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COMS Extension
(More Moore)

@ International Technology Roadmap for Semiconductors

The chips are down for Moore’s law

The semiconductor industry will soon abandon its pursuit of Moore's law. Now things could ge¢
a lot more interesting.

M. Mitchell Waldrop

09 February 2016
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Prime Minister hails UNSW's quantum o o @
computing research as the world's best

22 AFR 2016 | UNSW MEDIA

There is no bolder idea than quantum computing, said Prime Minister
Malcolm Turnbull, hailing UNSW's research in the transformative
technology as the “best work in the world".

Commonwealth Bank Chief Information Officer David Whiteing said: *Commonwealth Bank is proud fo
support the University of New South Wales" world-leading quantum computing research team and join the
Ausftralian Government in providing tangible support for their National Innovation and Science Agenda.
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Customer Part: Custom GaAs 29

GaAs FET Structure Specification

Layer | Type Material Group | Repeat Mole Mole Strain | PL | Thickness |Dopant| CV Level Comments
Fraction Fraction | (ppm) | (nm) (A)
(x) (y)
5 i |GaAs 100
4 i |Al(x)GaAs 300 500
%’ N |Al(x)GaAs 30.0 200 Si 7.0e17
2 i |Al(x)GaAs 300 150
1 i |GaAs 5000
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Ultrafast Universal Quantum Control of Quantum Dot Charg

Qubit Using Landau-Zener-Stiickerlberg Interference

Gang HaiOu Li', Tao Tu', Li F’F’E;rngl,. Chen Zhou", El»ﬁngl’.iaoz, HongWer

-

o 1 ; . 1+
“ Guo . GuoPing Guo

I Ke inese Academy of Sciences, University of Scienc
and %ﬂ};ﬁ qu:ﬂ':ik‘ i H%ﬁﬁ FIET e Republic of China

2 Dep &%I—J%'ﬂ; wsity of Califernia at Los Angeles, 405 Hilgard
Aver

A basic requirement for quantum information processing is the ability of
universal control the state of a single quhitl'3 on timescales much shorter than
the coherence time. Although ultrafast optical control of a single exciton
(electron-hole pau) o1 a single %,1)111_7 in quantum dots have been achieved,
scaling up such methods remains major challenging. Here we demonstrate a
complete control of the quantum dot charge qubit with the time scales of
picosecond. orders of magnitude faster than those previously measured in the
chm‘geﬂ' or spin based qubltsm 12

observed tunable qubit dyvnamics in charge stability diagram, in time domain.

also with electric fields in quantum dots. We

and in pulse amplitude space of the driven pulse. Our analysis indicated that the
results are well described by Landau-Zener-Stiickerlberg (LZS) interfer ence’”.
These results establish the feasibility of a full set of all-electrical single gqubit
operations and enable potential multiple-qubit 1tnplelneutanonsl4h Although
our experiment is carried out in a solid-state architecture, the technique is
independent of the particular physical encoding of quantum information, and %
has the potential for wider application.
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BETFZHI Nature Communications 4, 1401(2013)
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S o Single-Shot Correlations and Two-Qubit Gate of Solid-State Spins
K. C. Nowack et al.
Clence Science 333, 1269 (2011); AL S(2,0)
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Demonstration of Entanglement of Electrostatically Coupled
Singlet-Triplet Qubits

M. D. Shulman et al.

Science 336, 202 (2012);

DOI: 10.1126/science. 1217692

A\ AAAS

=T

LL¢ éLR RL¢ éR - H’-qub;r:??-]](ff; @1) —|-]2(]®G:)—|—
(=1 ® (0: 1)) +
200 o | '||' | AB.. (0, ®1) + AB. (I © )|
[ I
w1 _Initialize Evolve Readout (0,2) A S)
— e siessnes sopas s es aapaaal _-__-_-_-__:._
l':l ¥ :. (1 ’1) G
. - J
T[/2 A TC
t ~7AB,
Left Qubit Tomographic D = v I
w 1 _Initialize Evolve Readout (0,2) :

— [ Sa S ;or
. /2 I | /2 :f: (1.1) )
AB /2 AB 1t ; ITo)




M LLdF = FIEHIHED)
5 fie g id & T LAY

Demonstration of Entanglement of Electrostatically Coupled
Singlet-Triplet Qubits
M. D. Shulman et al.

Science 336, 202 (2012);

%‘AAAS DOI: 10.1126/science. 1217692
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Conditional rotation of two strongly coupled
semiconductor charge qubits BT 5 BT

Hai-Ou Lil-2:~*, Gang Caol-2.~+, Guo-Dong YuZ2-3.*, Ming Xiao2-3, Guang-¢( )Ht;{:%m
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Basic Quantum gates of charge qubit

Controlled Quantum operations of a Semiconductor Three-Qubit System

arXiv 1610.06704
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Basic Quantum gates of charge qubit

Controlled Quantum operations of a Semiconductor Three-Qubit System
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Basic Quantum gates of charge qubit

Controlled Quantum operations of a Semiconductor Three-Qubit System
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physiCs -

input/output wire

CARBON MANOTUBES
Turable spin-orbit coupling

DILUTEMR.GHETIC SEMICONDUCTORS
Lwpetic and valence states stand apart

-TEMPERATURE SUPERCOMDULCTORS
A on-law relationship

The quantum shell game

J-C Model:

- Double dots

()
_ + har'l + - + Phys. Rev. Lett. 101, 230501 (2008).
H ha)”(a a+1/2)+h 2 O, +hg(a o e ) Phys. Rev. A 78 , 020302(R) (2008).
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Characterization of a microwave frequency resonator Dipole-coupling of a double quantum dot to a microwave
via a nearby quantum dot resonator

Resonator (R)

Appl. Phys. Lett. 262105 98 (2011) Phys. Rev. Lett. 108, 046807 2012
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LETTER

Circuit quantum electrodynamics with a spin qubit

K. D. Petersson', L. W. McFaul', M. D. Schroer', M. Jung', J. M. Tavlor®, A. A. Houck”® & J. R. Petta"*

doi:10.1038/naturel 1559

Vsn + Vieauinyll)

i ! L H Bn

Anductor Si N

G
cavity®®. The arclutecture allows us to achieve a charge-cavity
coupling rate of about 30 megahertz, consistent with coupling rates
obtained in gallium arsenide quantum dots'. Furthermore, the
strong spin-orbit interaction of indium arsenide allows us to drive
spin rotations electrically with a local gate electrode, and the
charge-cavity interaction provides a measurement of the resulting
spin dynamics. Our results demonstrate how the cQED architec-
ture can be used as a sensitive probe of single-spin physics and that
a spin-cavity coupling rate of about one megahertz is feasible,
- A _ presenting the possibility of long-range spin coupling via super-
100 i N ! conducting microwave cavities.
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Photon mediated interaction between Vacuum Rabi Splitting in a Semiconductor Circuit QED
distant quantum dot circuits System ?2??

Resonator Quantum Dot

PRL 110, 066802 (2013) and its comment on arXiv
1304.3697
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a)a

J-C Model: H =hw.(a’a+1/2)+h 5O +hg(a*c” +aoc™)

Strong coupling: 2g e (K' - ]/dﬂt)/z
gc/2n=30MHz g/(27) =8 MHz (711,78,7)/(27) 2(200,200,30”) MHz
Increasing coherence time of QD and the coupling strength is the Key to get

strong coupling region.
How about New material: Graphene and TMDs QD ?
1. Fabrication of graphene QD and its manipulation ?

2. Design of superconductor resonator for graphene ?

3. Coherence time for graphene QD qubits ?

39



Theory for graphene quantum qubit

ARTICLES
Spin qubits in graphene quantum dots

BJORN TRAUZETTEL, DENIS V. BULAEV, DANIEL LOSS AND GUIDO BURKARD*

Department of Physics and Astronomy, University of Basel, Klingelbergsirasse 82, CH-4056 Basel, Switzerland
*e-mail: Guido.Burkard@unibas.ch

Nature physics 3 192(2007)
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Quantum coherence time T1 and T2 for graphene QD
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Probing relaxation times in graphene quantum dots

Christian Volk"2*, Christoph Neumann'2*, Sebastian Kazarski', Stefan Fringes!, Stephan Engel51'2,
Federica Haupt3, André Miiller'2 & Christoph Starm:-fer1'2

A lower bound for charge excited state relaxation times on the order of 60—100 ns.

Quantum dot
Central gate

ese. Whatis T2 for charge state ?

5% How about spin state ?
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A graphene quantum dot with a single electron

transistor as an integrated charge sensor
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Nanoelectronics: Quantum dots in charge

Side Gate

Source
Paired graphene quantum dots could form the basis for an electron-counting information

storage system.

Quantum dots could one day be used as solid-state

quantum bits for quantum information processing. The
el Source
information in a quantum dot would be encoded in the . Skde Gate

charge, spin or degree of freedom of electrons, and Dot

be read using ultrasensitive charge and spin

detectors. A collaborative study between the

University of Science and Technology of China and 2+ i -
the University of California, Los Angeles, USA, has 4 P
now demonstrated an integrated charge sensor 8- > -

system based on twin E@phene dots?, raising the

Gain(dB)

hope that graphene's adva”taﬁeous electronic and Schematic illustration of an integrated charge-sensing :
structural properties could serve for the future system based on a pair of quantum dots 12
developmeant of guantum information processing B 2011 AIP* 14 =
technologies. -16 E .
- e | :

2005 2 :

10 10
L. J. Wang, et.al. Appl. Phys. Lett. 97, 262113 (2010). T S



Graphene double quantum dot in series and in parallel

APPLIED PHYSICS LETTERS 99, 112117 (2011)

Gates controlled parallel-coupled double quantum dot on both single layer
and bilayer graphene

Lin-Jun Wang,! Guo-Ping Guo,"® Da Wei,' Gang Cao,” Tao Tu,''? Ming Xiao,"
Guang-Can Guo,' and A. M. Chang®

'Key Laboratory of Quantum Information, University of Science and Technology of China, Chinese Acadenty
of Sciences, Hefei 230026, People’s Republic of China

zDepartmenr of Physics, Duke University, Durham, North Carolina 27708, USA

PMMA
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APPLIED PHYSICS LETTERS 100, 022106 (2012)

Controllable tunnel coupling and molecular states in a graphene double
quantum dot

Lin-Jun Wang," Hai-Ou Li," Tao Tu,"® Gang Cao,’ Cheng Zhou,' Xiao-Jie Hao,' Zhan Su,"
Ming Xiao,! Guang-Can Guo,' Albert M. Chang,? and Guo-Ping Guo'®

'Key Laboratory of Quantum Information, University of Science and Technology of China, Chinese Academy
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Symmetric reflection line resonator (RLR)

Our reflection line
resonator (RLR)

|—[-Wi ‘ ‘ ‘ r o

Transmission line resonator (TLR)

> 1/2 or 1/4 wavelength mhybrd
, = 7

reflection line resonator »
> Two coplanar strip-lines F ;
geometry |

” Coupling strength is Is.
expected to be double | |
> Bias T for independent c

DC bias of either side

Feed line Gap Open-circui
capacitance resanator



The property of reflection line resonator
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Tuning the Q factor of Symmetric reflection line
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Charge Number Dependence of the Dephasing Rates of a Graphene Double Quantum Dot
in a Circuit QED Architecture
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Coupling Two Distant Double Quantum Dots with a Microwave

Resonator
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Gang Cao,+' Ming Xiao,' - Guang-Can Guo, % Franco Norl,” Hong-Wen Jlang, and Guo-Ping Guo™ E
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Compare with GaAs/AlGaAs quantum dot
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Semimetal —> No band gap —> Etching steps
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Edge states

/7 Quantum dot
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