this experiment. Hence, a high temperature deposition is a
desire to achieve a high density SiN. In this process, on the one hand the SiN
layer needs to have a high density. On the other hand, a low loss SiN layer is
needed to avoid excess insertion loss. We observed that these two parameters
cannot be obtained with the same deposition temperature. Therefore, we opt
to work at higher temperature to deposit a high density SiN layer. However,
in our process, the deposition temperature was limited to 300 °C because of
technical difficulties in the PECVD tool.

In summary, the best recipe for deposition of the PECVD SiN film on
graphene in order to ensure a high density SiN layer and at the same time
preserve the graphene quality is as follows: N2 1960 sccm, SiH4 40 sccm, NH3
40 sccm, power 20 W, pressure 1000 mTorr, temperature 300 °C, frequency
13.56 MHz.

6.2.4 Second graphene layer transfer and
patterning

The second graphene layer is required to act as the second electrode of the
capacitor and also to enhance the absorption in the device. This layer was
transferred from the same source sample as prepared for the first graphene
transfer. After the second transfer print process, the graphene layer is patterned
and the resist is removed. Figure 6.5 shows the image of the device after the
second graphene patterning.
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Figure 6.5: The SiN waveguide covered by two graphene layers
with a 10 nm SiN dielectric spacer layer in between.

6.2.5 SiN and Al.Os deposition on the second
graphene layer

To etch the top SiN layer, a thin film of Al,O3 is deposited as an etch-stop
layer to protect the graphene. The Al,O; layer is deposited by E-beam
evaporation. To avoid any damage to the graphene by the Al,O3 deposition,
first we deposited a 10 nm SiN film with the optimized process derived in the
previous sections. Next, a 30 nm Al,Os film was deposited on the 10 nm SiN
layer.

6.2.6 Top SiN deposition on Al,Os

After deposition of the etch-stop layer, the next step is to deposit the top 300
nm SiN layer. By deposition of this layer, the double graphene capacitor is
sandwiched between two 300 nm thick SiN films.

6.2.7 Top SiN etching

To realize the desired waveguide structure, the final deposited SiN layer
should be patterned aligned with the waveguide circuit underneath. In this
stage, a standard positive lithography process was carried out to protect the
part of the SiN layer where graphene layers have been transferred. The top
SiN layer is then etched by RIE (SFe, CF4 and H,). This step needs to be
optimized to obtain smooth and low loss side walls. After etching, the
photoresist is removed with acetone.
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6.2.8 Via opening and metallization

The final step of the fabrication is the metallization. An image reversal
lithography using AZ-5214 photoresist was carried out to open vias for both
contacts. Now both the Al,O3 and SiN layers should be etched to have access
to the graphene layer. Both are removed with a BOE solution. Subsequently,
Pd was evaporated on the graphene layers. Figure 6.6 is the microscope image
of the fabricated devices after successful lift-off.

Figure 6.6: The microscope image of the fabricated graphene
device. G1 and G2 indicate the first and second graphene layers,
respectively.

6.3 Characterization of the fabricated DLG-E-SIN

During the device fabrication, the length dependent waveguide absorption of
the device was measured step by step and summarized in Figure 6.7(a). The
absorption is doubled after transferring the second graphene layer as expected,
but it is lower than simulated data (see chapter 2) for both graphene layers.
One reason for the lower absorption could be the thickness of the remaining
oxide on the SiN waveguide. A thick SiO; on the waveguide, results into a
reduced interaction of light with the graphene and thus a lower absorption.
Another observation in Figure 6.7(a) is the extra loss (about 10%) caused by
the 10 nm SiN layer between two graphene layers as it can be predicted from
the ellipsometry data. In addition, we measured the absorption after
fabrication of the full device including etching of the top SiN. As shown in
Figure 6.7(b) the fabrication of top SiN induces a high loss. This loss is at
least partly related to the low coupling efficiency between the 300 nm and 600
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nm thick SiN waveguides. An improved device would have a tapered top SiN
layer but its fabrication would require E-beam lithography.
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Figure 6.7: a) Absorption of a single layer graphene, SiN
dielectric layer and double layer of graphene on the SiN waveguide
b) Absorption after full device fabrication. The waveguide width
is 800 nm.

Figure 6.8 plots the measured transmission versus the applied voltage
between both graphene layers for devices with lengths of 100, 125, 150, 160,
170 um at 1580nm (best coupling efficiency for the TE-grating coupler). The
maximum extinction ratio observed in these devices is 3.5 dB for the device
with the length of 150 um at a gate voltage of 10 V. The neutrality point
(maximum absorption) in these devices varies between V=0 and V=5 V.
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Figure 6.8: Transmission versus applied voltage for the devices
with length of a) 100 um. b) 125 pm. c¢) 150 pm. d) 160 pm. e)
170 pm.

The measured extinction ratio in these devices is lower than the
values predicted from simulation (See chapter 2). The main reason
might be a high leakage of the gate dielectric layer. Figure 6.9 shows
the leakage current versus applied voltage for the same devices. It is
obvious that after applying only a few volts, the SiN-gate starts to
pass a high current and in some cases breakdown occurs. Therefore,
improvement of the device will require a higher quality gate dielectric
deposited by ALD.
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Figure 6.9: Current versus applied voltage for the device lengths
of a) 100 um. b) 125 pm. ¢) 150 pm. d) 160 pm. e) 170 pum.

6.4 Conclusion

In this chapter, we demonstrated a double-layer graphene-based switch
embedded in a SiN waveguide fabricated using the novel transfer printing
method developed in chapter 4. Since, a gate dielectric is required to form the
capacitive stack from both graphene layers, we first optimized the deposition
of SiN on graphene. This optimization minimizes the damage to the graphene
layer, as evaluated through Raman spectroscopy. For the fabrication of the
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device, graphene layers were transferred on the SiN waveguide using the
transfer printing process developed in chapter 4. Further, the voltage
dependent transmission was measured after full fabrication of the device. The
maximum extinction ratio achieved in these devices (3.5 dB) is obtained for a
device with 150 pm length at 1580 nm wavelength. Though Raman
spectroscopy and loss measurement confirmed the deposited SiN has limited
impact on the quality of the graphene layer, the device showed a high leakage
current and low breakdown voltage. Hence, a high quality ALD layer such as
Al>O3 or HfO, is suggested to be used in future devices. We propose to deposit
these layers before transfer printing the graphene coupons, thereby reducing
the processing complexity and protecting the graphene from environmental
influences [8].
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7.1 Conclusions

This work aimed to develop the methods to design, fabricate and characterize
graphene-based optical devices. To address this goal, in chapter 2 optimized
designs for graphene-based modulators and switches were derived from
simulation. These devices relied either on Si or on SiN waveguide platforms
operating in the communication bands (wavelength regions 1310 nm and 1550
nm). In chapter 3, the basic processing steps for the fabrication of graphene-
based devices such as graphene patterning and metallization on graphene were
discussed. Moreover, several TLM configurations were presented and used to
investigate how contact resistance and graphene sheet resistance depend on
the contacting approach. In chapter 4, micron-size graphene transfer printing
with a commercial automated transfer printer was presented. The loss
characterization, resistivity measurement and Raman spectroscopy confirmed
the quality of the transferred graphene. In chapter 5, a graphene-based optical
switch was fabricated by the integration of a graphene layer on Si PhC cavities
using the developed transfer technique. A high extinction ratio of 17 dB and
4.7 dB were measured with a front-coupled and side-coupled PhC cavity,
respectively. Further design improvement was investigated by fitting the
experimental results to a theoretical model. Another device demonstrated
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using the developed transfer technique is a double-layer graphene embedded
in the SiN waveguide. The processing steps and characterization of this device
were provided in chapter 6. We observed 3.5 dB extinction ratio by applying
10 V DC voltage between both graphene layers. Several suggestions to
enhance the device performance were presented.

7.2 Perspectives

To exploit the full potential of the graphene technology for optical
interconnects, other aspects including optimization and exploring new
techniques can be studied.

While the transfer printing technique developed in this thesis was limited
to the transfer of un-capped graphene, the extension of this method to transfer
of encapsulated graphene on a target substrate is to be developed. The
importance of this work relies in the need for a clean graphene surface to
enhance the device performance including the contact resistance, extinction
ratio and insertion loss. The main challenge of this idea is to be able to deposit
a high quality ALD dielectric on graphene, so that during the under-etching
step with the BOE solution, the ALD layer is not etched away.

Another aspect to be investigated is the transfer of encapsulated graphene
layers from the original growth substrate such as copper foil. The encapsulated
graphene can be then used for the device fabrication. For example, in the
double-layer graphene embedded in the SiN waveguide the encapsulation
layer (ALD Al,O3 or HfO,) can act as a dielectric between two graphene layers
and facilitate the fabrication process of these devices and enhance the device
performance.

Following the graphene process optimization, the next step can be
integration of the hybrid graphene waveguide devices with I11-V-on-Si
heterogeneous lasers. Since graphene is not a gain material it cannot generate
light and it requires to be integrated with other materials. Here we present our
initial results for a DFB laser integrated with a graphene-based switch on the
laser’s taper section. In this device graphene has been transferred before
coating the BCB bonding layer. After fabrication of the laser, vias are opened
on graphene and the n-contact layer of the laser for metallization. Microscope
images of the device from the different processing steps are shown in Figure
7.1 and Figure 7.2. A SEM image of the taper cross section is also shown in
Figure 7.3. The measurements were carried out on a temperature-controlled
stage at 20 C. The laser optical spectrum and the L-1-V curve are shown in
Figure 7.4. The SMSR is 32 dB. The laser threshold current Iy, is 35 mA and
a waveguide coupled optical output power of 4 mW is obtained at a drive
current of 90 mA. The series resistance of the device is 6 Q. In addition,
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graphene device with the length of 150 um on the taper shows 1 dB extinction
ratio. Unfortunately, we observed a high leakage current through the BCB
layer which serves as the gate dielectric between graphene and n-InP (Figure
7.5). Hence, considerable device improvement is predicted through deposition
of a thin layer of a high quality dielectric, e.g. through ALD, in the gate stack.
This idea can be further extended and form the basis for realizing
semiconductor mode-lock lasers, whereby graphene is exploited as a saturable
absorber.

Graphene + metal

IlI-V mesa

/£

n-contact Graphene + metal

“

Figure 7.1: Microscope images of the device a) Definition of the
111-V mesa showing the sample after QW etching with piranha. b)
n-contact definition. In both images the trace of graphene and its
protection metal is visible.
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Graphene + metal

n-contact isolation

P-contact

Figure 7.2: Microscope images of the device a) Definition of p-
contact. b) Image of the sample after the final pads metallization
and lift-off.
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HFW = HV /D 1pm

512 0 kV 5.1 mm

Figure 7.3: SEM image of the taper cross section. Black dashed
line indicates the graphene layer.
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Figure 7.4: a) DFB spectrum. b) LIV curve of the device
(waveguide-coupled single facet output power).
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Figure 7.5: a) Voltage dependent output power of laser. b) I-V
curve of graphene-based modulator.
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