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Superconducting quantum computers

Article
Quantum error correction below the surface

code threshold
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Establishing a New Benchmark in Quantum Computational Advantage
with 105-qubit Zuchongzhi 3.0 Processor
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Nature 618, 500 (2023) Y. Kim et al.
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Tileable architecture including wiring

‘\Unkit cell size ~¥ a few mm
\\ » «— Cover
.Y | «— Interface

<— Qubit unit cell (n-qubit, k-multiplexed readout)

+<— |nterface

“ <— Vertically aligned coaxial cables

—
=
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——
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Qubit control & readout signals



Tileable architecture including wiring

Cover chip
Coaxmon © 0QC

Indium bump
Chip consisting of tiled 4-qubit, 4-mux RO unit cells

Pogo-pi k
ORO-PIN packdge Press down the chip

T

1.19-mm coaxial cables




Qubit unit cell

Josephson junction (Al)

Si wafer Concentric qubit (transmon)

TSV (through-silicon via, hole) Readout resonator

Al sidewall Coupler

£ TiN film Multiplex readout & Purcell filter

L Rt B
009000 .0
. o % X e uw
Design parameters ) .‘l Y 0:0 . : ® ..
= 7'9_9'1 GHZ fixed I K = 0‘2 kHZ ‘ . . . . . ) <°> mmm. - mmm <°> S D S
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Josephson junction (Al)

Si wafer

TSV (through-silicon via, hole)
Al sidewall

TiN film

Design parameters
* f,=7.9-9.1 GHz (fixed), k, = 0.2 kHz
a =-400 MHz

f, =10.2-10.6 GHz, k, = 10 MHz

dqr = 140 MHz

Jqq = 10 MHz

Qubit unit cell

Concentric qubit (transmon)
Readout resonator
Coupler

Multiplex readout & Purcell filter




Quantum control based on circuit QED

4 1Q gate (Rabi drive) N

-

2Q gate (cross-resonance)

w%%“vL

A2 = |fq1 _fqzl > 9qq

™\

Microwave-only control
* 1Q & 2Qgates
 Readout

\

Readout (dispersive shift)

il U\] - W

|Al = |fq — frl > Iqr K
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Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

3-inch, 300-pum-thick, high-resistivity wafer




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

Currently, TSVs for integrated chips are outsourced




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

Provided by NICT (Drs. Terai and Hishida)




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

45-deg oblique deposition & rotation of the wafer




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

Repeat the process for the backside




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

Repeat the process for the backside




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

>}~




Device fabrication

TSV by dry etching

TiN deposition (100 nm on both sides)
Al deposition (300 nm on both sides, covering sidewalls with Al)
Al structure by wet etching

TiN structure by dry etching

Josephson junction by shadow evaporation

200 nm




64Q system: B “A”

Microwave powers & noise level P Rou Rin Q/CR
. PQ ~-70 dBm DC || Control electronics
* Pg=-60dBm@ A RT
+ P, =-130 dBm v
* Noise=-230dBm/Hz | (A}t [A]-{a]-20K
4K
# of coaxial lines for N qubits | | (AFZHs A} A} i
* Input: 1.25N to chip, 0.25Nto JPA | | Y- TAl-[A]l 0.8K .~ _,,‘JJ"
* Output: 0.25N 01K . [m, Vil A
------------ (At A A} )
Need for 64Q 001K
e Of input |ines Attenuator
Eccosorb IR filter
* 64 for control Lowpass filter
* 16 for readout Circulator =K
. Isolator .
16 for JPAs Band-pass filter Coil
e 16 output lines HEMT cryogenic amplifier
e 16 DC lines for JPAs Microwave amplifier /v ¥ femmee

Josephson parametric amplifier
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Sample package
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Control signal crosstalk

Spurious EM mode?

-
-
o

________
-
~

Qubit at the origin

- @\%%%fﬁ

Qubit at distance k

Estimate the crosstalk from the Rabi frequency of 0-th qubit
driven from k-th control port

Crosstalk (dB)
3

---O--- Simulation
—4A—x direction -
——y direction

-80
o
-100
_120 1 1 1 1 1 1 1 ~Q
-3 -2 -1 0 1 2 3 4

Distance

Characterized by Shuhei Tamate

-81.6
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Qubit frequency distribution

Design values

100 , , , 9100
- E ] 9000
>
S 8900
80 | g .
~ g 8800
S 70t g y
S s 8700
5 60Ff & ;
<! T 1 8600
(2}
T 50 .
o 1 8500
> 2
£ 40} 5 1
5 s 8400
E (o3
S5 30f 9 ! 8300
° g
20 S . 8200
10} 2 1 8100
—
0 : ; 8000
7500 8000 8500 9000 (MH2)

Qubit Frequency (MHz)

* Large detuning between nearest neighbors for CR gates qu @ @

* Target variation < 0.25% to avoid frequency collisions



Qubit frequency distribution

Design values

100 : . ; 9100
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c
< 5 8800
o (on
= 701 3 1 9100 | 8060 | 8960 8200 9100 |8060 | 8960
G s 8700
5 60 & .
2 T 8130 8890 7990 9030 8130 8890 7990 [HEEIPEN
(2}
T 50 :
o P 8960 8200 9100 |8060| 8960 8200 9100 [INAEE
w 401 S 1
5 S 8400
E 5ol > ] 7990 9030 8130 8890 7990 9030 8130
3 e 8300
(& c
S
207 g 1 9100 | 8060 | 8960 8200 9100 |8060 | 8960 8200
10} 2 1 8100
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0 : : 8000
7500 8000 8500 9000

Qubit Frequency (MHz) (MHz)

* Large detuning between nearest neighbors for CR gates qu
* Target variation < 0.25% to avoid frequency collisions



Qubit frequency distribution

Design values

100
@ 8060 | 8960 8200 9100 | 8060|8960 8200 9100
9 | o
=
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45, ©
e =
= 70 3 9100 | 8060 | 8960 8200 9100 | 8060 | 8960
S 60t o
2 T 8130 8890 7990 9030 8130 8890 7990
(2}
T 50
z @ 8960 8200 9100 | 8060|8960 8200 9100
< 40F 3
2 Z
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= 3
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Qubit Frequency (MHz)
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MAR-F18 (pervious seesion): Tue. March 18, 10:00am—10:12am Shinichi Inoue et al.

“Frequency-collision analysis for the scalable quantum computation based on high-intensity-driven

all-microwave gates”




Laser annealing

* High-fidelity control of a lattice of fixed-frequency transmons requires high-uniformity in the junction
resistances (particularly for CR gates)
* Laser annealing is a useful means for post-fab resistance tuning

Distribution of junction resistance in a chip

H

Anneal Aging

/N

R before R




Laser annealing

* Target R, was determined from the expected 10% resistance increase due to aging
5000 1 1 I I I I I I I
4600 Ry, (target: 4600 Q = R4, x 1.1)
S
g 4200F 1 R, (target: 4182 Q)
©
@
é 3800 Roefore (@Vg.: 3653 Q, . std. dev.: 2.87%)
3400
3000 | 1 | 1 1 | 1 1 1

1 8 16 24 32 40 48 56 64
Qubit index



)

N

istance

Res

5000

4600

4200

3800

3400

3000

Laser annealing

Target R

after

Additional 11 hours for aging

I 1 ]. I I : I I I I

1 1

I 1

bV Z—W :

V.V\/'V\W '

1 ]

1 1

1 1

AAA | I
= ANANYNNNYNNNANNSNNNNNNSNNNNNNSNNNNNNNNNNNNNNGNNSNNNNNS

I I

1 1

1 1

1 8 16 24 32 40 48 56 64
Qubit index

was determined from the expected 10% resistance increase due to aging
Automated annealing sequence took 8 hours to complete a 64Q chip

(Actively working on alternating bias assisted annealing in parallel)

Ra (avg.: 4530 Q, r. std. dev.: 1.55%)

R o (avg.: 4186 Q, r. std. dev.: 0.46%)

Roefore (@Vg.: 3653 Q, . std. dev.: 2.87%)



Qubit frequency distribution

Measured values Characterized by Shiyu Wang

f avg = 8339.46 MHz
100 :  —
I
I
iy ; | 8800
I
80 : .
~ : 8600
S 70} : |
£ |
S 60t : - 8400
£ |
@ !
T 50p ; l 8200
= |
T 40T : 1
= : 8000
£ 30} i ]
O |
20l : l 7800
:
10} : .
1
I
O L | 1 1
7500 8000 8500 9000

Qubit Frequency (MHz)

* R.std. dev. of 8 types of qubits: 0.69%, 0.44%, 1.18%,
1.48%, 0.95%, 0.82%, 0.82%, 1.14%




Resonator frequency distribution

Design values

100 T L] T T T T 10.6
| - |
90 | -
g0 | | 10.1 ; KYd 101 1047 10. 105
<
z 70 | - Kl 106 102 ; 3 EEEY
S 60t ! 10.4
2 TN 10.37 I VyARTWE 10.37
2]
T 50F -
o QG 10.3 / 2 10.5 KK
'..g 40 F 4 10.3
=
E 30} l kYd 10.1 1047 10. KYd 10.1 1047
O
20 1 i k¥ 106 102 . KN 106 102 10.2
10 } .
VyARTWR 10.37 I VyARTWE 10.37
O L L L ) | L L 10.1

10.0 101 102 103 104 105 106 10.7

Resonator Frequency (GHz) (GHz)

* Resonators in the same unit (sharing the same Mux port)
must be differentiated



100

Resonator frequency distribution

f. avg = 10.387 GHz

—

N0

80

70

60

50

40 t

30

Cumulative Histogram (%)

20

10

[

-4

0
10.0

10.1

10.2 103 104 105
Resonator Frequency (GHz)

10.6

10.7

Measured values

R. std dev. of 8 types of resonators: 0.23%, 0.34%,

0.22%, 0.09%, 0.18%, 0.26%, 0.19%, 0.07%

10.28

Characterized by Shiyu Wang

10.66 F10:3" 10.65 10.29 10.6 NS 10.66

10.14 10.15 oKz} 10.12 0:53

10.67 FIEESS 105281 10.71 10.26 068

10.14 glexizy 10.14 11053 10.15 [leR:xy 10.13

10.57 . 10.65 FIOSH 10.3 10.62
10.12 10.16 NN 10.12 EESNSEN 10.16

10.67 10.28 [110.57 10.29 10.63 10.28 [10.58

NN 10.48 WIVAIS




Relaxation times & fidelities

Characterized by Shiyu Wang

b Best values
90 t : :
* Relaxation times: T, = 90 ps, T,, = 100 ps (@8 GHz)
80
< e 1Qgate: F=99.96% (17 ns)
S 70t
£ e CRgate: F=99.1% (170 ns)
5 60
3 -  Readout: F=99.91% (56 ns)
F
£ 40p
E 1.0~ . . . . 10~ . . .
3 b LR t  Reference
Q1 Interleaved
20 0.8¢ ' 081,
10t \'c CR gate
06} I osf O
0 e ., . . 5| . F=0.991(3)
0 10 20 3 40 50 60 70 0al [
Relaxation Times (us) ' 1Q gate '
F(QO) = 0.99907(4)
2 FQ1) =0.99964(7) 2
* LongestT,=43.6 us, T,,=68.3 us 00 00
P70 250 500 750 1000 270 20 40 60

Number of Cliffords Number of Cliffords



Relaxation times & fidelities

Characterized by Shiyu Wang

100

Best values
9 | . .
* Relaxation times: T, = 90 ps, T,, = 100 ps (@8 GHz)
80 |
< e 1Qgate: F=99.96% (17 ns)
= 70}
£ e CRgate: F=99.1% (170 ns)
5 60 Ff
2 |  Readout: F=99.91% (56 ns) - Peter Spring et al.
E
£ 40}
E 1.0~ - . . . 1.0— . . .
§ 30 } T o ¥ Reference
Q1 Interleaved
20 0.8} - 08|
10 } o6l | o6l \‘c CR gate
. T ® . s .| F=0.991(3)
0 10 20 30 40 50 60 70 0sl | osl
Relaxation Times (us) ' 1Q gate '
0ol F(QO) = 0.99907(4) | ol
' F(Q1) = 0.99964(7) |
* LongestT,=43.6 us, T,,=68.3 us
00— 250 50 750 1000 0075 20 20 50

Number of Cliffords Number of Cliffords



Fast readout with intrinsic Purcell filtering

arXiv:2409.04967 P. A. Spring et al.

MAR-L14: Wed. March 19, 8:00am—8:36am Peter A. Spring
“Fast multiplexed superconducting qubit readout with high assignment fidelity”

e Couple two A/4 readout and filter resonators via a
* Model as either distributed or equivalent circuit
* Notch effect not available by direct capacitive coupling

[ = Distributed circuit W, Wp
= = Equivalent circuit /\___/
i 7

= Capacitive coupling

| Wn m MTL coupling

8 9 10 11
Frequency (GHz)




Fast readout with intrinsic Purcell filtering

arXiv:2409.04967 P. A. Spring et al.
MAR-L14: Wed. March 19, 8:00am—8:36am Peter A. Spring
“Fast multiplexed superconducting qubit readout with high assignment fidelity”

e State discrimination in 50 ns

* Simultaneous single-shot readout in 56 ns 0t SN
integration window JR A 8 V0 N A0 D% SN B SR R S
. . . + 102k P Y & A Y 4
* Average fidelity 99.77%, highest 99.91% c10% v {F 4 "
o [ ':,- s 1 F ) g b
~ 10! : :'::‘. -‘“ 1F 1 o |
E ] i i ¢ $
100 ns 100 < Lol 109 ] k& gomcocmblomoceo —p4
—_—— 56 ns 2,0n5,56ns, -8 6-4202468 8-6-4-20 2 4638
| M dgensgi) Mo | 037 SN SN TSN |
910 L " ;
c v I : ¢ b
20 ns 56 ns 56 ns 3 g v 1F \d Lo
: N t : A G 10! ; ;‘-,.\ \,\ 1F 1 F‘ !
£ M, W16 ns| M | o oL ]
O i i i 1 1 H 'r[.- 1 — 2 > 10 I 1 L Y3 B 1 I 1 '
0 50 100 150 §6 420 2 4 6 8-8 642 2 4 6 8
T (ns) Integrated signal (oy) Integrated signal (og)
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144Q system

Need for 144Q
e 216 input lines (= 144 for control + 36 for readout + 36 for JTWPAs + 0 DC)
* 36 output lines

* High-density wiring while keeping the fridge size
e 2 LOS ports can cover the input lines
4 LOS ports for the output lines with bulky components




144Q system

Eccosorb IR filter
Lowpass filter
Highpass filter
Circulator

Isolator

Directional coupler
Terminator

r |(<€+— m |<4+— ©T

<—|—<—r|-|<—>h

T
A
f:-130 dBm
:—-80 dB
o "ol e I
é \
NS
D| [~ <
|
f,: —60 dBm
y y /
f:-110 dBm
fp: —60 dBm
Qubit chip  JTWPA
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144Q system

- (¢— m |[4¢— 5

L
T H
‘ T
f: =130 dBm _
:-80dB
Fr 0B L e N
5 i
12-way IR & lowpass filters o £
| ©
v\ a8
D| T~ <&
<—
Eccosorb IR filter 7 60 dBm
Lowpass filter i
Highpass filter ' ' /
Circulator 110 dBm
Isolator / f;; 60 dBm

Directional coupler
Terminator

Qubit chip  JTWPA
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144Q system

oA W, b
‘ 1“‘7'\% i ri ’ | | | !

‘\“ ““\' ’ \“ /\v‘{’

oooo

A TN

2 ¥ N \\:\
i \ “\::L :
A |

l

I

" JTWPASs to be installed

("




Magnitude (dB)

30

20

10

-10

-20

Development of JTWPA

arXiv:2503.07559 C. W. Sandbo Chang et al.
(New design) MAR-S09: Thu. March 20, 11:54am-12:06pm C. W. Sandbo Chang et al.
“A waveguide-based resonant-phase-matching JTWPA with efficient phase correction”

Aluminum

* Open CPW stubs as low-loss shunt capacitors
e 20-23 dB gain over 5 GHz bandwidth

R - = 4 e e |
Simulated gain

| , - i o * Gain-ripple suppression by windowed modulation
| —— Measured gain : == Simulated transmission -
—— Measured transmission i, == Simulated reflection
1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12

Frequency (GHz)



Preliminary characterization of a 144Q, system

Characterized by Shuhei Tamate, Shiyu Wang

e 105/144 qubits measured
* Longest relaxation times from a 144Q chip: T, = 154 ps, T,, = 272 ps (@5 GHz)

* Challenge: Better flip-chip bonding of larger chips

Qubit readout without JTWPA

500 500 500
o — M
[} (] [
o o o
0 T T T T (4] T T T T 0 T T T T
—-2.5 0.0 2.5 5.0 -2.5 0.0 2.5 5.0 —-2.5 0.0 2.5 5.0

Qubit readout with JTWPA

18

1e8 1e8
o 500 o 500 o 500
[} = m
o o o
D T T T T D T T T T D T

T T T
—2.5 0.0 2.5 5.0 —2.5 0.0 2.5 5.0 —2.5 0.0 2.5 5.0




Summary

64Q hardware
* Developed(-ing) technologies for tileable qubit architecture
X0y » Best fidelities exceed 99%, but plenty of room for improvement at the bottom (i.e., chip)
7o * Future works
» Test of a 144Q system

* Run (primitive) algorithms/error correction with larger quantum circuits
R P R Y s SRR o1 o e : Gt AN BT 5 T T g A ] §oy
el X ‘b ; 5 L ¥ - ';‘gw
! P. Sprin

S. Tamate -

e N A \. |

2024 @RIKEN
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