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Monoisotopic Silicon Silicon stable isotopes

Si natural nuclear | Remarks, specific features, feasible applications
isotope abundance | spin

28G;j 92,23 at% |0 enhanced heat conductivity, natural mass-
standard, elimination of isotopic line broadening,
Si-based quantum computer, less expensive than

23Gj and 39Sij

23Gj 4,67 at% 1/2 two spin states, quantum computer with 2°Si
super lattice structure in 28Si matrix

30Gj 3,10 at% 0 study of self diffusion,

NTD engineering: 39Si (n,y) 31Si(2,7h) — 3P + B~




“Fluoride-Hydride” fabrication method of Si isotopes

(multistep)
A.Bulanov, et al. Cryst.Res.Technol. V.35.P.1023 (2000)

Synthesis and purification of SiF,

\

Centrifugal enrichment of SiF,

\

ISOtSjF, conversion to 's°t SjH,

and its purification

U

Thermal decomposition of 's°tSiH, and
production of poly-'s°tSj rods

\

Cz or Fz growth of 's°tSj single crystals (B content at
10 cm=3)



2851 (99,999%)
m=6 kg
(IChHPS)

(IKZ, Berlin)

(PTB,
Braunschweig)
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KONMYECTBO TPAH3UCTOPOB (TbiCAY)

o Ten Xodd u3 komnanuu Intel usoGperaer nepebiit Intel npeacTaenser npoueccop Pentium Mpe3seHToBaH npoueccop Pentium 4
i mukponpoueccop 4004 (2 300 Tpax3ucTopos) __:. (3,1 MAH. TpaH3KCTOPOB) . (42 mnH. TpaH3ucTOpOB)

Intel npeacrasnser npoueccop 8088 lpe3eHToBaH npoueccop

g (29 000 TpaH3ucTOpOB) ' Pentium Pro (5,5 MnH. TpaH3ucTopos)

MpesenTaums npoueccopa 80286
¢ (134 000 Tpan3ucTopoB)

B peanpHocTd

o [ntel co3paér npoueccop 386
i (275 000 TpaH3ucTopos)

° Intel npeacrasnser npoueccop 486
i (1,2 MAH. TpaH3ucTOpOB)

."-. Intel npeacrasnser npoueccop
Core naToro nokonexus
(1,3 Mnpp. TpaH3uCTOpOB)

Intel npeacraenser npoueccop Core i5
(1 Mmnpp. TpaH3ucTOpOB)

llHl ‘ lHI s » Intel npeactasnser npoueccop Pentium 4
| Il‘ IHHI i ¢ rexHonorueit HT (125 Mnn. Tpansucropos)
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Think different:

Kak BCce Ha4YnMHanocCb

1980-e rr.- Ha4yano pa3paboTku TEOPUN KBAHTOBbIX
koMmnbtoTepoB (pycckuin KO..MaHuH, amepukaHel
[1.beHeB, aHrnnyaHnH O.Jowny, naypeat Hobenesckon
npemun no pusnke P.denHmaH);

1994 r.- kBaHTOBbLIW anropntMm daktopusauumn l'.LLlopa
1996 r.- nouckoBbIn anropuTtm J1. 'poBepa

1998 r.- Ainzek YyaHr, nepBbl NpoOTOTUN
nByxkyoutosoro AMP kBaHTOBOro KoMmnbioTEPA



BuTbr U KybUTLI

Kybut 310 kBaHTOBOE 0000LiEHNE Kraccu4yeckoro buTta.
KyOuT cTpouTCA M3 ABYX OPTOroHasnbHbIX COCTOSHUN.
Takux Kak cnuH, nongpusauunsa oToHa, KonbLeBble TOKK
B CBEPXNPOBOAALLEM KOMnbLLE.
KBaHTOBbIE 0ObEKTLI ABMAKOTCA BONHAM.
Knaccuyeckun out OHU MOryT ObITb B COCTOAHUU
0. 1 cynepnosuumn. Kyout

a|0) 1+ B[1)

dusunyeckana peanusaumna:

dusnyeckasa peanuzauus:
3apAKEHHbIN/Pa3PAKEHHBIN KOHAEHCATOP

-0

%
=0 + ] ‘ M
{57 MyShared




Quantum Computation

f Qubit — Two level system obeying quantum mechanics 9
Examples i)
Spins in Sificon Electronic states of ions @
4 ~ gy C0) +C;if)
o N .
k Fluxin Superconductors ~ Photon PolarizaSion I1) J

/ Quantum Computer - An array of several interacting qubits )
Qubit1 Qubit2 Qubit3 Qubit N

g ) 0

&mi’- m! 200000 P
@ & ® ®
I
G ) 1) 1) ) y

Encodes information of 2
complex numbers - C, & C,

Encodes information of
2N numbers

Quantum mechanical laws allow qubits to represent & process exponentially more information than bits !
Information on 300 qubits = Number of particles in the entire universe !



KBaHTOBbIN KOMMbIOTEP COCTOUT M3 N KYyOUTOB W NO3BOMSET NPOBOAUTb OAHO- U
OBYXKYObUTOBblE onepaumm Hag nobbiIM M3 HUX. DTU onepaunn BbINOMHAKTCA MNoa
BO30ENCTBMEM UMIMYNbCOB BHELLUHErO MNOSs, YNpaBisieMoro KnacCM4yeCckum KOMMNbOTEPOM.
OBOMOUMNA COCTOAHUS KyOUTOB m300pakaeTcsl BAOOSIb FOPU3OHTArbHbIX NUHUM (OCb
BPEMEHN) B BUAE NOCNenoBaTenibHOCTM OQHOKYOUTOBBIX N ABYXKYOUTOBLIX BEHTUNEN.

10} —]
02— B KBanTOBLIC BLIMHCICHHA Hamepenne
[0}3— na:l:f:x (ynarapsoe COCTOSHHSA
...... ... mpeoGpasopamme Up) | __ | xyGuros
10}, —
' i [ ]
Uy

Knaccuueckuit ynpapasiomuil KoMnsioTep;
reHepaTophl HMITYJIBLCOB IS BO3NEHCTBHA Ha KYOHTEI

McxoaHoe npuBegeHue Bcex n Kybutos B
coctoaHue |0> («initialisation»).

KoHTponupyembliit nepesog Kybura B
cocTtosiHue | 1>,

CoxpaHeHue KorepeHTHOCTU
cynepnosuuum COCTOAHUN B TeYeHue
AnuTtenbHoro BpemeHu (“coherence
time”):

| P> = cos(0/2) |0> + e®sin(6/2) |1> no
amnautyge 0 n pase .

BBopA, A3QHHDbIX U UICNOJIHEHUE aNropUTMa
C NpUMeHeHuem OoaHOKYOUTOBbIX U
ABYXKYOUTOBbIX BEHTUNEMN.

3anucb pe3ynbraTta BblYUC/IEHUA B
KOHEYHOM KBAaHTOBOM COCTOAHUMU
KybutoB u ero cuntbiBaHue (“readout”)
nocne nsmepeHusa COCTOAHUN BCex
Kyburtos.



Quantum information is fragile

|1) _ .
. Interactions with

noisy environment
will cause errors
(decoherence) due to:

« Dephasing
 Relaxation

3 En\flronmenf |

Qubits defined in the best-isolated systems have the longest
coherence times... they are also harder to manipulate (slow).

Q-factor: number of rotations in the sphere before losing coherence



A well-isolated system: trapped ions

Coherence time: 1min

Gate time: 1.6ps
(0.01x breakthrought)

Q-factor: 3.75¢7
Scalability??

Ion(s) localized in a vacuum by a quadrupole.
Cooled down to ~mK and excited by laser
pulses. Fluorescence readout by CCD.

1V. Schafer et al., Nature, 555, 75-78 (March 2018)
2B. Lekitsch et al., Science Advances, 3, 2 (Feb 2017)




Easier addressing: superconducting circuits

Coherence time: ~100pus
Gate time: ~50 ns
Q-factor: ~2000
Scalability?

Solid-state qubits: leading approach (Google, IBM, Intel..)
Various flavors of anharmonic LC resonators. "Easy” addressing
and coupling.

For convenient GHz operation and 50Q matching,
L (~1nH) and C (~1pF) imply dimensions of ~10-100pum.

= Macroscopic = more exposure to noise, limits coherence time

1]. Kelly et al., Nature, 519, 66-69 (March 2015)



Strong upscaling potential: Si spin qubits

Coherence time: ~20us

Gate time: ~25 ns

Q-factor: ~800
Scalability?

Also solid-state: elementary charges confined by Gates of 10-100nm
Their spin is manipulated and spin-dependent charge movement is
detected.

« Less advanced compared to other systems

« More promising for integrating > millions of qubits

1]. Yoneda et al., Nature Nanotech., 13, 102-107 (February 2018)



Si spin qubits: late but on the rise

1000000
100000 3D cavities

—
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Year of publication

Material engineering (isotopic purification, charge noise
reduction...) and control schemes development have kept
the Q-factor increasing.



,,/,_,h-l ﬂ Solid state quantum computer scheme with 3P in *3Si
. E. Kane, Nature 1998
(B e, Nature )

~10-3
_— B, (=107 Tesla)
B =2 Tesla) % Nu_clear * Elell:trnn
J GEIES Spin Spin
!f AGﬂtea
' -' — . .Barnar' 'l"f‘:;“i ?
5i 3! .ri‘lig
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[+ g
~200 A

« 1P_qubit: gate controlled manipulation of single spins: nuclear spins store information, electron
spins transfer nformation between neighboring qubits (J. exchange) and to nuclear spins
(A=121.5 neV. hyperfine interaction) (http://www Ips.umd.edu’)



Spin qubits in 28Si : recent breakthroughs

Electron bound to 3P

Muhonen et al., Nature (2013)

Gate-defined one-electron guantum dot

£
Refadout SET .

AN / _ 3
\ \ /%/J

Veldhorst et al., Nature Nano (2014)




Coherence lifetime T, in phosphorous-doped
silicon 48Si:31p

31|:) 28Si
concentration, enrichment,

cm-3 %

0,52 ms Electron 4 x 1016 99,88 J.P.Gordon,

(1,4K) spin 1958

60 ms (7 K) Electron 0.87 x 10*°-1.6 x 299,9 (?) A.M.Tyryshki
spin 1016 n, 2003

10 s (1,8 K) Electron 10'4-10%° 99,995 A.M.Tyryshki
spin n, 2012

180 s (1,74 Nuclear 5 x 101 (D9 99,995 M.Steger,

K) spin 2012

39 min Nuclear 5 x 10 (D%) 99,995 K.Saeedi,

(298K) spin 2013

3 hours

(4,2K)



Silicon comes back

The extraordinary long coherence times and high-fidelity manipulation of electron spins trapped in isctopically
purified silicon could be an essential step towards the realization of a solid-state quantum computer.

Lars R. Schreiber and Hendrik Bluhm

Figure 1| Schamatics of the 51-based spin-gublt devicas usad by the three groups. a, Inthe wark of Vandarsypen and colleagues, a single electron & tapped In

a quantum dot, which |5 formed by the 51/51Ge quantum well and by the electrostatic potential of metallic top-gates. A global positivaly charged gata, which
Induces electrons Inthe quantum well, 1s not shown, b, Veldhorst and colleagues confine the single electron at the 51510, Interface by means of metallic top-gates
(crossing gates, yellow and orangs, are Isclated by AlLCL). €, Inthe work by Muhonen and colleagues, the electron Is bound to a single phosphorus dopant. The
spin of the phosphorus nucleus can be used as kong-lasting qubt memary. Devicas Inb,e are fabricated on Isctoplcally punified 251, Read-cut of the charge state of
the quanturn dot Is done by asingle electron translstor (SET) frmed by top-gates In the 5175652 quantum well (a) and at the cudde Interfaca (b,e). Electrons were
manipulated etther by E5R pul=es (be) emitted from a microwave antenna ar by ECSR pulsas (a), which require an Inhomogeneous magnetic field generated by a
micramagnet. (The actual gate pattams Inab are mare complicatad and allow trapping of two qubits Ina tunnel-coupled double dot.)



QUANTUM COMPUTATION

Silicon comes back

The extraordinary long coherence times and high-fidelity manipulation of electron spins trapped in isotopically
purified silicon could be an essential step towards the realization of a solid-state quantum computer.

Lars R. Schreiber and Hendrik Bluhm

Table 1| Electron spm coherence times and control fidelity, and the main figures of ment of the three silicon systams.
Vandersypen' (Fig 12 Veldhorst? (Figt) ~ Muhonen?(Fig.ic

Fraction of non-zeme nuclear spins Maturalabundance (5% =51)  lsotopically punfled ®51  lsctoplcally purifled 3|
(with BO0ppm #51) (with 800 ppm #5()

Qublk dephasing time T3 {ps) 0.9 120 |

Maimurm qubit manipulation rate (MHz) 5 <] <]

QQubit control fidelty (%) M. 99 004 We

Maimurn qubit coherence time applying comection pulses T, (ms) 0044 28 550

T, refurs o Hhie cobarenca Hma cbtained whantha atfect of skrw rokal s eliminated with spin-ache pulse, wharas T4 Includes the ffect of fuchurtions that are skathc on tha fimescale ol the qubk dymamics.



CZatech SITWO-QUBITS LOGIC GATE

1. Definition
2. Control
3. Communication
4. HiFi readout lerol Qubit Target Qubit Tunable coupling relies
tsate G 8 FGal on proximity exchange
S0, > g
5, Qubit Q1 Qubit Q2
Superconducting
+— wire for magnetic
field generation
SET for (initialization, manipulation)
char.ge ) Reservoir with potential tuned
S for draining Spin Down Electron,
(readout) ) :
blocking Spin Up (readout)
Bulk 2%Si
bstrat
5 TR Gate-defined
(long T,)

Quantum Dots
(creating two-level systems)

Veldhorst et al. (UNSW), arXiv:1411.5760 (21/11/2014)

| 9




How many qubits do we need?

Redundancy for Quantum Error Correction!

-»~.._:‘ e reeRanE
- | —
——

~
g

~riL

Prime factorization of large
numbers for security:
>2000%*13-15 qubits

Quantum chemistry for
medicine and material
development:

>200%*13-1°5 qubits

Quantum supremacy in
simulation:
>56%*1¢3-1°5 qubits

— At least a million physical qubits




A common Si technology platform

Cryogenic peripheral
electronics
EEEEEN
L ﬁlﬂ Iﬁwﬁ W 1k Large-scale qubit integration
Si CMOS technology -
FDSOI

PN

b il




ICT25 European Project: MOSQUITO
MOS-based QUantum Information TechnOlogy

Participant No * Participant organisation name Country
| {Coordinator) CEA France

| 2 UCL United Kingdom
3 UCPH Denmark

|4 HIT United Kingdom
5 EPFL Switzerland
b CNR [taly
7 VIT Finland

CEA-INAC Coordinator

CEA-Leti WP leader (Fabrication)

= Full 300mm batch in 2017




MOS-QUITO (H2020): start,in-April 2016

VTT
Q-DEV Nizhny Novgorod Univ.
UCL, HITACHI
. o
EPFL % |
CEA-IRAMIS (SPEC) T g ,
« CNR-MDM ¥

CEA-INAC (SPSMS,SP2M)

CEA-LETI (DCOS,DACLE)
CNRS-NEEL (NANO)



A CMOS silicon spin qubit

R. Maurand'2, X. Jehl"2, D. Kotekar-Patil"2, A. Corna"?, H. BohuslavskyiZ, R. Laviéville"3, L. Hutin'?3,
S. Barraud'3, M. Vinet'3, M. Sanquer? & S. De Franceschi'-2

Figure 1 | CMOS qubit device. (a) Simplified three-dimensional schematic
of a2 silicon-on-insulator nanowire field-effect transistor with two gates, gate
1and gate 2. Using a bias tee, gate 1 is connected to a low-pass-filtered line,
used to apply a static gate voltage V,, and to 2 20 GHz-bandwidth line,
used to apply the high-frequency modulation necessary for qubit
initialization, manipulation and read-out. (b) Colourized device top view
obtained by scanning electron microscopy just after the fabrication of gates
and spacers. Scale bar, 75 nm. (¢) Colourized transmission electron

microscopy image of the device along a2 longitudinal cross-sectional plane.
Scale bar, 50 nm.



CEA SHOW PATH TO CREATING BUILDING BLOCKS
OF QUANTUM PROCESSORS WITH #8i ISOTOPE IN A CMOS FAB LINE

Fabrication of Isotopically Enriched, Industry-Compatible Wafers Foints Way
To Realizing Silicon Spin Quantum Bifs with Enhanced Fidelity

100 4

T ' ] —— 285

00.992% “Si CVD-grown epilayer on 300 mm substrates for large scale I e

1 ' i ' ' ] ——305i

integration of silicon spin qubits 5
¥ Wamer P . Sk A D, Bolos W, Chrtnos 2B Baand L Hus | B s 0
M. M. Orandow,” | M. Haromam, and M. Sanguar E =00 0033 7% +- 0.001%
CkA, LTI, Minalee s, 3808 Grenle Frenc 5 ]| Psm00sam 0000
5, £, D CHPS RAS, 80580 Nk Novpor, Raaian et [ S1=0.0013% +/- 0.0005%
P RAS, A0 Nihny Nowgeed, Ruasan Feri 5]
O, Grsobe Ales, CEL VA Py, 3800 Cencc, Frone Ty

1E-2

0 20 40 60 80 100
Depth, nm



Spin lifetime and charge noise in hot silicon quantum dot qubits

L. Patit.! J. M. Boter,' H. G. J. Eenink,' G. Droulers,! M. L. V. Tagliaforri,' B Li' D. P. Franke,! K.
J. Sinph? J. 8. Clarkse ? R. N. Schouten ! V. V. Dobrovitski,! L. M. K. Vandersypen,! and M. Vekihorst!
'QuTech and Kauli Institute of Nanoscience, TU Delft,

P.0. Box 5046, 2600 TA Delfi, The Netherlands
* Components Ressarch, Indel Corporation, 2501 NE Century Blod, Hillsbors, OR 3712, US54

Figure 1 (a) shows & scanning electron microscope
SEM) image of the quantum dot device. Fabrication
starts from & J0) mm silicon wafer, upon which a 100

L N

nm layer of epitaxial 2%5i is prown, with & residusl con-
centration of 23i at 800ppm. The wafer i5 then ther-
mally oxidized to form & 10 nm 5i09 layer on top. We




Why Silicon qubit ?

Recent breakthroughs in purified silicon (8Si) spin qubits have pushed Si spin
qubits to a level that they can easily compete with superconducting qubits

news & views

QUANTUM COMPUTATION 20 14

Silicon comes back

Lars R. Schreiber and Hendrik Bluhm

@ Spin qubit with very long spin coherence time at low temperature

@ Silicon can be purified without nuclear spin isotope ( 2°Si )

@ Silicon qubit is compact ( ~ few 10 nm)

O Silicon qubit is potentially scalable (long-range spin interaction to be solved ....)

@ Silicon qubit could be co-integrated with its CMOS cryogenic periphericals



Why Quantum Computing and Why Now?

The developments in the field of qguantum computing and quantum technologies are
at a level that industry and national governments are starting to make serious
commitments to this exciting technology

UK Invests £270 Million in Quantum Computing (December 2013)

i==: started a huge program on quantum computing

rrrrrr

TUDelft ( Quantum Computing) +
INTEL (CMOQOS, design, up scaling)

“Intel could help make quantum
computing a reality “
(Mike Mayberry, Intel vice president)



Quantum Technologies Flagship kicks off with first 20 projects

. * PDF

Brussels, 29 October 2018
The Quantum Technologies Flagship, a €1 billion initiative, was launched today.

The Flagship will fund over 5,000 of Europe's leading quantum technologies researchers
over the next ten years and aims to place Europe at the forefront of the second quantum
revolution. Its long term vision is to develop in Europe a so-called quantum web, where
guantum computers, simulators and sensors are interconnected via quantum
communication networks.

The Flagship will initially fund 20 projects with a total of €132 million via the Horizon 2020
programme, and from 2021 onwards it is expected to fund a further 130 projects.

Its total budget is expected to reach €1 billion, providing funding for the entire quantum
value chain in Europe, from basic research to industrialisation, and bringing together
researchers and the quantum technologies industry.


http://europa.eu/rapid/press-release_IP-18-6205_en.pdf
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CONCLUSION:
All high-enriched, high-pure Si and Ge
Isotopes in form of gases and bulk materials
are available

Enrichment :
SiF, (directly * 285j - up to 99,9998%
enriched) | |
« 29Sj and 3®°Si — up to 99,9%
SiH, (produced from . .
SiF, * Five Ge Isotopes —up to
99,99%

GeF, (directly

enriched) « Amount: from grams up to
several kilograms (depends
GeH, (directly on the isotope)

enriched)



Isotopic varieties of Ge

Ge-76 Ge-73
Ge-74
Content of isotope, % at.

Sample 7OGe 7ZGe 73Ge 74Ge 7GGe
natGe 20.84 27.54 7.73 36.28 7.61
2Ge 0.00009+0.00002 | 99.98439+0.00091 | 0.001191+0.00073 | 0.00356+0.00030 | 0.00005+0.00001
3Ge 0.0001+0.0001 0.0391+0.0027 99.8995+0.0155 0.0611+0.0102 0.0002+0.0001
“Ge 0.0001+0.0001 0.0009+0.0004 0.0595+0.0010 99.9365+0.0011 0.0030+0.0003
8Ge 0.193 +0.009 0.261 + 0.007 0.101 +0.007 11.927 +£0.454 87.518 £ 0.451

15




“...KpeMHUN BbIpUCOBbLIBAETCA B
MUPO3OaHUMN KaK, IrieMeHT, obnagarowmm
UCKNOYNTeNnbHbIM 3HaYeHuem”, — B. M.
BepHaackun.

Cnacubo 3a
BHUMaHne !







CZatech HOW TO MAKE A PROPER QUBIT?

. Definition of a two-level system with long quantum coherence
2. Control of a single qubit: initialization, manipulation

3. Communication via tunable quantum coupling between qubits

4. HiFi readout of the qubit state

Many possible approaches...

== Qurs focuses on electron or nuclear spin qubits in solids
(Si in particular)




LETTERS nature
bitpes /oL orE, H0I038,/541565 0T7-001E x nanotechnology

A quantum-dot spin qubit with coherence limited
by charge noise and fidelity higher than 99.9%

Jun Yoneda@'*, Kenta Takeda™"?, Tomohiro Otsuka'** Takashi Nakajima'?, Matthieu R. Delbecqg'?,

Giles Allison', Takumu Honda*, Tetsuo Kodera®, Shunri Oda ™4, Yusuke Hoshi®, Noritaka Usami®,
Kohei M. ltoh” and Seigo Tarucha2*

X

Qubit Micrr=g Micromagnet

@

Sensor




CZatech HOW TO MAKE A PROPER QUBIT?

. Definition of a two-level system with long quantum coherence
2. Control of a single qubit: initialization, manipulation

3. Communication via tunable quantum coupling between qubits

4. HiFi readout of the qubit state

Many possible approaches...

== Qurs focuses on electron or nuclear spin qubits in solids
(Si in particular)




CZatech SITWO-QUBITS LOGIC GATE

1. Definition
2. Control
3. Communication
4. HiFi readout lerol Qubit Target Qubit Tunable coupling relies
tsate G 8 FGal on proximity exchange
S0, > g
5, Qubit Q1 Qubit Q2
Superconducting
+— wire for magnetic
field generation
SET for (initialization, manipulation)
char.ge ) Reservoir with potential tuned
S for draining Spin Down Electron,
(readout) ) :
blocking Spin Up (readout)
Bulk 2%Si
bstrat
5 TR Gate-defined
(long T,)

Quantum Dots
(creating two-level systems)

Veldhorst et al. (UNSW), arXiv:1411.5760 (21/11/2014)
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Czztech ...OR THEY CAN KEEP WORKINGAs usuAL  leti

Drain

FET is a co-processed device, only
with a larger channel width

lps (NA)

1.8

a1

3t A8
FJ
El

27 112

a4 :

/ 1170
IR ,

24 20 A6 12
Gate voltage (V)
R. Lavieville et al., EuroSOI-ULIS 2015

Current amplification of x10°
From nA to mA output current

Can quantum objects still cooperate
with neighboring “regular” MOSFETs at ~1K ?

[ 31




Electron spin qubits

Semiconductor based qubits Loss and DiVincenzo, PRA (1998)
Size of 10-100 nm
store quantum information in the spin of the electron




Trapping and detecting a single electron

12 3 4
Time (ms)

Quantum dots Single charge detection

AT Tiald e a1 DT LST0O02N



Single shot spin measurement

T(0,Z

| TN R
-o—I d—o—l =*= —_ 4= — [so
—— —0—

Delft group, Elzerman et al, Nature (2005) NTT group, Ohno et al, Science (2005)




C22tech SHORT TERM TASKS

ICT25 European Project: MOSQUITO
MOS-based QUantum Information TechnOlogy

| Participant No * Participant arganisation name Country
1 { Coordinator) CEA France

|2 UCL United Kingdom
3 UCPH Denmiark

[ 4 HIT United Kingdom
5 EPFL Switzerland
6 CNR [taly
7 VIT Finland

CEA-INAC Coordinator

CEA-Leti WP leader (Fabrication)

= Full 300mm batch in 2017




Cgzatech MEDIUM-TERM

Isotopically purified 22Si

* (f. Petr Sennikov’s presentation.

* Possibility to grow epitaxial 2Si on top of thinned down SOI

* Field-effect QD definition will occur within the epi layer, harnessing
the increased quantum coherence time in a nuclear spin-free material

s s

Sio, sSio, Si0,
Si Si Si
Start SOl substrate Thinning Epitaxy w/ purified

precursor gas 130




Perspective : implementation in a fault
tolerant quantum systems

Supercond. Qubits
(fransmons)

electron-spin qubits electron-spin qubits
in GaAs in 385i

T,” ~10—30ns T, ™ 120 ps T,” ™ 1—100 ps
T,%M°~ 1 — 200 ps T,*M° "~ 30 ms T, 5™ s
7.7 10 ns T,™ 1lus T.™ 100 ns

T, T~ 1 T, /T, ™~ 100 T, /T.™ 100




Quantum bits in silicon

a Donors Donor architecture STM lithography of donors
SI conduction band Control gates

Read-out

21p p-

A
H b
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Silicon comes back

The extraordinary long coherence times and high-fidelity manipulation of electron spins trapped in isotopically
purified silicon could be an essential step towards the realization of a solid-state quantum computer.

Lars R. Schreiber and Hendrik Bluhm

Figure 1| Schamatics of the 51-based spin-gublt devicas usad by the three groups. a, Inthe wark of Vandarsypen and colleagues, a single electron & tapped In

a quantum dot, which |5 formed by the 51/51Ge quantum well and by the electrostatic potential of metallic top-gates. A global positivaly charged gata, which
Induces electrons Inthe quantum well, 1s not shown, b, Veldhorst and colleagues confine the single electron at the 51510, Interface by means of metallic top-gates
(crossing gates, yellow and orangs, are Isclated by AlLCL). €, Inthe work by Muhonen and colleagues, the electron Is bound to a single phosphorus dopant. The
spin of the phosphorus nucleus can be used as kong-lasting qubt memary. Devicas Inb,e are fabricated on Isctoplcally punified 251, Read-cut of the charge state of
the quanturn dot Is done by asingle electron translstor (SET) frmed by top-gates In the 5175652 quantum well (a) and at the cudde Interfaca (b,e). Electrons were
manipulated etther by E5R pul=es (be) emitted from a microwave antenna ar by ECSR pulsas (a), which require an Inhomogeneous magnetic field generated by a
micramagnet. (The actual gate pattams Inab are mare complicatad and allow trapping of two qubits Ina tunnel-coupled double dot.)



QUANTUM COMPUTATION

Silicon comes back

The extraordinary long coherence times and high-fidelity manipulation of electron spins trapped in isotopically
purified silicon could be an essential step towards the realization of a solid-state quantum computer.

Lars R. Schreiber and Hendrik Bluhm

Table 1| Electron spm coherence times and control fidelity, and the main figures of ment of the three silicon systams.
Vandersypen' (Fig 12 Veldhorst? (Figt) ~ Muhonen?(Fig.ic

Fraction of non-zeme nuclear spins Maturalabundance (5% =51)  lsotopically punfled ®51  lsctoplcally purifled 3|
(with BO0ppm #51) (with 800 ppm #5()

Qublk dephasing time T3 {ps) 0.9 120 |

Maimurm qubit manipulation rate (MHz) 5 <] <]

QQubit control fidelty (%) M. 99 004 We

Maimurn qubit coherence time applying comection pulses T, (ms) 0044 28 550

T, refurs o Hhie cobarenca Hma cbtained whantha atfect of skrw rokal s eliminated with spin-ache pulse, wharas T4 Includes the ffect of fuchurtions that are skathc on tha fimescale ol the qubk dymamics.



large-scale integration
of silicon qubits




Why Quantum Computing and Why Now?

The developments in the field of guantum computing and quantum technologies are
at a level that industry and national governments are starting to make serious
commitments to this exciting technology

» UK Invests £270 Million in Quantum Computing (December 2013)

» == started a huge program on quantum computing

rrrrrr

TUDelft ( Quantum Computing) +
INTEL (CMOQOS, design, up scaling)

“Intel could help make quantum
computing a reality “
(Mike Mayberry, Intel vice president)




Why Silicon qubit ?

Recent breakthroughs in purified silicon (8Si) spin qubits have pushed Si spin
qubits to a level that they can easily compete with superconducting qubits

news & views

QUANTUM COMPUTATION 20 14

Silicon comes back

Lars R. Schreiber and Hendrik Bluhm

@ Spin qubit with very long spin coherence time at low temperature

@ Silicon can be purified without nuclear spin isotope ( 2°Si )

@ Silicon qubit is compact ( ~ few 10 nm)

O Silicon qubit is potentially scalable (long-range spin interaction to be solved ....)

@ Silicon qubit could be co-integrated with its CMOS cryogenic periphericals



Spin lifetime and charge noise in hot silicon quantum dot qubits

L. Patit.! J. M. Boter,' H. G. J. Eenink,' G. Droulers,! M. L. V. Tagliaforri,' B Li' D. P. Franke,! K.
J. Sinph? J. 8. Clarkse ? R. N. Schouten ! V. V. Dobrovitski,! L. M. K. Vandersypen,! and M. Vekihorst!
'QuTech and Kauli Institute of Nanoscience, TU Delft,

P.0. Box 5046, 2600 TA Delfi, The Netherlands
* Components Ressarch, Indel Corporation, 2501 NE Century Blod, Hillsbors, OR 3712, US54

Figure 1 (a) shows & scanning electron microscope
SEM) image of the quantum dot device. Fabrication
starts from & J0) mm silicon wafer, upon which a 100

L N

nm layer of epitaxial 2%5i is prown, with & residusl con-
centration of 23i at 800ppm. The wafer i5 then ther-
mally oxidized to form & 10 nm 5i09 layer on top. We
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Coherent spin manipulation schemes

Magnetic manipulation

Rabi frequency ~ 1 MHz

a Electron Reservoir Quantum Dot Qubit

l 300 rim A

ESR Line SET

Veldhorst et al., arXiv: 1407.1950

Electrically driven shaking in

inhomogenous magnetic field

Rabi frequency ~ 100 MHz

Kawakami et al., Nat. Nano (2014



MOS-QUITO (H2020): start,in-April 2016
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Silicon-nanowire transistors

300-mm Silicon-On-Insulator (SOI) technology @ LETI

source

Si device layer

Si0, (BOX)

Si substrate




CMOS nanowire transistors can be operated as few-electron or few-hole quantum dots

* Edge confinement in trigate geometry

Transverse size: few nm
Long. size: few tens nm

= U~10meV; AE~ 1 meV

Voisin et al., Nano Letters 14, 2094 (2014)]

ideal (no defect) short-spacer case | _ ...
concentration
S {mw-::m'a}
40 Ly=24 nm 4
.20 |32
= .
£ 0 - - ITE:10I]N
= -1 2.4
-20 W =40 nm 16
-40 '
40 20 0 20 40 Y.-M. Niquet 0.8
z (nm) o g




16 fexaGps 1947 r.
M306peTeHre ToHeYHOro

TpaHaucTopa (Y.BparTeiiH,
O>x.BapauH) Ha repmaHmm

MakeT To4e4Horo
ounonsipHoOro TpaH3ucTopa
bapavHa n bpartTtenHa.
TpeyronbHUK B LLeHTpe —
npo3payHas npmsma, no
péBpam KOTOpOW
NPUKIIeEHbI MOSTOCKN
doosnibru — BbIBOAbI
KOnsiekTopa n amutrepa.
bason cnyxnt
MeTannmyeckoe
OCHOBaHWe, Ha KOTOPOM
3aKpensiEH repmaHueBbIN
KpucTann.

microelectronics group

“\MH:"M B

i \Stor,
1ca of Ane first transt
2 'egl\r‘\ien\ed at Bell \.ab_;:.
December 23, 194

50 Years and Counting...




OT npocTtenwero kpemHmeBoro TpaHsuctopa kK KMOIT TexHonornm

1948-195 rr. Teopus p-n nepexoga 1 NAOCKOCTHOro TpaHaucTtopa (Y.LWoknn)
1954 r. [NepBblil BblpaLLEHHbIA TOYEYHbIN KpeMHUEBBIN TpaH3UCTop (Texas Instruments).

MapT 195 r. [NepBblin KPEMHMEBBLIN NMNaHapHbIN TpaHaucTop (XK.Opnun). KpemHuin BbiITeCHUN
repmaHuu, a nnaHapHbIn NPOLECC cTan OCHOBHOW TEXHONOIMEN NPon3BoAcTBa
TPaH3UCTOPOB M caenarn BO3MOXHbIM co3gaHne MOHOMUTHbIX VC

1959 r. BolpawmBaHue 3aTBOPOB MonesBbIX TpaH3anctopos 13 Si02 (M.Attana, Bell
Telephon). Mpubopsl Takoro Tuna nony4nnu HaszsaHne MOTI-cTpykTypbl (MOS, MOSFET).
B Tom xe rogy Attana n [1.KaHr cozganu nepBbin pabotocnocobHblin MOI-TpaH3ncTop

1962 r. lNepBblN KPEMHUEBBLIN NNaHapHbLIW NOIEBON TPAH3UCTOP Ha P-n nepexone. lNepsas
onbliTHas MOTl-Munkpocxema ¢ WwecTHaguaTbio TpaH3ncTopamm

1963 r. KomnnemeHtapHaa MOIl-cxemotexHuka (CMOS) (UnH-Ta n ®©.Yonnec).

1964 r. MNeps.ble cepumnHble MOIl-TpaHancTopsl. NepBas cepumnHaa MOl mukpocxema
(General Microelectronics).

1970-e rogbl MOT-Mukpocxembl 3aBoeBanu pPblHKM MUKPOCXEM MaMATU U
MUKponpoueccopos, a B Havarne XXI Beka gonsa MOIl-mukpocxem gocturna 99 % ot
obLero yncna Bbinyckaembix NC.



KONMYECTBO TPAH3UCTOPOB (TbiCAY)

o Ten Xodd u3 komnanuu Intel usoGperaer nepebiit Intel npeacTaenser npoueccop Pentium Mpe3seHToBaH npoueccop Pentium 4
i mukponpoueccop 4004 (2 300 Tpax3ucTopos) __:. (3,1 MAH. TpaH3KCTOPOB) . (42 mnH. TpaH3ucTOpOB)

Intel npeacrasnser npoueccop 8088 lpe3eHToBaH npoueccop

g (29 000 TpaH3ucTOpOB) ' Pentium Pro (5,5 MnH. TpaH3ucTopos)

MpesenTaums npoueccopa 80286
¢ (134 000 Tpan3ucTopoB)

B peanpHocTd

o [ntel co3paér npoueccop 386
i (275 000 TpaH3ucTopos)

° Intel npeacrasnser npoueccop 486
i (1,2 MAH. TpaH3ucTOpOB)

."-. Intel npeacrasnser npoueccop
Core naToro nokonexus
(1,3 Mnpp. TpaH3uCTOpOB)

Intel npeacraenser npoueccop Core i5
(1 Mmnpp. TpaH3ucTOpOB)

llHl ‘ lHI s » Intel npeactasnser npoueccop Pentium 4
| Il‘ IHHI i ¢ rexHonorueit HT (125 Mnn. Tpansucropos)




XapakTepucTuka noxkojgenuu IBM

I
1945-60-¢

II
1955-70-¢

I11
1965-80-¢

IV
1975-...

?
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B3CM-1.2CM-2,
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IBM 360/370,
EC35BM, CM 5BM

[IK: IBM PC,
Macintosh.
Cyriep3BM: Cray,
Cyber, 9mubpyc




BuTbr U KybUTLI

Kybut 310 kBaHTOBOE 0000LiEHNE Kraccu4yeckoro buTta.
KyOuT cTpouTCA M3 ABYX OPTOroHasnbHbIX COCTOSHUN.
Takux Kak cnuH, nongpusauunsa oToHa, KonbLeBble TOKK
B CBEPXNPOBOAALLEM KOMnbLLE.
KBaHTOBbIE 0ObEKTLI ABMAKOTCA BONHAM.
Knaccuyeckun out OHU MOryT ObITb B COCTOAHUU
0. 1 cynepnosuumn. Kyout

a|0) 1+ B[1)

dusunyeckana peanusaumna:

dusnyeckasa peanuzauus:
3apAKEHHbIN/Pa3PAKEHHBIN KOHAEHCATOP

-0

%
=0 + ] ‘ M
{57 MyShared




Bit Qubit

0

@

@ :

1 1
Abitcanonly  Superposition can be
beaOori represented anywhere

on a sphere.




Quantum Computation

f Qubit — Two level system obeying quantum mechanics 9
Examples i)
Spins in Sificon Electronic states of ions @
4 ~ gy C0) +C;if)
o N .
k Fluxin Superconductors ~ Photon PolarizaSion I1) J

/ Quantum Computer - An array of several interacting qubits )
Qubit1 Qubit2 Qubit3 Qubit N

g ) 0

&mi’- m! 200000 P
@ & ® ®
I
G ) 1) 1) ) y

Encodes information of 2
complex numbers - C, & C,

Encodes information of
2N numbers

Quantum mechanical laws allow qubits to represent & process exponentially more information than bits !
Information on 300 qubits = Number of particles in the entire universe !



Pacupet

2pa Hawvamo 3ped KPEMHMEBOH
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Calculations per second per constant dollar

120 Years of Moore’s Law
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KBaHTOBbIN KOMMbLIOTEP COCTOUT U3 N KYGUTOB M NO3BONSIET NPOBOANTL OAHO- U
OBYXKyOUTOBbIE onepaunn Hag NobbiM U3 HUX. 3TU onepaunmn BbINOMHATCA Nog,
BO30ENCTBMEM MMMNYNbCOB BHELLUHEro MNoss, ynpaBnsieMoro KrnacCuyeckum KOMMbOTEPOM.
OBOMOLUNA COCTOAHUA KYyOUTOB M30bpakaeTcsa BAOSb rOPU30OHTasrbHbIX NIMHUA (OCb
BPEMEHN) B BUAE NOCNenoBaTenbHOCTM OOHOKYOUTOBBIX N ABYXKYOUTOBBIX BEHTUMNEN.

10} —]
02— B KBanTOBLIC BLIMHCICHHA Hamepenne
[0}3— na:l:f:x (ynarapsoe COCTOSHHSA
...... ... mpeoGpasopamme Up) | __ | xyGuros
10}, —
' i [ ]
Uy

Knaccuueckuit ynpapasiomuil KoMnsioTep;
reHepaTophl HMITYJIBLCOB IS BO3NEHCTBHA Ha KYOHTEI

NcxopHoe npuBeaeHme BCeX h KyOUToB B
coctosiHue |0> («initialisation»).

KoHTponnpyemblii nepesos KybuTta B
coctoaHue |1>.

CoxpaHeHune KorepeHTHOCTU
Cynepno3numnm COCTOAHNIM B TEYEHUE
anutenbHoro spemeHu (“coherence
time”):

|Y> = cos(0/2) |0> + e®sin(6/2) |1> no
amnantyae 0 n dpase .

BBOA, A@HHbIX U UCMONHEHWNE aITOPUTMA C
NPUMEHEHMEM OAHOKYOUTOBbLIX U
NBYXKYOUTOBbIX BEHTUNEN.

3anucb pesynbraTa BblYUCNEHUS B
KOHEYHOM KBAaHTOBOM COCTOSIHUM KyOuTOB
n ero cuntbiBaHue (“readout”) nocne
N3MEepPEHNA COCTOAHWNIM BCex KybuToB.



Cenyac roHKa eule npoaosxKaerca. Hanpumep, B TOM e
BbinyweHHOM 1971 roay nepBom KOMMEPYECKOM 5-X BUTHOM
npoueccope Intel 4004 66110 2300 TpaH3ucTopoB. Yepes 45 ner, B
2016 roay, komnaHua Intel npeacrasuna 24-aaepHbi npoueccop
Xeon Broadwell-WS ¢ 5,7 mapg, TpaH31UCTOPOB. 3TOT NpoLeccop
BblnycKaeTtca no 14 Hm TexHonornu. IBM He Tak aaBHO
aHOHcHpoBana 7 Hm npoueccop ¢ 20 mapa TPAH3UCTOPOB, a 3aTeM
n 5 Hm npoueccop ¢ 30 mapa TPAH3UCTOPOB.

Ho 5 Hm — 3710 cnom TonwmHom Bcero B 20 aTOMOB. 34€Cb yrKe
NH}KEeHepua NoACTyNaeT BNAOTHYIO K TEXHUYECKoMY npeaeny
AaNbHENWero coBepLIeHCTBOBaHUA Texnpouecca. Kpome Toro,
NJIOTHOCTb Pa3mMeLLeHNA TPAH3UCTOPOB B COBPEMEHHbIX
NPOLLECCOPOB OYEHb BENMKA. Ha KBagpaTHbIN MuanumeTp — 5 nau
Aaxe 10 mmunnnapaos TpaH3nctopos. CKOPOCTb Nepegadm curHana
B TPAH3UCTOPE O4YeHb BbICOKA M meeT 6o/bluoe



* YMeHblUeHWe pa3smepa KAKUYEBbIX KOMNOHEHTOB
MMKPO3/IEKTPOHUKMN (TPaH3UCTOPOB) HE BECKOHEYHO:
NOCTUXKEeHNEe aTOMapPHbIX macluTabosB nepeBoanT oNnUcaHue
npoucxoaawmx npoueccoB B 061acTb KBAHTOBOM
MEXaHWKMU, rae npeackasyemocTb NoBeeHUA 3/1eKTPOHOB
NPaAKTUYECKU PaBHA HYAHO (NPUHUKMN HEONpPEaAEeNEeHHOCTH
[en3eHbepra). Apyrumu cnoBamu, paboTta TpaH3nCTOpa U3
HEeCKO/IbKMX aTOMOB HenpeacKalyema, a, C/ieoBaTeNbHO,
CO3/1aHNE MUKPOCXEM Ha TAaKOM YPOBHe (MeHbLle 5 HMm)
HEBO3MOXHO. He cunTana Toro, 4YTo Ha onpeaeneHHOM 3Tane
Pa3pabOoTUNKM CTONKHYTCA C PE3KUM YBENYEHUEM
3HEeproBblAENEHUSA, CMPABUTLCA C KOTOPbIM byaeT He noa
cuny
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Cea

CEA SHOW PATH TO CREATING BUILDING BLOCKS
OF QUANTUM PROCESSORS WITH ?2Si ISOTOPE IN A CMOS FAB LINE

Fabrication of lsotopically Enviched, Iindustn-Compatible Wafers Points Way
To Realizing Silicon Spin Quantum Bits with Enhanced Fideality

GREMNOBLE, France — March 14, 2018 — CEA-Leti, a French technology research institute of
CEA and Inac, a fundamental research institute of CEA and University Grenolile Alpes, today
announced a breakthrough towards large-scale fabrication of quamtunn bits, or gqubits, the
elementary bricks of future quamtum processors. They demonstrated om a 300 mmnm pre-
industrial platform a new level of iotopic purification in a film deposited by chemical vapor
deposition (CWD). This enables creating qubits in thin layers of silicon using a wery high purity
silicon isotope, *=5i, which produces a crystalline guality comparable to thin films usually made
of natural silicon.



CEA SHOW PATH TO CREATING BUILDING BLOCKS
OF QUANTUM PROCESSORS WITH #8i ISOTOPE IN A CMOS FAB LINE

Fabrication of Isotopically Enriched, Industry-Compatible Wafers Foints Way
To Realizing Silicon Spin Quantum Bifs with Enhanced Fidelity
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Fig 1: Table summarnzed the 5i spin qubits state of the art.




SIMS & inotogee comtant In "SI laper
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'::E] ﬂ Solid state quantum computer scheme with 1P in 285
B . E. Kane, Nature 1998
(B ne. Nature )
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« 1P_qubit: gate controlled manipulation of single spins: nuclear spins store information, electron
spins transfer mformation between neighboring qubits (J. exchange) and to nuclear spins
(A=121.5 neV_ hyperfine interaction) (http:/fwww Ips umd edu)
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INSTITUT MANOSCIEMCES
ET CRYOGEMIE

LETI AND INAC SHOW PATH TO CREATING BUILDING BLOCKS
OF QUANTUM PROCESSORS WITH 288 ISOTOPE IN A CMOS FAB LINE

Fabrication of [sotopically Enriched, indusiry-Compatible Wafers Foints Way
To Realizing Silicon Spin Quantum Bits with Enhanced Fidelity



1/MAC

INSTITUT NANOSCIENCES
ET CRYOGENIE

LETI AND INAC SHOW PATH TO CREATING BUILDING BLOCKS
OF QUANTUM PROCESSORS WITH 28Si ISOTOPE IN A CMOS FAB LINE

Fabrication of Isotopically Enriched, Industry-Compatible Wafers Points Way
To Realizing Silicon Spin Quantum Bits with Enhanced Fidelity

GRENOBLE, France — March 14, 2018 — Leti, a research institute of CEA Tech, and Inac, a
fundamental research institute of CEA and University Grenoble Alpes, today announced a
breakthrough towards large-scale fabrication of quantum bits, or qubits, the elementary bricks
of future quantum processors. They demonstrated on a 300 mm pre-industrial platform a new
level of isotopic purification in a film deposited by chemical vapor deposition (CVD). This
enables creating qubits in thin layers of silicon using a very high purity silicon isotope, 285i,
which produces a crystalline quality comparable to thin films usually made of natural silicon.



To benefit from nuclear spin free silicon in the CMOS platform, the silicon precursor was
supplied to CEA by Air Liquide, using an izotopically purified silane of very high isotopic purity
with a ##5i isotope content of less than 0.00250 percent. prepared by the Institute of Chemistry
of High-Pure Substances at the Russian Academy of Sciences. The 295i isotope is present at

4 67 percent in natural silicon and is the only stable isotope of silicon that carries a nuclear spin
limiting the gubit coherence time.

Testing Analytical Centre

G.G.Devyatykh Institute of Chemistry of High-Purity Substances of
the Russian Academy of Sciences

Tropinin st., 49, N.Novgorod, 603950, Russia. Tel.(831)462-75-90, Fax (831)462-56-66

SIMS Si isotopic content in #gi layer
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A new €1 billion ($1.13 billion) project has been announced by the European Commission aimed at
developing quantum technologies over the next 10 years and placing Europe at the forefront of “the
second quantum revolution.”

The Quantum Flagship announced will be similar in size, time scale and ambition as the EC’s other
ongoing Flagship projects: the Graphene Flagship and the Human Brain Project. As well as quantum
computers, the initiative will aim to address other aspects of quantum technologies, including quantum
secure communication, quantum sensing and quantum simulation.

A spokesperson for the European Commission tells Newsweek: “The €1 billion flagship initiative on
quantum technology will launch in 2018 and place Europe at the forefront of the second quantum
revolution, bringing transformative advances to science, industry and society.”
Recommended Slideshows



https://www.newsweek.com/topic/slideshows

Gate 1 Gate 2

Figure 1| CMOS qubit device. (a) Simplified three-dimensional schematic
of a silicon-on-insulator nanowire field-effect transistor with two gates, gate
1and gate 2. Using a bias tee, gate 1is connected to a low-pass-filtered line,
used to apply a static gate voltage Vs, and to a2 20 GHz-bandwidth line,
used to apply the high-frequency modulation necessary for qubit
initialization, manipulation and read-out. (b) Colourized device top view
obtained by scanning electron microscopy just after the fabrication of gates
and spacers. Scale bar, 75 nm. (¢) Colourized transmission electron

microscopy image of the device along a longitudinal cross-sectional plane.
Scale bar, 50 nm.
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of a silicon-on-insulator nanowire field-effect transistor with two gates, gate
1and gate 2. Using a bias tee, gate 1 is connected to a low-pass-filtered line,
used to apply a static gate voltage V,y, and to a 20 GHz-bandwidth line,
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Silicon, the main constituent of microprocessor chips, is emerging as a promising material for
the realization of future quantum processors. Leveraging its well-established complementary
metal-oxide-semiconductor (CMOS) technology would be a clear asset to the development
of scalable gquantum computing architectures and to their co-integration with classical
control hardware. Here we report a silicon guantum bit (gubit) device made with an
industry-standard fabrication process. The device consists of a two-gate, p-type transistor
with an undoped channel. At low temperature, the first gate defines a quantum dot encoding
a hole spin qubit, the second one a quantum dot used for the qubit read-out. All electrical,
two-axis control of the spin qubit is achieved by applying a phase-tunable microwave
modulation to the first gate. The demonstrated qubit functionality in a basic transistor-like
device constitutes a promising step towards the elaboration of scalable spin qubit geometries

in a readily exploitable CMOS platform.
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A silicon-based nuclear spin
quantum computer

Semiconductor Nanofabrication Facility, School of Physics, University of New South Wales, Sydney 2052, Australia
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Figure 1 lllustration of two cells in a one-dimensional array containing *'F donors
and electrons in a Si host, separated by a barmer from metal gates on the surface.
A gates’ control the resonance freguency of the nuclear =pin qubits; J gates'
control the electron-mediated coupling between adjacent nuclear spins. The
ledge over which the gates cross kocalizes the gate electric field inthe vicinity of
the donars.

Constructing the computer

Building the computer presented here will obviously be an extra-
ordinary challenge: the materials must be almost completely free of
spin (I # 0 isotopes) and charge impurities to prevent dephasing
fluctuations from arising within the computer. Donors must be
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Fgure 1 | Device srocture and the enerpy states of the slectran and
muclesr spin gubits. 8 Scamnming e lechnon micragragh image of a8 devica
similer ¥ device A highlighting the poslion of the P donor, the micnoweve
(VW) antenne and the SET for spin readoat. by Schematic of the S
subdrate consisting of an motapically purified Y*5i epilayer (with a residual
5 concentration of B00 ppm) on top of a natue | Si waler. ¢, Energy lavel
diagram of the coupled e~ -"1P system (ki) and the ionized V'F* nuclews
(right ). Arblracy dgusnbom Sates are endoadied on e quibhils by appdying
pulses of oacillating magnetic fiekd B, ot the frequencies oorme sponding

o the ESE (1g12 s y.fa T A/2) and NME (am 2= A2 £3.85), where

Fa = 2797 GHz T and 3. = 1723 MHz T are the slactron and nuclear
gyromagneic ratios, respectively. The 7 P qubil in the ionired date s
apeerated ol frequency 1o = Falia.



“...KpemHuni BbipucoBbiBaeTCA B MUPO34aHNUMN KaK,
3N1emeHT, 061a43a10WmMii UCKNIOUYUTENIbHBIM
3HaueHnem”, — B. U. BepHaacKuu.




KBaHTOBbIN KOMMbLIOTEP COCTOUT U3 N KYGUTOB M NO3BONSIET NPOBOANTL OAHO- U
OBYXKyOUTOBbIE onepaunn Hag NobbiM U3 HUX. 3TU onepaunmn BbINOMHATCA Nog,
BO30ENCTBMEM MMMNYNbCOB BHELLUHEro MNoss, ynpaBnsieMoro KrnacCuyeckum KOMMbOTEPOM.
OBOMOLUNA COCTOAHUA KYyOUTOB M30bpakaeTcsa BAOSb rOPU30OHTasrbHbIX NIMHUA (OCb
BPEMEHN) B BUAE NOCNenoBaTenbHOCTM OOHOKYOUTOBBIX N ABYXKYOUTOBBIX BEHTUMNEN.
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Knaccuueckuit ynpapasiomuil KoMnsioTep;
reHepaTophl HMITYJIBLCOB IS BO3NEHCTBHA Ha KYOHTEI

NcxopHoe npuBeaeHme BCeX h KyOUToB B
coctosiHue |0> («initialisation»).

KoHTponnpyemblii nepesos KybuTta B
coctoaHue |1>.

CoxpaHeHune KorepeHTHOCTU
Cynepno3numnm COCTOAHNIM B TEYEHUE
anutenbHoro spemeHu (“coherence
time”):

|Y> = cos(0/2) |0> + e®sin(6/2) |1> no
amnantyae 0 n dpase .

BBOA, A@HHbIX U UCMONHEHWNE aITOPUTMA C
NPUMEHEHMEM OAHOKYOUTOBbLIX U
NBYXKYOUTOBbIX BEHTUNEN.

3anucb pesynbraTa BblYUCNEHUS B
KOHEYHOM KBAaHTOBOM COCTOSIHUM KyOuTOB
n ero cuntbiBaHue (“readout”) nocne
N3MEepPEHNA COCTOAHWNIM BCex KybuToB.



Cenyac roHKa eule npoaosxKaerca. Hanpumep, B TOM e
BbinyweHHOM 1971 roay nepBom KOMMEPYECKOM 5-X BUTHOM
npoueccope Intel 4004 66110 2300 TpaH3ucTopoB. Yepes 45 ner, B
2016 roay, komnaHua Intel npeacrasuna 24-aaepHbi npoueccop
Xeon Broadwell-WS ¢ 5,7 mapg, TpaH31UCTOPOB. 3TOT NpoLeccop
BblnycKaeTtca no 14 Hm TexHonornu. IBM He Tak aaBHO
aHOHcHpoBana 7 Hm npoueccop ¢ 20 mapa TPAH3UCTOPOB, a 3aTeM
n 5 Hm npoueccop ¢ 30 mapa TPAH3UCTOPOB.

Ho 5 Hm — 3710 cnom TonwmHom Bcero B 20 aTOMOB. 34€Cb yrKe
NH}KEeHepua NoACTyNaeT BNAOTHYIO K TEXHUYECKoMY npeaeny
AaNbHENWero coBepLIeHCTBOBaHUA Texnpouecca. Kpome Toro,
NJIOTHOCTb Pa3mMeLLeHNA TPAH3UCTOPOB B COBPEMEHHbIX
NPOLLECCOPOB OYEHb BENMKA. Ha KBagpaTHbIN MuanumeTp — 5 nau
Aaxe 10 mmunnnapaos TpaH3nctopos. CKOPOCTb Nepegadm curHana
B TPAH3UCTOPE O4YeHb BbICOKA M meeT 6o/bluoe
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* YMeHblUeHWe pa3smepa KAKUYEBbIX KOMNOHEHTOB
MMKPO3/IEKTPOHUKMN (TPaH3UCTOPOB) HE BECKOHEYHO:
NOCTUXKEeHNEe aTOMapPHbIX macluTabosB nepeBoanT oNnUcaHue
npoucxoaawmx npoueccoB B 061acTb KBAHTOBOM
MEXaHWKMU, rae npeackasyemocTb NoBeeHUA 3/1eKTPOHOB
NPaAKTUYECKU PaBHA HYAHO (NPUHUKMN HEONpPEaAEeNEeHHOCTH
[en3eHbepra). Apyrumu cnoBamu, paboTta TpaH3nCTOpa U3
HEeCKO/IbKMX aTOMOB HenpeacKalyema, a, C/ieoBaTeNbHO,
CO3/1aHNE MUKPOCXEM Ha TAaKOM YPOBHe (MeHbLle 5 HMm)
HEBO3MOXHO. He cunTana Toro, 4YTo Ha onpeaeneHHOM 3Tane
Pa3pabOoTUNKM CTONKHYTCA C PE3KUM YBENYEHUEM
3HEeproBblAENEHUSA, CMPABUTLCA C KOTOPbIM byaeT He noa
cuny



Knaccuyecknn KkKomnblOTEP XpaHUT B namatu L OuT, KoTopble 3a
Kakabl TakT paboTbl NpoLeccopa NoaBepratoTcst USMEHEHMIO.

B kBaHTOBOM KOMMbIOTEPE B NaMATU (PErUCTP COCTOSIHUA) XpaHSATCS
3HayeHna L KyounToB, OHaKoO KBaHTOBAsd CMCTEMA HaAXOAUTCHA B COCTOSIHUM,
ABNSAKOLLEMCS cynepno3vuuen Bcex 6a3oBbiX 21 COCTOAHUN, U U3MEHEHNE
KBAHTOBOIO COCTOSIHUA CUCTEMbI, MPOMU3BOANMOE KBAHTOBbIM MPOLIECCOPOM,
kacaeTtcs ecex 2- 6a308bix cOCMOSIHUU OOHO8PEMEHHO.

CoOTBETCTBEHHO B  KBAQHTOBOM  KOMMbIOTEPE  BblYUCIUTENbHASA
MOLLHOCTb [JOCTUraeTcsl 3a CYET peanu3aunn napannenbHbIX BblYUCIIEHUI,
Npu4YemM TEOpPEeTUYECKN KBAHTOBbIA KOMMbIOTEP MOXeT pabotatb B
SKCMOHEeHLUManbHoe Yncno pas bbicTpee, YeM Kraccmuyeckasi cxema.

¢

KBaHTOBbIN KOMNbtoTep, baarogapa cBOMM KavyectBam, cnocobeH
pPa3NoXunTtb 250-3Ha4HOE YNCNO Ha MHOXKTEeNN He 3a 800 TbicaY ner,
KaK COBpeMeHHble camble MoLHble DBM, a 3a 30 mUHyYT




large-scale integration
of silicon qubits




oW o optimize MOS technology for QC? How relevant?
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Electron spin qubits

Semiconductor based qubits Loss and DiVincenzo, PRA (1998)
Size of 10-100 nm
store quantum information in the spin of the electron




