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(2006 Proposal of fault-tolerant quantum computing)

A. G. Fowler, et al., Phys. Rev. A 86, 032324. (2012).

2014 99.6 % for 1-qubit operation

M. Veldhorst, Nat. Nanotech. 9, 981 (2014).

2018 99.9 % for 1-qubit operation

J. Yoneda, Nat. Nanotech. 13, 102. (2018).

2021 99.65 % for 2-qubit operation

X. Xue, et al., arXiv:2107.00628 (2021).

2.0
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fidelity, AP,

0.2 4

0.0

1-qubit operati)on fidelity

[Yoneda2018NatNanotech]

Detuning (mV)

Total barrier pulse duration (us)

2-qubit operation fidelity
[Xue2021arXiv]
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(2006 Single spin qubit in GaAs QD) . s e o5

F. H. L. Koppens, et al., Nature 442, 766 (2006). x:x:x:x:x:x:x:x:x:x:x:x
2012 Single singlet-triplet qubit S o 4

B. M. Maune Nature 481, 344 (2012). RIGR I I I It

. . . xoxoxoxoquoxoxoxoxoxox
2014 Single spin qubit RAV PP PP

M. Veldhorst, et al., Nat. Nanotechnol. 9, 981 (2014). x *

- - Qubit Adjustable coupler

2015 Two spin CIUbItS 53 superconducting qubits

M. Veldhorst, et al., Nature 526, 410 (2015).
F. Arute, et al., Nature

2016 Serial nine-QD array 574, 505 (2019).
D. M. Zajac, et al., Phys. Rev. Applied 6, 054013 (2016).

2021 Three spin qubits

K. Takeda, et al., Nat. Nanotechnol. 16, 965 (2021).

(@) 400 nm

P2 P3 P4 P5 P86 P7 P8

Word lines

\

NxM qubit array

eeeeeeee

Nine QD arra Three spin qubits L. M. K. Vandersypen, et al.,
[Zajac2016PhysRevAppl] [Takeda2021NatNanotech] npj Quantum Inf. 3, 34 (2017).
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Intel

Si/SiGe platform
300mm wafer

o
Leti news 23 Mar 2018
Intel news 15Feb 2018

Hitachi

(a)

I 3 Potential barrier
A. M. J. Zwerver, et al., arXiv:2101.12650 (2021).

N. Lee, TK et al., Appl. Phys. Lett.
116, 162106 (2020); Featured articles
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- Qubit number: 1D & 2D architecture, Resonator coupling
- CMOS compatible qubits and wiring problem
- Cryo-electronics (Drive, readout and feedback of qubits)

High-temperature qubit operation (> 1 K) Cryo-electronics
- Auto-tynlng qf ggte voltages | e o
- Material quality improvement of 28Si £ 2 _AW;_?’E_ >
NVé By == ety
QD formation | amnnﬁei;‘ :
by fewer gates ___m_u@e_,g_{ CBE B
. . multiplexin swith-,Ei ﬁ'[: ﬁ*i
Dispersive readout L _|\ . FE
?Z x ¥ -‘ —’:1 g
Si technology " J.M. Hornibrook et al.

Phys. Rev. Appl. 3(2)
1-9 (20195).

!
Classical transistor switch

N R el M. Veldhorst et al.
L Nat. Commun. 2017

C ~02pF O bias tee
g h 2 dc

i e
J.L. Colless PRL 2013
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(2004 Sein readout by DC sensor current in GaAs QD)

. M. Elzerman, et al., Nature 430, 431 (2004).

(2007 RF reflectometry in GaAs QD)

D. J. Reilly, et al., Appl. Phys. Lett. 91, 162101 (2007).

2015 Gate-based RF reflectometry in Si QD

M. F. Gonzalez-Zalba, et al., Nature Communications 6, 6084. (2015).

2019 Proposal of DRAM-like architecture

S. Schaal, et al. Nature Electronics 2, 236 (2019)

2020 Fast readout by RF reflectometry using Si QD

A. Noiri, et al., Nano Letters, 20, 974. (2020).

gﬁ%F{F Vi Vi Vi
RFqur IN Vo, w03 1 <T
FEE

V

DL2 E]_I-_ < -
LTTR B b
= A

W fEL'_E'E‘r

RF, rolk
P
aH |

Vo 5 LELTEQ
i S S RF reflectometry
Gate-based readout DRAMe-like structure of charge sensor

[Gonzalez-Zalba2015NatComm)] [Schaal2019NatElectron] [Noiri2020NanoLett]



L& (B E)E Hot spin qubit)
Electron spin qubit at 1.5 K (UNSW)

C. H. Yang, et al., Nature 580, 350 (2020).

0.7
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K 4 p 0.1 b A o & 107 % ) Sl - ][—‘
14 4 4] I gl ~ H .J-,. i
@ ’ -~ 044 |} £ t L% o
- : Z 10 T
0 0.3Le £
-2 0 2 0 1 2 3 4 5 S ,
Afy, (MH2) T (us) 0.03 0.10 0.30 1.00

Mixing chamber temperature, T, (K}

frabi ~ 500 kHz (MM EDSR) Ty ~ 2 ps
Fidelity ~ 99 % (at ~1 K)

Electron spln qublt at 1.25 K (TU Delft)

200 nm L. Petit, et al., Nature 580, 355. (2020).

§ T frabi ~ 100 kHz (MW ESR)
Jizak 11 Ti~2ups
1 | Fidelity ~ 99 % (at ~1 K)

00.4 0.8 1.2
Temperature (K)



L& (B E)E Hot spin qubit)
Hole spin qubit at 4.2 K (IBM)

L.C. Camenzind, et al., arXiv:2103.07369v1. (2021)

frapi Up to 150 MHz
T, = 440 ns
Fidelity ~ 99 % at1.5 K
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X. Xue, et al., Nature, 593, 205 (2021).
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FE1E (13{E:ZCMOS #iIR)

X. Xue, et al., Nature, 593, 205 (2021).
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natGj 28Gj
285 92.2 % ~ 99.924 %
295 1/2 4.7 % » ~0.073 %
308 0 3.1 % ~ 0.003 %

K. M. Itoh & H. Watanabe,

2 ; g MRS Comm. (2014)
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Si (100)

Enriched Si/SiGe heterostructure % @
supplied by Y. Hoshi, T. Usami and

K.M. Itoh

J. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Delbecq, G. Allison, T.
Honda, T. Kodera, S. Oda, Y. Hoshi, N. Usami, K. M. Itoh, and S. Tarucha, “A

quantum-dot spin qubit with coherence limited by charge noise and fidelity
higher than 99.9%” Nature Nanotechnology, 13, 102 (2018)
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Honda, T. Kodera, S. Oda, Y. Hoshi, N. Usami, K. M. Itoh, and S. Tarucha, “A
quantum-dot spin qubit with coherence limited by charge noise and fidelity
higher than 99.9%” Nature Nanotechnology, 13, 102 (2018)
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J. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Delbecq, G. Allison, T.
Honda, T. Kodera, S. Oda, Y. Hoshi, N. Usami, K. M. Itoh, and S. Tarucha, “A
quantum-dot spin qubit with coherence limited by charge noise and fidelity
higher than 99.9%” Nature Nanotechnology, 13, 102 (2018)
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Honda, T. Kodera, S. Oda, Y. Hoshi, N. Usami, K. M. Itoh, and S. Tarucha, “A
quantum-dot spin qubit with coherence limited by charge noise and fidelity
higher than 99.9%” Nature Nanotechnology, 13, 102 (2018)
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Si/SiGe EFE VI DER

B &7 RF & 54 RI%E
A. Noiri, K. Takeda, J. Yoneda, T. Nakajima, T. Kodera, and S. Tarucha,

“Radio-Frequency-Detected Fast Charge Sensing in Undoped Silicon
Quantum Dots” Nano Letters 20, 2, 947-952 (2020)

=FIEMIRAE

J. Yoneda, K. Takeda, A. Noiri, T. Nakajima, S. Li, J. Kamioka, T. Kodera,
and S. Tarucha, “Quantum non-demolition readout of an electron spin
in silicon” Nature Communications, 11, 1144-1-7 (2020)



Overlapping-Gate Si/SiGe ZEF K~ v,
= 2 RF 5515

A. Noiri, K. Takeda, J. Yoneda, T. Nakajima, T. Kodera, and S. Tarucha,

“Radio-Frequency-Detected Fast Charge Sensing in Undoped Silicon
Quantum Dots” Nano Letters 20, 2, 947-952 (2020)

=FIEMIRAE

J. Yoneda, K. Takeda, A. Noiri, T. Nakajima, S. Li, J. Kamioka, T. Kodera,
and S. Tarucha, “Quantum non-demolition readout of an electron spin
in silicon” Nature Communications, 11, 1144-1-7 (2020)
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O VvV UV
SiGe substrate
K. Takeda, et al.,

ZHEAOT— e BERBRAD T —k Nat. Nanotechnol. 16, 965 (2021)
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Overlapping Al gates
(~120 nm)

Co MM (250 nm)

Si cap (3 nm)
SiGe spacer (30 nm)

>
R
285 QW (10 nm) |
TR AR L0 3 AR B EAURCE
M. Tadokoro, T. Nakajima, T. Kobayashi, K. Takeda, A. R UYH/3—
Noiri, K. Tomari, J. Yoneda, S. Tarucha and T. Kodera o P
. TyFT

“Designs for a two-dimensional Si quantum dot array with cals
spin qubit addressability”, Sci. Rep. 11, 19406 (2021).
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M. Tadokoro, T. Nakajima, T. Kobayashi, K. Takeda, A.
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“Designs for a two-dimensional Si quantum dot array with
spin qubit addressability”, Sci. Rep. 11, 19406 (2021).
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- Utilizing Si technology

-MOS structure

-Small number of gates
-Strong confinement potential
-Relatively high temperature

= Original advantageous structure
for integration

Top gate (TG)

Induce carriers to the Si layer

Side gates

Control the potential of the double QDs (DQDs) and coupling between the QDs




FINLRERY

® Initial wafer: Si on insulator (~40 nm)

Control of the thickness by thermal oxidation

® Patterning of a DQD and side gates

Electron beam lithography followed by
reactive ion etching with SF, gas

A SRS~

® Formation of gate oxides

Thermal oxidation (30 min at 1000 C) and
LPCVD (thickness: ~50 nm)

it a% &
200hm J) J) ®F ti f poly-Si t t
ormation of poly-Si top gate
Double QD (DQD) structure LPCVD (thickness: ~200 nm, P: ~102° cm3)

Photo lithography, Plasma etching
p'Chan nel device ® Formation of source (S) and drain (D)
i Ion implantation (P: ~10" cm3)

Bonding pads(Al) fabricated by Photo
Ion implantation (B+~10" cm3)) lithography and EB evaporation

Bonding pads(Al) fabricated by photo )
lithography and EB evaporation n-channel device




YEERS ESI-MOS I E F R, DIFIEFEM ™

n-channel device

Single or double QDs
Single electron tunneling, Charge sensing, Spin blockade

G. Yamahata, TK, et al. APEX 2, 095002 (2009). : #&&DFTIeR EFE
K. Horibe, TK, et al. J. Appl. Phys. 111, 093715 (2012). : MEFEH—=FRv b, EfEt
G. Yamahata, TK, et al. Phys. Rev. B 86, 115322 (2012). : XE>TJOw 4 — R(*)
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n-channel device

Single or double QDs
Single electron tunneling, Charge sensing, Spin blockade
T. Kambara, TK, et al. Jpn. J. Appl. Phys. 52 04CJ01 (2013). : EfaIat &4 — D EHEE
K. Horibe, TK, et al. Appl. Phys. Lett. 106, 053119 (2015). :/MEF2E=F Rwv b
K. Horibe, TK, et al. Appl. Phys. Lett. 106, 083111 (2015). : EfastD/\\w 770> 3>
S. Ihara, TK, et al. Appl. Phys. Lett. 107, 013102 (2015). :HEERSOIEF Rw ~

R. Mizokuchi, S. Oda, and T. Kodera,

“Physically defined triple quantum dot systems in silicon on insulator”
Appl. Phys. Lett. 114, 073104, (2019). (IE=AMEBEIE=FF vk

S. Hiraoka, K. Horibe, R. Ishihara, S. Oda and T. Kodera,

“Physically defined silicon triple quantum dots charged with few electrons in
metal-oxide-semiconductor structures”

Appl. Phys. Lett. 117, 074001 (2020) Editor’'s Pick A #EFEIISEEFRVE

M. Tadokoro, R. Mizokuchi, and T. Kodera

“Pauli spin blockade in a silicon triangular triple quantum dot”

Jpn. J. Appl. Phys. 59, SGGI01 (2020) E=AWEE3EEFFIYLTD
AEvI7avir—k
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p-channel device (:J:é%*ﬂlijt%l,\)

Single hole tunneling, Charge sensing, Spin blockade

K. Yamada, TK, et al. Appl. Phys. Lett. 105, 113110 (2014) D EIEFL2EE=F RwY b
Y. Yamaoka, TK, et al. Jpn. J. Appl. Phys. 56, 04CK07 (2017). : AE>TJOw 4o — R(%)

M. Marx, TK, et al. Jpn. J. Appl Phys. 58, SBBI07 (2019). : RE > $EHE/EH
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p-channel device

Single hole tunneling, Charge sensing, Spin blockade

H. Wei, TK, et al. Jpn. J. Appl. Phys. 59, SGGI10 (2020).

454 %

VSGAR V)

VS‘G v (V)

N. Shimatani, TK, et al. Appl. Phys. Lett. 117, 094001 (2020). : =& C DEIEFLENX

B//=1.0 T 0.50

Ipop ds ®A)

Agr (meV)

4.6

4.7
Vsg m (V)

@T=22K [O)T=10K ] [(©)T=15K _ud [@)T=20K o
6.5 -
6

< 5.5

o 5!

€)T=25K

: gEIFDORBEED

e g~2.0

0.0 0.5 1.0
B, (T)

las 1 Editor’s pick

fec]

(IOA)
RIKTD
/,\Il & !f‘:h %

@ T=42K h) T=20 K i) T=30 K (i) T=40 K k) T=50 K )T=60K
> 6.5 !

o

B3> 7))y Th
TRICESHR

[ R B N« I (=R

02002040 20 0 20 40 20 0 20 40 20 0 20 40 20 0 20 40 20 0 20 40

Vds (mV)



IEAXEARE(EDSR)ES

Ibap (PA) Alpqp (fA)
5.35 2.0 D pusr— — 200
5.30 1o 4
s® -
= 10 150
P 5.25
' 0.5 E 3B
o = -100
>0 954600 605 610 “~ 2
. SGL (V)
HITE R 50
1
Temp. : 300 mK
L it Ll 0 TG: -4.47V
0.00

010 0.15 0.20 Bias: 3 mV

| PEEEEFRUMNHITZEDSROBAIHT |

HFT. /M5F. fii. 20214F SE6SEIG AMBFREFFHMNE 16a-226-8
HAT &t MFHMSCN RITRKF (2021)




EEICEIF /-G H LR
£ FFvykQD)+LCE IR E B

Quantum dot + LC resonance circuit -

|
e L —
RF 1 | :
|
[ ' Cop™~ _ |
QA
| T
= A N [IN+1
— =4
7 _  LGqgp _|_-( 1 ) “LJA_/_\_M,,
load = (c4cqp) J\@ w(C+Cop) Vv,

WTEDER 2 MIZERRZQD + [LHiE i - X v /N2 XD AIE
S>BEMAEVEREBRENLI-EEGERE A LIZF AR EE

R. Mizokuchi, TK, et al., Sci Rep., 11, 5863 (2021)

S. Bugu, TK et al. Jpn. 1. Appl. Phys 60, SBBIO7 (2021)

KHEE, BOXR, DFEXT(FEYHIR)VYaVEFRYMNE—F ) TREVD
= R RS EHR EEME 56, 265-276 (2021)




V(i Ly i R3]

\vg

-l
« BOAUE—SURTYFLY 3 Vscra (V) 0
o KRSGHITR{ES (V45 deg.)
(Previous work: ~0.23 deg. wm.r. Gonzalez-zalba, Nat. Commun. 6, 6084 (2015).)
R. Mizokuchi, TK, et al., Sci Rep., 11, 5863 (2021)

KHEE, BOER, MFEXTEYIR)VaVEFRYNE—F Y TRELD
= B RS B 56, 265-276 (2021)



BRGeDFEDEBDFEELD ;

11.95 MHz

Sil/SiGeEFk vk %;Z

‘R GLAIRMESSI T,*=236us T,=0.04ps i
7—rEBEE99.93% g s F R RV VL]

& FIRBIER A E (ALY R

MIB R EMOSE 2 F vk (nMOS, pMOS)
-HERRE. REV Ay —FK, RE >V [AlEL

IT'| (dB) Iyp (nA)
Q™

- H LT D =
- BFEVFOERIELI SR Fopmy A
(2RFE. TLA) ol V)

V e V)




MR E=

AEVEFEYNAE 20FEDERE

) aAVEFEYMNAE D &ZIEDEFA]
" RDAEDER

S1/S1Ge. S1-MOS
SEORE




FEIEIZH TS E

- Qubit number: 1D & 2D architecture, Resonator coupling

- CMOS compatible qubits and wiring problem

- Cryo-electronics (Drive, readout and feedback of qubits)
High-temperature qubit operation (> 1 K)

- Auto-tuning of gate voltages

- Material quality improvement of 28Si

QD formation
by fewer gates

miultiplex

Dispersive readout
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g h 2 dc

Qubitamay ——> WHOR Qi
- J.L. Colless PRL 2013

Cryo-electronics

readout \]a

o

Si technology

!
nsistor switch

q ublts

J.M. Hornlbrook et al.
Phys. Rev. Appl. 3(2)
1-9 (2015).

M. Veldhorst et al.
Nat. Commun. 2017
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