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INTERNET TRAFFIC
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LONG DISTANCE COMMUNICATION: OPTICAL FIBERS

1.2 million km of submarine optical fibers
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DATA CENTERS
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The Citadel, Tahoe Reno, Nevada (USA)
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INTERNET TRAFFIC

25% CAGR Data Center Within Data Center
2016-2021 to user 71.5%
25 14.9%
20
Zettabytes 15 Data Center
per Year 10 to
5 Data Center
13.6%

2016 2017 2017 2019 2020 2021
Source: Cisco Global Cloud Index, 2016-2021.

What's a Zettabyte? " Most traffic is for communications within a
data center.

128 = 1,000,000,000,000 GB = Rack-to-rack traffic is twice the size of the
‘within data center’ traffic

3HIE\¥RSITY ) l_']"nec Cisco Global Cloud Index, Forecast and Methodology for 2015-2020, 2016. 7



REQUIREMENTS FOR DATA CENTERS

HIGH SPEED LOW COST LOW POWER CONSUMPTION

Computation speed 1. Equipment costs 1. Nodes
2. Interconnection speed 2. Running and maintenance 2. Heating, ventilation, cooling
costs of data centers

Page

abandonment
increaseas a —
percentage.
1'%
) B P L Y R T P T«
2 4 6 8 10
Page load time in seconds.
_ https://blog.kissmetrics.com/wp-

[T} content/uploads/2011/04/loading-time.pdf
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https://www.independent.co.uk/environment/global-warming-data-centres-
consume-three-times-much-energy-next-decade-experts-warn-a6830086.html 8




COMMUNICATION LEVELS

Optical : Copper

Chip to Chip
1-50cm

Metro & o)"’
Long Haul ===
0.1 - 80 km

=

g ‘ﬁ Rack to ﬁ;

K
()
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N

Billions

Sscsoncnosen

Millions

=4 Thousands

Decreasing Distances—

m Copper (electrical)

= Signal attenuation

Fibers (optical)

= Dielectric losses

I} —> Frequency dependency

GHENT .
UNIVERSITY l.]Tl e c https://alchetron.com/Optical-interconnect —p Cross-talk




OPTICAL INTERCONNECTS

OPTICAL TRANSCEIVER

Couplers i
cw P Optical
= Data in

Optical
Data Out

MODULATOR:
electrical signal — optical signal

PHOTODETECTOR:
optical signal — electrical signal

gnf\;\lETRSITY “mmec

MODULATOR

Input Output

|
|
|

Ideal: no losses (no ‘water leaks’)

- Electrical
= Optical
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OPTICAL INTERCONNECTS

OPTICAL TRANSCEIVER

oW Couplers Optical
= Data in

Optical
Data Out

MODULATOR:
electrical signal — optical signal

PHOTODETECTOR:
optical signal — electrical signal

gnf\;\lETRSITY “mmec

MODULATOR
Input B —— Output
— =] —

Ideal: infinite losses (all the water goes through)

- Electrical
= Optical
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OPTICAL INTERCONNECTS

OPTICAL TRANSCEIVER
W Photodetectori.oupl\e'rs gz:)ttaiciil
)/ | LI |
L IMODULATOR
iy
iJ_LrLFL
Y LML,
Optical
Data Out Input s~ Output
S S 2
MODULATOR:
electrical signal — optical signal Speed is also important!
PHOTODETECTOR: 1 -

optical signal — electrical signal == Electrical
= Optical

gnf\;\lgRSITY “mmec



OPTICAL INTERCONNECTS

OPTICAL TRANSCEIVER

Couplers

Optical
CW Photodetectors \

Data in

Optical
Data Out

MODULATOR:
electrical signal — optical signal

PHOTODETECTOR:
optical signal — electrical signal

GHENT
UNIVERSITY

“mmec

MODULATOR

Electrical signal
JIUTL
0
.' Output light

Optical 1 || || | || | | | Ima:-<
»-0 [

IMPORTANT PARAMETERS

Input light

Insertion loss (dB) |

Extinction ratio (dB) ” ‘ ‘ ‘ H ‘ I |
Imin
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OPTICAL INTERCONNECTS

OPTICAL TRANSCEIVER

Couplers
Photodetectors \

Optical
Data in

CMOS
Receivel

Optical
Data Out

MODULATOR:
electrical signal — optical signal

PHOTODETECTOR:
optical signal — electrical signal

GHENT
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Output
electrical signal

0 o 0

Input light

Responsivity = photocurrent per unit incident
optical power

Dark current = current when input light is off
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OPTICAL INTERCONNECTS

WAVELENGTH DIVISION MULTIPLEXING

Transmitter Receiver
l |
Individual Multiplexed Individual
signals signals signals
. =
Modulator (A,) | JULL % % JUJL Photodetector (A,)
Modulator (A,) | TULIL _4% 0% [ JLLL | Photodetector ()
= =N - —+
E iR 2
= ®
bo
BN - = EERCIS
() g
Modulator (Ay) F——— g -ET ————— Photodetector (As)
[} L
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Optical
signal 2
Transmitter RF circuit design

IC design

Digital control design

COMMERCIAL OPTICAL TRANSCEIVERS

Mechanical design

Receiver

: Electrical signal

o LUXTERA Mellanox
FIBER TO THE CHIP

100GbE QSFP28 100GbE QSFP28

100GbE QSFP28 200GbE QSFP56
PSM4 CWDM4

PSM4 CWDM4

Tl
16
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SILICON PHOTONICS

= Designing optical devices using silicon " C-band (1530 - 1565 nm)
= O-band (1260 — 1360 nm)

VWAVELENGTH RANGE

= Light (photons) travels through waveguides made of silicon

= CMOS compatible - low cost

<«—Al-contact pads Metal 1 (Cu)
Passivation

REQUIREMENTS*

( )

Poly-Su For modulators and photodetectors:
Ge epi Contacts (
e + Speed: > 50 Gb/s

Metal Heater (w)

» Footprint: < 100 pym?

Strip Advanced Ge Photodetector Shallow R.b Dee Rlb Zum
WG Grating PN Modulator = « Insertion loss: < 1 dB
S 200mm Si Substrate Fl Moduster :
» Energy consumption: 100 yW GHz?
Pantouvaki, M., Srinivasan, ... & Absil, P. (2017). Journal of Lightwave Technology, 35(4), 631-638. \ J

All these requirements can’t be satisfied in one
system, usually because of trade-offs between

= electro-optical properties and loss.

GHENT . .
university  L1M1e€C Ethernet roadmap "

New materials need to be continuously researched
and tested to push the performance limits.
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GRAPHENE, THE WONDER MATERIAL

P WORLD CHANGNG—‘DEAS ﬁoated C‘Oth.es S
D airp " Wh at mosq“‘to b‘te
al c :
l | o roag I S ﬁhis graphene light-byjps
SN hire p:
2 .. graphene, . gener
avet @Xactly?

s Graphene tne next oig tning m cycling... or just a buzz word?

1111} By Christopher Jones - January 14,2016  ® |
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GRAPHENE

GRAPHITE GRAPHENE

oD 1D 3D
SRS Fullerene Carbon Graphite
— B nanotubes

GHENT
UNIVERSITY

“mmec 21



HARDER, BETTER, FASTER, STRONGER

HIGH TENSILE STRENGTH
It would take an elephant balanced on a

pencil to break a (perfect) graphene layer.
100x stronger than steel

GHENT
UNIVERSITY

“mmec

HIGH CONDUCTIVITY
Perfect thermal conductor
High electrical conductivity

FLEXIBILITY

Graphene can stretch by 20%,
like rubber

IMPERMEABILITY
Less permeable to gases than a
one-mme-thick wall of glass

TRANSPARENCY
From visible to infrared

(1) 4
N

22



GRAPHENE PROPERTIES

Graphene: the “original” 2D material

= Single layer of c-bonded carbon atoms
arranged in a hexagonal lattice.

= The exfoliation of a single layer was first _
demonstrated by Novoselov et al. [
(Nobel prize in Physics 2010).

e, Jraphene

SUbstrate /

The scotch-tape method

—

I [1] 10.1038/nmat1849

GHENT . [2] 10.1016/j.55¢.2008.02.024
UNIVERSITY n“ e c [3] 10.1109/mspec.2009.5210033

Properties:

= Very high mobilities (>300 000 cm?/Vs @
300 K)[2

= Exceptional temperature stability

= High optical absorption: 2.3% per atomic
layer

= Broadband absorption (no bandgap)

= Tunable light absorption

Valence band

(3]

Single-layer
graphene

....... - Zero bandgap

Conduction band

23



GRAPHENE OPTICAL PROPERTIES

Constant 2.3% absorption beyond the Optical transition processes

far-infrared

(@) (b)
\ Intraband Disorder-mediated Interband

- =

iel

"é 2.3%

o

w

o

2 /

Frequency, o

@@2;: @ g

-

Terahertz Mid-IR Near-IR Visible

i
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GRAPHENE ELECTRO-ABSORPTION MODULATORS

Electrical input

Graphene

Input Output

The sponge absorbs all the water - no output

- Electrical
- QOptical

SHIE\'I\IETRSITY “mmec



GRAPHENE ELECTRO-ABSORPTION MODULATORS

Graphene Graphene
s
VS
— M‘.
Input e Output
— == —
el Waveguide
All the holes in sponge are filled in with ‘dirt’ >
the sponge does not absorb anymore - all the Ti/Pt/Au Graphene Pd
water goes through l S0, (snm) /
1
=== Electrical
0 - Optical
Si

ChversTy  LIMeC

\!
outpY
/
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So... WHAT IS THIS ABOUT?

GRAPHENE-SILICON PHOTONIC INTEGRATED
DEVICES FOR OPTICAL INTERCONNECTS
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RESEARCH OBJECTIVES

Evaluate the potential of graphene-based photonics devices for use in future
datacom applications.

1. Optimisation of the process flow used to fabricate graphene-based devices

2. Optimisation of graphene modulators, in particular with single-layer graphene,
to achieve high-speed operation.

3. Fabrication and characterisation of graphene-based photodetectors to assess
their potential and challenges.

P

SI;IIIE\;\IETRSITY “unec 28
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RESEARCH OBJECTIVES

Evaluate the potential of graphene-based photonics devices for use in future
datacom applications.

1. Optimisation of the process flow used to fabricate graphene-based devices

ChversTy  LIMeC
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PROCESS FLOW — STANDARD

GRAPHENE TRANSFER

Photolithography (resolution ~ 1 pm)

Si 5
SOl substrate Graphene transfer
GRAPHENE SHAPING
PMMA layer used to S S

\ Photoresist
protect graphene
from solvents, to o ““

avoid delamination

Positive profile
(X845 photoresist)

Lithography O, plasma Photoresist and PMMA cleaning used to for

GRAPHENE CONTACTS meta"isation
Photoresist
’ Substrate
Si 5i Si
Lithography Metal deposition Metal lift-off POSITIVE PROFILE

SILICON CONTACTS

NEGATIVE PROFILE

- / - /
. . .

GHENT 5
UNIVERSITY lll]1 e c Lithography Metal deposition Metal lift-off 30




PROCESS FLOW — PASSIVATION FIRST

GRAPHENE SHAPING

Shaped
Graphene

Dielectric deposition » K
aftel' graphene Lithography 0, plasma Photoresist and PMMA cleaning
. . NLECTRIC DEPOSITION

shaping = it -

G =

from intercalation of Dielectric etching

solvents also removes the
GRAPHENE CONTACTS graphene Iayer

underneath -
graphene-metal
edge contact

Phatoresist Phatoresist

Lithography and dielectric etching Metal deposition Metal lift-off

SILICON CONTACTS

Photoresist Photoresist
Dielectric Dielectric Dielectric.
—_
T 0 £
Si Si Si

GHENT "
UNIVERSITY l]]] e c Lithography and dielectric etching Metal deposition Metal lift-off
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PASSIVATION FIRST - RESULTS

Dielectric

= Si(1nm)/AlLO; (30 nm)

= Single-layer graphene (SLG) EAMs with passivation $i0, (2 pm)
show reduced hysteretic behaviour .
0.0 Unpassivated, 0.0+ ___ Passivated, B — 0.0+ ___ Passivated, —
t=0 t=0 =" t = 2 months .~
302 302 302
© © ©
=04 =04 =04
j=] j=] j=]
o o o
2 —0.6 2 —0.6 @ —0.6
2 2 2
2 —-0.8 2 —-0.8 2 —-0.8
e e e
= —1.04 = —1.01 = —1.0+
1.2 AT = 0.35 dB 1.2 AT = 0.02 dB 1.2 AT = 0.16 dB
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2
Voltage (V) Voltage (V) Voltage (V)
Py

ChversTy  LIMeC




P

RESEARCH OBJECTIVES

Evaluate the potential of graphene-based photonics devices for use in future
datacom applications.

2. Optimisation of graphene modulators, in particular with single-layer graphene,
to achieve high-speed operation.

ChversTy  LIMeC
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SINGLE-LAYER GRAPHENE EAM
V

gate
1l

| ) Graphene I

Graphene + SiO, + Si waveguide

4

Si0, (2 pm) Graphene — Oxide - Silicon (GOS)
i capacitor

Planarized, doped Si waveguide
Vgate G

Doped Si connection “slab” raphene
Highly doped Si for metal contact 4I—l— G
X

SiO, for light confinement
S

Metal contact to Si (Ti) and to graphene (Pd) Si

— Graphene (on top of the waveguide, for
T absorption effect) J_

Sy LMec EAM = Electro-absorption modulator

34



SIMULATIONS

WORKING PRINCIPLE OF A SLG EAM

Neutral graphene

‘e -0.01
2 i
$-0.02
S
S-0.03
R0
& -0.04 (o +ny) ¢ 2
= - i 2
© O — . O
~-0.05 o GOS ™ (hwp)” Ccos
-0.06 5 . Neutr5a| graphene
J I} Gate voltage (V) SLG = Single-Layer Graphene

SWETRSHY “mmec EAM = Electro-absorption modulator 35



STATIC ELECTRO-OPTICAL BEHAVIOUR

1.
0.00+ neutral grap'hene . ILs

—_ - p-doped graphene H b
g —0.01 L
= Switch/ i
2 |
o
= _0.02 ! ER
= 1
9 ]
'% 0.03 :
E :
w0 1
o 1
g —0.04 !
= |

—0.05{ | ~———t———~ v Y

-8 -6 -4 -2 0 2 4 6
Gate Voltage (V)
P-doped graphene -
switch around 0 V

Py

ChversTy  LIMeC

Transmission (dB/pm)

—0.03+

—0.04-

—0.05

| |
o e @
o o o
% = o

= hI' = 0.43 meV
= hI" = 15 meV
hl' = 30 meV

-8 6 -4 -2 0 2 4 6

Gate Voltage (V)

Higher mobility (lower ) -
higher extinction ratio

8

Transmission (dB/pm)

SIMULATIONS

0.001

-0.051\

-0.10+

-0.15

e i

8 -6 -4 -2 0 2 4 6 8

Gate Voltage (V)

TM mode - higher extinction
ratio than TE mode

36



SPEED LIMITATION: THE RC CONSTANT

2

2q

1. Cgra = P \/—\/lns + ng| + [n*|
€0€ox
2. =
ox dox

P

£0Esi —
dep Silicon doping
]

ChversTy  LIMeC

Si0; (2 pm)

The capacitance can be reduced

by playing with the Si doping

37



STUDY OF SI DOPING INFLUENCE ON SLG EAMS

0.001 !

DC CHARACTERISTIC (P-SI)

2 0

np =0 i IL t
,g —— g = 12e12 cm™2 ! b
1
= ~0.011 Switch/ |
g !
= —0.021 | ER
g 1
2 i
% —0.03 |
e |
0 I
=] 1
8 —0.041 i
= !
—0.05{ i v
-8 -6 -4 -2 O 2 4 6
Gate Voltage (V)
GRAPHENE RESISTANCE
: n—dloped graphene
| ! neutral graphene
H —— p-doped graphene
- [ i
= i i
e : ]
1 I
Q 4 f i
&] I I
=} I I
o] [ :
@ ! ]
D | [ I
Q 1 b
= [ E
' i
: I
2
)

—_
{11111

GHENT
UNIVERSITY

Gate Voltage (V

“mmec

CAPACITANCE GOS

o

o o

®

o H i
¢ i !
: ¢ e
® n-doped Si \ H
® p-doped Si i LowC H
1

0

25

23 2 -1 0 1 2

Gate Voltage (V)

3DB BANDWIDTH

—
(o)}

—_
(=]

f3gs (GHz)

1
@ n-doped Si i |
@ p-doped Si 1 High f3q8 |
! o
| 0 !
! 1
0 g !
o | i
! |
L]
® (1] [ ]

2 -1 0 1 2
Gate Voltage (V)

SIMULATIONS

Ti/Pt/Au Pd

Graphene
l Si02 (5nm) /

Waveguide

= p-doping — low capacitance at ©
forward bias

= n-doping — high capacitance at ®
forward bias

When combined with p-doped
graphene, p-doped Si is preferable

38



S| DOPING EFFECT ON EAM PERFORMANCE

STATIC PERFORMANCE

DESIGN OF EXPERIMENTS
= Three samples fabricated with different silicon doping

Si doping type Si doping level
Sample A n-doped Low
Sample B n-doped High
Sample C p-doped High
RESULTS
= Graphene is p-doped (minimum of transmission at negative
bias)

= Extinction ratio increases with device length

P

i
GHENT

OhversTy  LIMEC

Alessandri et al. Jpn. J. Appl. Phys. 59(5) 052008 (2020)

]

Normalised transmission (dB)

|
=
|

SAMPLE C

—— Sample C

Extinction ratio (dB)

e]

i

W

N

[a—y
L

-2 0 2
DC Bias (V)

A Sample A
Sample B
A Sample C

o

20 40 60
Device length (pm)

80

100

39



S| DOPING EFFECT ON EAM PERFORMANCE

ELECTRO-OPTICAL S-PARAMETERS MEASUREMENTS

SAMPLE AATO V

Normalised S, (dB)

—15.0

GHENT
UNIVERSITY

“mmec

Frequency (GHz)

SAMPLE BATO V

SAMPLE CATO V

o =)
ich z
7 i % o |
ho) o}
2 b g -7.5 AR —
T i 3 o .
E~10.07 — L-25ym | | B —10.01 — L—25um R =
> — L= b ° — L= o '
Z 1250 rosomm || “ 1250 a4
Loz || e L
- . ; . -15.0 L . . -15.0 . : L
10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (GHz) Frequency (GHz)
C-band 3db Bandwidth (GHz) at 0 V
L=25pum L =40 pm L =50 pum L=75pum
Sample A (n-Si, low) 10.9 7.7 8.2 6.9
Sample B (n-Si, high) 12.4 10.6 9.6 8.9
Sample C (p-Si, hig 22.8 21.6 14.2 16.1
Alessandri et al. Jpn. J. Appl. Phys. 59(5) 052008 (2020) 40



TE vs TM EAMS WITH P-DOPED SI

7 Z 014 25
A TE mode
6 TM mode g‘ —_ A
~ N i i
% i T 20 ) A
2 2 = J
o) j= o 154
© 4 O =
~ G 2 ¥
§ 3. = S *
pe] o 210
= = @
'432‘ ] < A TE mode - L = 25 pm
ﬁ L % 5] Y TE mode-L=75um
1 % [ap] TM mode - L = 25 pm
=] TM mode - L = 75 pm
0 , , = 0.00- . ‘ ‘ 0 ! ! :
0 20 40 60 80 100 1540 1560 1580 1600 -1 0 1 2 3
Device length (um) Wavelength (nm) DC bias (V)
= TM modulators need a wider waveguide in order to keep the mode confined
= TM modulators have higher mode overlap with the graphene layer ER
Thi Its in a doubl dulati ffici ME ME =
| IS. results in a o.u e modulation efficiency (ME) Lievice
= Similar 3dB bandwidth
—_
Aliin
GHENT " )
UNIVERSITY mec Alessandri et al. Jpn. J. Appl. Phys. 59(5) 052008 (2020) 41



50 GBIT/s SLG EAM WITH P-DOPED SI

Ti/Pt/Au

Graphene
k SIOQ (5nm) /

n, m |220 nm
W,

SiO, (2 pm)

Si

6.0
M 4.5
z

o 3.0

w
0.0
2.0

=~ 1.5
= 1.0
M 0.5

0.0

o 0 10 20 30 40 50 60
JITTI Bit rate (Gbit/s)

ChversTy  LIMeC

Alessandri et al. Jpn. J. Appl. Phys. 59(5) 052008 (2020)

= TM, C-band, pSi EAM = DC bias:V=-05V
Lgevice = 75 UM = 25V,
= Static ER = 6.6 dB = 2231 PRBS

o 10 Ghit/s
R —

42



O-BAND OPERATION OF SLG EAMS

Ti/Pt/Au Pd
1 SI02 (5nm)

Graphene J//
m I220 nm

WE

Si0, (2 pm)

Si

= High-speed operation in the
O-band and in the C-band
using the same fabrication
process

= First time demonstration of
graphene O-band modulators

P

GHENT
UNIVERSITY
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O-BAND (TM)
—~ 0.10
i 0 A L=25um 0]
~ =29
m la A L=401m —_ Y e,
T 0.087= L =50 pm % . [ - T L
E’ 61 L=75pum N T NS B - S
£ 0.067 i A v W
S * be s v 4; . g o ﬂ-‘*_,.!,.,;
T 0,04 | A b Lhmts 4 AN Z Lol |
. -- = ‘v Vs 'l.\ @ —6 i i
5 Bt ; = =i
T 0.02- Z _g|— L=10m I
E L=50um o
g cem
0.00 T T T T -10 ] 1 L 1 I
1270 1280 1290 1300 1310 1320 0 5 10 15 20 25 30
Wavelength (nm) Frequency (GHz)
43

Alessandri et al. Jpn. J. Appl. Phys. 59(5) 052008 (2020)



WDM TRANSMITTERS WITH SLG EAMS (N-SI)

CROSS SECTION AND TOP VIEW

Si0;, (2 pm)

WDM3

WDM2

L) B o B

WDM1

CH4 CH3 CH2 CH1 CHO

P

SHIIE\;\IETRSITY “umec

Normalised transmission (dB)

STATIC AND S-PARAMETER
MEASUREMENTS ON WDM2

CHO CH1 CH2 CH3 CH4

1550 1555
Wavelength (nm)

o

|
@

Normalised S;; (dB)

Normalised S11 (dB)
i=]

0 10 ?0
Frequency (GHz)

30

5 10 15 20

Frequency (GHz)

Alessandri et al. Appl. Opt. 59(4) 1156-1162 (2020)

LARGE SIGNAL CHARACTERISATION

Wi

e

5 x 25 Gbit/s

Encapsulated EAMs

Reproducible static and high-speed
measurements on all 15 graphene EAMs

Three WDM transmitters at 5 x 25 Gbit/s
44




P

RESEARCH OBJECTIVES

Evaluate the potential of graphene-based photonics devices for use in future
datacom applications.

3. Fabrication and characterisation of graphene-based photodetectors to assess
their potential and challenges.

ChversTy  LIMeC
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GRAPHENE PHOTODETECTORS

GOAL

1. Photons absorption
2. Generation of e-h* pairs

3. Collection of e~ (or h*)
before recombination
occurs

DEVICE CONCEPTS

Vbias

| Graphene

gate

- <

Si0, (2 pm)

Si

GRAPHENE PHOTORESISTOR
With oxide between graphene and Si

The light induces a resistance change

| | Graphene

Si0, (2 pm)

Si

GRA/Si SCHOTTKY JUNCTION
No oxide between graphene and Si

= Sj acts as an electrode: carriers are

\NA ---- in the device: the resistance becomes collected directly where they are
lower and the current increases generated— more efficient carrier collection
= Dark current too high = Carrier dynamics at the interface play an
important role
—_
T
GHENT

OhversTy  LIMEC
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P

GRAPHENE PHOTORESISTOR

Vbias

| Graphene

V

gate

Si0, (2 pm)

Si

Laser power = 12 dBm

Photocurrent = Light current — Dark current

At Viias = -1.5V, Vige =3V D lyandlonoro ~ 16.4

Dark current is too high

GHENT

OhversTy  LIMEC

Dark current (mA)

Photocurrent (mA)

10

-10

Vgate (V)

WO NW
[efeoleleNoleNw]
doccaa

=20

1.0

0.5

0.0

—0.5 1

-1.0
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GRAPHENE/S|I SCHOTTKY JUNCTION

Best in literature (for similar geometry):

Vyias R =370 mA/W*
Graphene
Device type Wg mode  Ljewice (nm) R (mA/W) Liork Viias (V) Viate (V)
Schottky diode (n-Si) TE 150 1.8 -8.6 nA -4 -
Schottky diode (p-Si) TE 150 0.4 -1.5 pA -4 -
$i0, (2 pm) Schottky diode (n-Si) ™ 50 9.7 -1.9 pA -2 -
si Schottky diode (nfSi)/ ™ 100 12.8 -3.5 pA -2 -
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CONCLUSIONS
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CONCLUSIONS: GRAPHENE FOR OPTICAL INTERCONNECTS

Modulator Optical BW Insertion Static ER Power Bit Rate
type (dB) Loss (dB) (e]=)) consumption (Gb/s)
(fa/bit)
Si MRR <1lnm 3.8 4.4 - 42 60
Si MRR <1nm 1.2 - 600* 50 112
Si MZM 80 5.6 2.3 720 27 56
GeSi EAM 10 4.4 4 - > 50 100
Ge EAM 22.4 4.9 4.6 12.8 > 50 56
SLG EAM
(C-band) 6.5 @ 14.2 50
SLG EAM
(0-band) 31 ' 160
m
3HIE\”ETRSITY “mec *includes power consumption of CMOS drivers



CONCLUSIONS AND OUTLOOK
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A stable processing flow was achieved, but further improvements are necessary
=  Fabrication of graphene offers advantages to Ill-V or Ge (BEOL)
=  Graphene transfer process is an important part of up-scaling graphene devices fabrication
= Improved fabrication process for passivation layers on graphene
Graphene modulators show potential for high-speed data transmission
= 50 Gbit/s SLG EAM
= 5x25Gbit/s WDM transmitter

Graphene photodetectors studied in this thesis need further improvement, but results in
literature show that they could be competitive
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