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In 2002, The University of Tokyo established the Nanoelectronics Collaborative Research
Center (NCRC) for the purpose of realizing core technologies for the development of the
ubiquitous information devices based on nanotechnologies. The NCRC is jointly operated by
the Institute of Industrial Science (11S) and the Research Center for Advanced Science and
Technology (RCAST), The University of Tokyo. The NCRC, located on Komaba Research
Campus, aims to become a Center of Excellence (COE) in the world of advanced nanopho-
tonics and nanoelectronics.

The center investigates nanophotonic and nanoelectronic devices in close collaboration
with several leading companies, domestic universities, and overseas universities which are
actively conducting research in this field. This collaborative research network between uni-
versities and industries also serves the purpose of training young persons of exceptional
ability who will take a strong leadership role in the future of the nanoelectronics field.

The NCRC is also the organization selected to execute a large national project, “© Nano-
Photonic and Electron Devices Technology”, which is one of the MEXT Focused Research
and Development projects. This five year project started in 2002 with the aim of developing
innovative technologies for nanophotonic and nanoelectronic devices with semiconductor
nanotechnologies including quantum dots and photonic crystals. Significant results have
already been achieved, including high-performance quantum dot lasers, single photon
sources at the telecommunication wavelength and ultra-high Q photonic crystal nanocavities.
The project is jointly executed with a METI national project, “* Development of Photonic
Network Devices”, of which the core research lab is also located on Komaba Research Campus.

In order to create innovations in the field of hardware technologies for communication
and information processing, the NCRC will continue to make efforts by sharing visions with
industries. We hope our projects will be strongly supported and encouraged by all of you.

Main research areas of the NCRC include:
0 Advanced semiconductor-based nanotechnologies including quantum dots and photonic crystals
0 Development of nanophotonic and nanoelectronic devices
0 Quantum information and communication technologies
0 Explorative research on organic, molecular, and bioelectronics
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Professor, Dr. Yasuhiko ARAKAWA
Director of Nanoelectronics Collaborative Research Center
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Main Research Subjects of Nano-Photonic and Electron Devices Technology Project
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Fabrication Technologies of Quantum Dots
e 100D0DDODODODOONDODDOOO
e J000OODOODOOOOODOOOOOOOOOOBOOO
e 000OOOOOODLOOOODO

e Fundamental understanding and control of quantum dots

e Fabrication of quantum dots with high uniformity
and high density

e Growth of quantum dots with
various materials including GaN
and organic semiconductors
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Fabrication Technologies of Photonic Nanostructures
e 0000000020000 0000000000000
e J00O0OODOOOOOOOOODOODOOOODO
eJ0O0O0OCOOOOOOOOLOOOOOOOOOOOO

e Fabrication of high-quality active two- and
three-dimensional photonic crystals

e Photonic crystal with quantum dots

e Photonic crystal with
micromachining structures
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Manipulation of Electrons and Photons in Nanostructures
e 0000000000000 ONDDONDOONDODDONO
e 1000000000000 ODOODODODO
e J00OODOODOUOOOOOOODLDOBOOODOO

e Manipulation of photon-electron interaction in quantum dots
and photonic crystals

o Control of electron-phonon interaction in nanostructures

e Manipulation of correlated
electrons in quantum dots
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Development of Nano-Photonic and Electron Devices
e« J000000D0D0OO0DO0ONDOONDONONDODO
ooooog
e 00000000 O0OO0OODOODOOUOOOODOOOODO
e00O0OO0ODOOOOCOOOOOOODOOOOCOOBO

e Establishment of device technologies aiming at high speed
quantum dot lasers with low spectral chirping

e Development of active photonic crystal devices

e Investigation of single photon emitters and
single electronics
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Project Leader, Director of NCRC

0000000000000 00000  Professor, Yasuhiko ARAKAWA
— | dO0ooooooo 0OoooO  Professor, Kazuhiko HIRAKAWA
ooooooood 0O0O000  Professor, Toshiro HIRAMOTO
ooooooooooo 0o00o00  Professor, Takao SOMEYA
oooooooooooo 0Oooo0  Professor, Shiro TSUKAMOTO
0000000000000 DOOoO  Professor, Koichi YAMAGUCH!

0-Photonic and Elect vices Technology Project

0000000 ooooooocooooo
Subject leader( Professor, Yasuhiko ARAKAWA

oooooooooogoo
Dr. Masayuki ISHIKAWA (Toshiba) etc.

oooooooooo oooo Professor, Susumu NODA

| 000O0O0O0OoOOoOOoO 00000  Professor, Toshihiko BABA
000000/000000 00000  Professor, Yasuhiko ARAKAWA
0oooooOoooooo 0Ooooo0  Professor, Toshio KATSUYAMA
oooooooooo oooo Professor, Hiroshi TOSHIYOSHI
goooDoooooO oooo Professor, Satoshi IWAMOTO

00000Oooooooooocoooo
Subject leader [ Professor, Susumu NODA

oooo0ooooo0o0oooo
Dr. Keishi OHASHI (NEC) etc.

ooooooooo 0o0o0o0  Professor, Kazuhiko HIRAKAWA
I— 000000000 pooo Professor, Hiroyuki SAKAKI
WuerzburgD 0000 A. Forchel  Professor, Alfred FORCHEL
0ooooooog 00000  Professor, Hiroyuki FUJITA
oooooooooo 00000  Professor, Seigo TARUCHA
ooooooooDOoo 00000  Professor, Takuji TAKAHASHI

0000000 ODOOOOOOOooOoO
Subject leader [ Professor, Kazuhiko HIRAKAWA

go0oO0o0O00o0OoOOOODoOOooOOoOoOoO
Dr. Shinji TSUJI (Hitachi) etc.

ooooo0o0Oooooo0oo o0oO0oo0
L— Stanford0000O00000 OO0OO0O
oooooooooo ooooo
000000000 00000 0000
O000o00000000000 00000
ooooooooooo ooooo

0000000000000 00000

Professor, Yasuhiko ARAKAWA
Professor, Yoshihisa YAMAMOTO
Professor, Kazuhiko HIRAKAWA
Professor, Susumu NODA
Professor, Toshiro HIRAMOTO
Professor, Hiroto ISHIDA
000000000D0D0O000 0D00DO0 Professor, Tatsuya USUKI
Professor, Toshihiko BABA

0000000 O0ODOOOOOOOooOoO
Subject leader[ Professor, Yasuhiko ARAKAWA

00000000 000OO0O0OOOOOOoO
Dr. Naoki YOKOYAMA (Fujitsu Labs.) etc.

000000000000000000000000000000000000
00D0000000000000D0D000D0000000

Note: Some of members from industries belong to the METI collaborative project.
The left side shows participants from academia and the right side from industry.
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Formation of High-uniformity and High-density Quantum Dots for Optical Fiber Communication

0000ooooooooooo Growth technologies for high-unifor- oo01ssymogooooonn gooQboioooostMODOODOOODO
. . . Fig.1 High uniformity QD for 1.55u m band Fig.2 Fourier power spectra obtained directly from
000000000000000 — mity and high-density quantum dots STM images during QD growth

00000000132um0000 (QD) are investigated, while searching

for the QD evolution mechanism. We
T
ooooooooooo EF E_IZD have developed highly uniform QDs — 1¥¥%nm
00Ose000000010%4em?20 at 1.32p m, high-density of 10-1cm=2 E #
000000MGAsODOD0O0DOO by sb technology, and using an ; <
goooools2umiOoOooD InGaAs layer, 152um at room tem- w4
) 18 5 ey = | =

O19mevVO0 0000000 oo perature with extremely narrow 3
0ooo0000ooooOoon EWHM of.15‘9hmeV. I\Illoreovir, for the d z o
ialalainialalaialal=iainlals |rstt|m'e|nte.word,we avt'asuc- 1 e

ceeded in atomic-level observation of L
pobooooooooooog InNAs QD formation on GaAs (001) 1o 1E{|:II1I3:|:|I1-||CI|:I 1500 5500 1700
uboooobooooooo using STM within an MBE growth gth [nm}

goooood chamber.

GaNOO0O00000O00000000000000 ot Foamologies of Protone Nanmstuctares

High Temperature Operation of Single Photon Sources Using GaN Quantum Dots

J00GaNOODDOOODDOOOO  Optical properties of hexagonal GaN ooobooooooooo 00o0o0o00o0o00oDooooooog
. Fig.1 PL spectrum at low temperature Fig.2 Observed photon correlation histogram
000O00oooooooooooo quantum dots are determined by the
strong builtin electric field which \Wawgdangth [nm]

oooooooooooooooo

originates from piezoelectricity and
nooooooononooonoon pyroelectricity. We have observed Exeitan
nooooooooooooood size-dependent radiative lifetime and =
Uoboobo0obboobbO0  negative biexciton binding energy. =
gooooopoooooobboob Furthermore, the large confinement 5'1 ferciton
00o00o0oo0oooooooooo potential enables us to observe emission E
0000000o0o0oooooon ::ne; from single quantum dots at i

igher temperatures. As a conse-

Hopooonnnnnoooon quence, we have realized the reduc- LO- “"" 'JI “L
pobboooobooobooo tion of multi-photon generation under
obooboobozeokoOoooo optical pulsed excitation up to 200K a2 :|._:| 3._4 ar o 500 1080 1
000000 Stanfordd 00 compared with a Poissonian source. Emission E""E!I'["""'] Relative Delay® [ns)

INnAsO00000000000000000000000 Eobrioation Teehmologies of Photonte Nangstuctures

Single-electron Tunneling Spectroscopy and Spin States in Self-assembled InAs Coupled Quantum Dots

goo0mAsODOOO0O0O0O0OO0O Self-assembled quantum dots (SAQDs) oooooooooooooooooo 000000IASO000000000000
. . I Fig.1 1 Ground and excited states in strongly Fig.2 Zeeman splitting in strongly coupled InAs SAQDs
ooooooooooooooo are attractive for potential applications coupled InAs SAQDs
oooooooooooooon _tof cha;v_;;e- and spin-basHed quant::n e [ -1 0 | | [
0oooooooooooooo in ormallon procesgng. owever, : e & - e |
electronic property is not yet well studied. s e e —[
pooooooooononinAs We use a vertical single-electron tran- ; _,.. . e
o0bobobOoboobobbO  sistor incorporating  coupled — InAs fif &
goooooobooooooo SAQD:s to study the single-electron tun- g3 ! L | [
ooooooooooooooon neling spectrum. We have observed = | 1
ooooooooooooooon molecular phase in a single pair of E n.‘h 5 [
0ooooooooooooooo strongly coupled SAQDs. In more -] ._: mu |
strongly coupled SAQDs, we have .E -
vooboooooouooooo observed Hund's rule and derived the | | | | |
JodgooooooooDb OgJ factor of around 1. -1.-;!..! [ S T
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Development of Ultra-high-Q Photonic Nanocavity

goooooobooooooo World-beating confinement of light in an 0oooooooooooooooo EDZDRDDDDDDDDDfDDDQDh _—
. : : pooooooooooono ig. esonant spectrum of nanocavity shown in Fig.

aiaininininininininininlslaln] ultrasmall nanocavity with the S|z_e of Fig.1 Ultra-high-Q nanocavity

an optical wavelength has been realized.

DoooooooooooIon g et should accelerate studies of ki B -Hnn : ' =R, 000
loooboooooobbooooo fields such as future quantum communi- 1 " Hear Nied i
goooooobooooooono cation and information technology. -
ooooooooooooooo Interactions bet\_/veen I_ight and n_1at_ter E, o
Ooooooo0oo0o0ooooon can be dramat.lcally |'n(.:reased '|n.3|de = § |

such a small cavity, but it is very difficult [ L | | i
pooooooooooooon to confine light because leakage € et 122 ¥
000000000000000  becomes more important. We have pro- i i1 | .
oooo0oo0D—0oooooooon posed a novel design concept of "Gaussian N |
ooooooooooooooon Co.nfinementj‘. Using' this idea, we have L m m' ]

built a cavity having 10-100x better I
boooooooboooooo light confinement properties than any 1, ; 530
ooobobooomoooog previously constructed. ‘Wavslength (nm)
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Micromechanical Control of Photonic Crystal Devices
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Control of optical properties of pho-
tonic crystals is a key issue for many
applications such as ultra small optical
integrated circuits based on photonic
crystal technology. Micromechanical
control using MEMS is one of promis-
ing ways to achieve high tunability in
photonic crystals. We have successfully
demonstrated micro-electromechani-
cal control of the transmittance of
photonic crystal waveguides for the
first time. A maximum extinction
ratio of 10 dB was obtained.

gbooooooboooon

Manipulation of Electrons and Photons in Nanostructures

goomMeEMsOOOOOOOOODOO
gooooboosemMOO
Fig.1 SEM image of the central part of
a MEMS-integrated PC waveguide

goooooooooooooooo
Fig.2 Extinction ratio of transmittance as a
function of applied voltage
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Uncooled and Current-regulation-free Operation of Quantum Dot Lasers
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We have developed quantum dot lasers
operating at 10Gb/s without cooling nor
current-adjustment for low cost and
low-power-consumption light sources
for optical communication networks.
With 10 Gb/s modulation, the output
powers fluctuate within 5% and the
extinction ratios of the eye diagram are
7dB in the temperature range from
200 to 700. These are due to the dis-
crete energy levels of quantum dots,
and are realized using p-doping and
high dot density. The key technologies to
realize those are p-doping and high dot
densities

gobooboooboboooboo

Development of Nano-Photonic and Electron Devices

gooooooooooooo
Fig.1 Laser structure

gOooi1ocGh/sOOooooooog
Fig.2 Temperature dependence of 10-Gb/s
modulation characteristics
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First Observation of Single Photon Pulses in the Telecommunication Band

goooooooooooooo
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Single photon sources are key-devices
of not only quantum encryption but
also a quantum operation system. We
have been studying single photon
sources in the telecommunication
band in order to realize a quantum
communication network. Single pho-
ton sources using a quantum dot have
been developed, and single photon
emission at the technologically impor-
tant wavelength of 155 pm has been
demonstrated for the first time in the
world.

gobooboobobooooboo

Development of Nano-Photonic and Electron Devices

goooooooooo
Fig.1 Single photon sources

goooooOooooooooo
Fig.2 Correlation function of single
photon pulses
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Efficient Single Photon Generation Utilizing Photonic Crystal Nanocavities
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High-efficiency single photon sources
are crucial light sources in quantum
cryptography systems. We have suc-
ceeded in demonstrating efficient sin-
gle photon generation from single
InAs quantum dot coupled with a
photonic crystal nanocavity. This
was achieved thanks to nanocavity
effects, an enhancement of sponta-
neous emission rate and an increased
out-coupling efficiency. This is one
important milestones toward real
application of quantum-dot single
photon sources.
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Development of Nano-Photonic and Electron Devices

00 Dooooooooooooo
SEMO O
Fig.1 SEM image of PC nanocavity.

00 0adPCOOOOOOOOOOODOOOObLOOO
O00ooO0O0ooO0oOoooOoOoooOoooooo
ooooooooo

Fig.2 Second-order photon correlation functions for a QD
coupled with a nanocavity mode (a) and for a QD with-
out the coupling (b).
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0000000 OO0OO0OO0 @ The Main Research Schedule of the Project
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Fabrication Technologies of
Quantum Dots

gooooooo
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oooooo
oooooo
Manipulation of

Nanostructures
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Development of
Nano-Photonic and
Electron Devices

Fabrication Technologies of
Photonic Nanostructures

Electrons and Photons in
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Fundamental understanding
and control of quantum dots

O0oooooooooooOo
Position control and fabrication of quantum dots with high

O00ooOO0O000O00000o0OoO0OO0000000

Extension of quantum dots to various materials

> >
oooooooo
oooooo

Extension of quantum dots to
various materials

O
uniformity and high density

-
t

gO0O0oOoOOO0OOOO0O0OOOO0O0O0O00O0O0OOO0OO0OO0OO0OOO0OOCOOOO0O
Design and fabrication of 2D and 3D photonic crystal

Oooo000O0oooOoO0oOoOooOoOoOon
MEMSO O OO

Fabrication of high quality active
two- or three-dimensional photonic crystal

s

>

ooo00oOooOoooo

Investigation of electronic
states in quantum dots

-

0000000000000CO0OO0O0OCOO0OOO0O0OO0O0O0O0OO0OO00O0

Investigation of electronic states and manipulation of
photon-electron interaction in quantum dots and photonic crystal

000o000O0MEMSOOD
0oo00o0o0o0ooooo

Manipulation of photon-electron
interaction in nanostructures with
and without MEMS

-

goooocoooooo
ooooooooo
Design and development of core

technologies for high-performance
quantum dot lasers

OOoo0ooooooOoooooo
Fabrication of quantum dot lasers and active photonic crystal

Oo0oO000000000000000000000

gO00oOoOOO0OO0O000O0OOOO0OO0O0O000O0
OgOoo0ooooooOoOooooo
Development of high-speed quantum dot lasers
with low spectral chirping. Fabrication of single photon
emitters and single electron devices

goood

Main Members
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000000000ooo0o0oDOo0, NCRCO
Professor, Hiroyuki SAKAKI (11S, NCRC)

goooooooooooooo
Joooo00o0o00000000000000000000a
JOooooOoOooo0o0oooOoooooooo

Research Field: Advanced electronic devices

Research Subject: Physics of electrons in semiconductor
nanostructures and their controls for advanced electronic
and photonic devices.

00000000000000000000,0000000, NCRCO
Professor, Yasuhiko ARAKAWA (RCAST, IIS, NCRC)

ooboooooooooooon
000o0oooOoOoooO00o0oo000o000ooo00oocoo
gooo0000000000000000O0O000000000
O0oo0O0O0O0O00000000000000D0DOD

Research Field: Physics and engineering of quantum nano-devices
Research Subject: Manipulation of electrons and photons using
quantum dots and photonic crystal, and development of
nano-photonic devices of next generation including quantum dot lasers.

g000000opoo  stanfordd 00
Professor, Yoshihisa YAMAMOTO (Stanford Univ.)
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Research Field: Quantum information

Research Subject: Single photon source and detector for quantum
information systems, quantum computation based on electron and
nuclear spins.

Joo0oo0o000Dpoooo0oO, 00000000000000000000
Professor, Hiroyuki FUJITA (11S, CIRMM)
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O0ooo0o0o0o0o0o0oO0O0O0O0O00O0b0Oo0O0O000o0ooooa
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00o0O0O0O0O00000000000000000D0DDOD

Research Field: Micro/nano mechatronics

Research Subject: Design, fabrication and evaluation of
micro/nano electro-mechanical systems and applications to optical
communication devices, tools for nano technology and hybrid

bio mechanical nano systems.

0 00O Alfred Forchelo 00O Wuerzburg 000
Professor, Alfred FORCHEL (Wuerzburg Univ.)
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JOoooboO0ooooooooooo

Research Field: Semiconductor nanophysics and nanodevices
Research Subject: Optical and electronic properties of
semiconductor nanostructures and application to quantum dot
lasers and photonic crystal.

g00O0000oooooooo
Professor, Seigo TARUCHA (Scool of Engineering)
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Research Field: Physics and applications of semiconductor
nanostructures

Research Subject: Low-dimensional electron transport, electronic
properties of artificial atoms and molecules, detection

and manipulation of single spins in quantum dots, physics

and technology of spin-based quantum information processing.

U000000DooooooOg, NCRCO
Professor, Kazuhiko HIRAKAWA (I1S, NCRC)

. 0000000ooooooooooao
- 0000000000000000000000000000DDO

ooooo

Research Field: Quantum semiconductor electronics
Research Subject: Physics and device application of quantum
nanostructures in the THz regime.
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Professor, Susumu NODA (Kyoto Univ.)
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Research Field: Quantum optoelectronics

Research Subject: Development of photonic nanostructures such
as photonic crystals and its application to arbitrary control of
photons.
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Professor, Toshiro HIRAMOTO (I1S, NCRC)
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Research Field: Silicon nano-devices

Research Subject: Establish a device concept utilizing new
physics in silicon nano-structure in order to break the scaling
limit.

OO00O0000oDooOoDoOooooo
Professor, Toshihiko BABA (Yokohama National Univ.)
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gooo00ooooO0Oooo0oo0oooOoOoobOooooooaon

Research Field: Quantum optoelectronics

Research Subject: Fabrication of semiconductor photonic crystal
nanocavity and demonstration of ultimate spontaneous emission
control and zero-threshold lasing.

0000000000 DD0DD0O0O0O00, NCRCO
Professor, Hiroto ISHIDA (11S, NCRC)
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Research Field: Science and technology policy,

Nuclear engineering

Research Subject: The promotion of the industrial utilization of
the research and development products. The promotion of the
collaboration among universities, industry and government.

g00000000o0ooooo0oOg, NCRCO
Professor, Toshio KATSUYAMA (11S, NCRC)
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Research Field: Nano quantum electronics

Research Subject: Functional optical devices using semiconductor
nano-structures including quantum functional devices and
photonic crystal devices.

00000000000000000, NCRCO
Professor, Tatsuya USUKI (I1S, NCRC)
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Research Field: Physics and engineering of quantum effect
devices

Research Subject: Development of single-photon devices, study of
quantum communication systems.

J0O0O0O0000DDDOoOoOoO, NCRCO
Associate Professor, Takuji TAKAHASHI (11S, NCRC)
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Research Field: Nano-probing technologies

Research Subject: Development of local characterization
techniques by nano-probes and their application to
optical/electronic characterization on single quantum nanostructures.

0O000000D0000D0o0,00000000000000000000

Associate Professor, Hiroshi TOSHIYOSHI (11S, CIRMM)

dooooooooooooooooo

00000 MEMSO Micro Electro Mechanical SystemsO 0 0 0 0
000000000000000000000000000 Photonic
MEMSOOOO0OO0OO00O0O0000000

Research Field: Micro electro mechanical systems

Research Subject: Optical MEMS (Micro Electro Mechanical
Systems) technology extending to nanoscopic Photonic MEMS
interaction with electrons and photons to exhibit new quantum
phenomena.
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Associate Professor, Takao SOMEYA (School of Engineering)
0ooooooDoobOoobooOooDo
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Research Field: Nano, organic electronics
Research Subject: Organic semiconductor-based nano electronic
devices.
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Associate Professor, Koichi YAMAGUCHI (Univ. of Electro-Communications)
gooooooooooo
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gooooogo

Research Field: Quantum Semiconductor Engineering
Research Subject: Development of nano-fabrication technologies
including nano-epitaxy of semiconductor quantum structures.
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Research Field: Semiconductor Nano Science

Research Subject: Analyses of nano structures on semiconductor
surfaces, crystal growth mechanisms, epitaxial growth process of
quantum dots.
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Research Field: Nano-optoelectronics
Research Subject: Functional photonic crystal devices with
semiconductor quantum dots and MEMS.
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Research Field: Microwave and optical semiconductor
device engineering
In charge of project management.
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Research Field: Optical compound semiconductor
device engineering
In charge of project management.
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