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H = H, + iy (6
Tight-binding calculation on 7 bands:

H(ulj_”Ep, f(l?)\(ulj
U, \f*(k), E ) U,

f(k)=y[l+e*® +e¥%]
E,(K)=E, x| f (k)|

= EpJ_r\/3+2c:osIZ-é’1+ZCosIZ-§2+2COSK(52—51)

= E, + 1+4cos*(v3k,a/ 2) + 4cos(v/3k,a/ 2) cos(3k,a/ 2)

=E_ +v k'  near K points

P.R.Wallace, Phys.Rev.71,(1947)
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A Roadmap for Graphene: %EES‘?J"L
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Transferred or directly :_
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(high quality)

Tunable fibre mode-locked laser

_1_

| THz wave detector

Transferred Solid-state mode-locked laser THz wave
graphene - - generator

2010

2015

Table 3 | Photonic applications of graphene

Application

Drivers

Issues to be addressed

Tunable fibre mode-locked laser

Graphene’s wide spectral range

Requires a cost-effective graphene-transferring technology

Solid-state mode-locked laser

Graphene-saturable absorber would be cheaper and
easy to integrate into the laser system

Requires a cost-effective graphene-transferring technology

Photodetector

Graphene can supply bandwidth per wavelength of 640 GHz
for chip-to-chip or intrachip communications (not possible
with IV or lI-V detectors)

MNeed to increase responsivity, which might require a
new structure and/or doping control, and the modulator
bandwidth must follow suit

Polarization controller

Current polarization controlling devices are bulky or difficult to
integrate but graphene is compact and easy to integrate with Si

Need to gain full control of parameters of high-gquality
graphene

Optical modulator

Graphene could increase operating speed (Si operation
bandwidth is currently limited to about 50 GHz), thus avoiding
the use of complicated IV epitaxial growth or bonding on Si

High-quality graphene with low sheet resistance is
needed to increase bandwidth to over 100 GHz

Isolatar

Graphene can provide both integrated and compact isolators
on a Si substrate, dramatically aiding miniaturization

Decreasing magnetic field strength and optimization of
process architecture are important for the products

Passively mode-locked
semiconductor laser

Core-to-core and core-to-memory bandwidth increase requires
a dense wavelength-division-multiplexing optical interconnect
(which a graphene-saturable absorber can provide) with over
50 wavelengths, not achievable with a laser array

Competing technologies are actively mode-locked
semiconductor lasers or external mode-lock lasers but
the graphene market will open in the 2020s; however,

K. StNovaselmeet-alNatvre, 4

012
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MATERIALS:

— Complete control: domain size, impurities, defects,
number of layers, etc.

— Low cost: low temperature, substrate re-use, etc.

— Characterization: comprehensive information in large
scale, In situ, high resolution.

PROCESSING:

— Transfer to arbitrary substrate at low cost without creating
defects.

— Create structures with controlled edge and orientation.
— Compatibility with Si CMOS process.

STRUCTURES:

— Passive vs active components.

— New devices structures that exploit the intrinsic properties
of 2D materials is needed.
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« High photoresponsivity in an all-graphene p—n vertical
junction photodetector
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C.O.Kim, et al. Nature comm.,(2014)
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material thickness ethciency power density (kW/L)
GaAs 1 um ~29%* 290
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LETTERS nature
PUBLISHED ONLINE: 15 SEPTEMBER 2013 | DO 10.1038 /NPHOTON.2013.240 photomc S

CMOS-compatible graphene photodetector
covering all optical communication bands

And:ll
LLLL N | ETTERS
PUBLISHED ONLINE: 15 SEPTEMBER 2013 | DOL 10.1038/NPHOTON. 2013.241

High-responsivity graphene/silicon-heterostructure

nature .
photonics

waveguide photodetectors
nature

LETTERS
photonics

Chip-integrated ultrafast graphene photodetector
with high responsivity

Xuetao Gan', Ren-Jye Shiue??, Yuanda Gao3, Inanc Meric!, Tony F. Heinz'4, Kenneth Shepard],

James Hone?, Solomon Assefa® and Dirk Englund'2*

Xiaomu
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Chip-integrated ultrafast graphene photodetector with
high responsivity
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High-responsivity graphene/silicon-heterostructure
waveguide photodetectors

M ER : 1.2~8um

Wang, X. et al. Nature Photon. 7,888 (2013).
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CMOS-compatible graphene photodetector coverlng all
optical communication bands

Se4FiEiR, >20GHz, 0.1A/W
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news & views

OPTOELECTRONIC DEVICES

Monolayer diodes light up

p-n diodes can be fabricated from a single layer of WSe, crystal.

Rudolf Bratschitsch

eventy-five years ago, Russell Ohl
of Bell Labs in the US accidentally

discovered the p-n junction whilst [iziszamauzia Photodiode
trying to purify silicon crystals'. Today, ’\ /
p-n junctions are essential elements Solar cell Light-emitting

; Sy R diod
in several devices including diodes '\ / o

and solar cells. Such junctions are
boundaries between two regions of a
semiconductor — termed p (positive) and
n (negative) — that have different levels

of impurity atoms. Recently, atomically
thin transition-metal dichalcogenides,

such as MoS,, MoSe,, WS, and WSe,, have
attracted considerable interest because

of their promising electrical and optical
properties®. These two-dimensional
materials are similar to graphene, but

differ in one important aspect — they are
direct-gap semiconductors. Up to now,
MoS, was the most studied transition-metal
dichalcogenide, but it has proven difficult to
obtain hole conduction in this monolayer
material®, hindering fabrication of an
atomically thin p-n junction. Writing in
Nature Nanotechnology, three independent
research teams now show that a monolayer

Figure 1| Schemnatic drawing of a lateral monolayer WSe, p-n diode with split-gate electrodes. The metal
back gates are separated from the WSe, manolayer by an insulator, which can be SiN, HfO, or BN. Blue
and orange spheres represent electrons and holes, respectively.

A4 4H, Nature NanotechonlogyZEE—HiRIET =5
" H R F R MEIHIPNES S & G125 1
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hnol LETTERS
nanOtCC no Ogy PUBLISHED ONLINE: 9 MARCH 20%4 | DOI: 10.1038/NNANO.2014.14

Solar-energy conversion and light emission in
an atomic monolayer p-n diode

Andreas )
LETTERS nature h
PUBLISHED ONLINE: 9 MARCH 2014 | DOE 10.1038/NNANO.2014.25 nanotec HOIOgy

Optoelectronic devices based on electrically
tunable p-n diodes in a monolayer dichalcogenide

Britton \
LETTERS
PUBLISHED ONLINE: 9 MARCH 2014 | DOI: 10.1038/NNAND.2014.26

Electrically tunable excitonic light-emitting diodes
based on monolayer WSe, p-n junctions

Jason S. Ross!, Philip Klement??, Aaron M. Jones?, Nirmal J. Ghimire*>, Jiagiang Yan®5,
D. G. Mandrus*>#®, Takashi Taniguchi’, Kenji Watanabe?, Kenji Kitamura?, Wang Yaco?,

David H. Cobden? and Xiaodong Xu'2*

nature
nanotechnology
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Optoelectronic devices based on electrically
tunable p—n diodes in a monolayer dichalcogenide
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Graphene waveguide Graphene waveguide

modulator detector  Graphene
— —— electronics

H_J

Silicon passive photonics

Silicon substrate

RRAFEEERRASEKE T/ B FREERE:
AEKBEFIRE, WM, ERBECTE, MAasHEE TR .




R’ =

+5&7], AR%HK.S.NovoselovEA K.GeimBIhHE, L
HARGHN AR TRAZESE TREZARKENR M
ZHR. 5K, EMREIZEESREN L HE R FRAHR
HEIR, EXFTHEMNA.

€ 2D materials are promising system for
optoelectronic applications.

€ Graphene based hybrid is believed to improve
Its optoelectronic performance.

€ The interactions between the materials in

hybrid structures are important and deserved
detail investigation.






