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Why superconducting qubits?

Superconducting Quantum Computer Quantum sensor
Large electric coupling - Very sensitive to
- 10° x atom weak EM field
L ong coherence time - Easy to do
- 0(100) us Or more manipulate

. - Drastically decrease
uncertainty
- Low dark count

non-demolition readout
oW noise environment

- mK temperature
- EM/Magnetic shields
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Superconducting qubit must be suitable as a sensor



A qublt 111 A nu‘tShell Superconductor

3D (cavity)




Physmal design (2D Resonator)
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Physical design (3D Resonator
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What environment you need?

Clean room Equipments

- Sputter
- EB evaporator
- Chemical draft

- Photolithography
- EB lithography
- Plasma etcher etc:--

Deposition In high vacuum

(<30 x 5 um dusts/m”3) < 107® Pa seems very important



Standard Fabrication Process

3. Thin film

4. Photolithography

S
. \)
structure | , .

except ) LN

1. physical design 2. Substrate

5. Etching

Iyl

Silicon/Sapphire

6. EB lithography

e\
Print \

JJ structure

Silicon/Sapphire







1. Design: Resonator
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1. Design: Resonator

Detalled design Is needed dedicated simulation.

Cylinder Flute Coaxial 2D CPW
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Simulation on finite element method are generally used.
ex: Ansys HFSS, Comsol multiphysics
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1. Design: Capacitor

Reality
Slmplest case

To know actual capacitance of the circuit, dedicated
FEM simulation is necessary.
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1. Design: Josephson Junction
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s |In reality, controlling

|
R 1S nOt easy.

People do try and A
error at their AlOx

PhysRevLett.11.104 Al

from Ambegaokar-Baratoft formula environment

hrA,, — E, can be desighed -
Ae2R Mostly the size is the order of

ok oY AlOxresistance () 5100) x 0(100) x O(1) nm

thickness of AlOx

EJN




14

1. Design: Advanced Designs

Charge qubit Fluxonium Transmission line
Transmon .
E~ E .
c = Ec < E, E.~E, :
Cooper pair box E;, < E,;
E.> E,
— Fixed freqg. qubit — gubit/magnetometers
SQUID Flux qubit
Ly Ly .
- E-~E, ~E ;
E] (¢ext) — P
\/ E}, + Ej, + 2E; Ej, cOS by
| — Katayama-san's stuad
— Tunable freqg. qubit — qubits/ study amorphous--: Y Y

Traveling Wave Parametric Amplifier
Josephson Parametric Amplifier



2. Select Substrate

Silicon

Resistance: >10™4 OQcm
(Floating Zone)

Loss tangent: ~ 1074 @ 10 mK
Price: 1000 JPY / 100 mm wafer

Resistance: 10M 1 Qcm
Loss tangent: ~ 1088 @10 mK

Price: 4000 JPY/ 100 mm wafer
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2. Substrate Cleaning

Shipped wafers

| B\ A TN

Source of impurity
- Dusts/Organic substances

during fabrication
- Dusts/Organic substances
during packing
- Native oxide on silicon
substrate etc--

Typical Cleaning Processes

Piranha solution Hydrofluoric Acid (HF)
Remove oxidation layer
H2504 + H202 & Hydrogen termination
Removing organic substances S Sinss

1, f'oT.eS o

Tunnel junction

(Al/ALO /Al) Substrate (Si)

16

Nat Rev Mater 6, 875-891

b Amorphous dielectrics
AlO.

Py mn; i% NbOX

Resonator (Nb)

/

Contamination directly
affects coherence of qubits

Make sure to
use chemical draft
and proper protections
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3. Thin film deposition

Al Al Al Al Al Al Al

Al Al Al

Nb Nb Nb Nb Nb Nb esputter \ T /

® o w4  EBvapor o\
x F} 1 deposition — l_.
. e |
Cathode Target (Nb) © Fllament% ] Accelerator
Ccons:

Cons:
Homogeneity film
Larger area deposition
— Used to make
capacitors

- Directivity
Faster deposition

— Used to make
JJ
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4. Photolithography

2. Exposure 3. Development
exposed remove exposed

or unexposed resist

Silicon/Sapphire Silicon/Sapphire Silicon/Sapphire Silicon/Sapphire

Photolithography Development

{

O. Prepare 1. Spincoating
substrate Photoresist
UV

Photoresist

L4
L 4
L4
L4
—

Good example for spincoater
over ~ 30 years old oy

“
“ - J,—. - —
. g~ -
% il
——

~ lum resolution
— only for larger
structures




5. Etching )

0. After development 1. Etching 2. Ashing

Removing metal
not masked by resist

Removing resist

bor@

metal (Nb etc)

Silicon/Sapphire

Silicon/Sapphire

/ Two ways \

1a. Wet etching 1b. dry etching

Silicon/Sapphire

é ¢

ex) ‘ ? ? Similar to sputtering

Al can be dissolved by Called RIE (reactive
HNO3 + H3PO4 solution lon etching)

Silicon/Sapphire
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Where we are

After Step 1-5, capacitance and resonator (in the case of 2D resonator)
are fabricated.
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6. Electron Beam(EB) lithography

UV lights: ~10%"-7 m, electron: ~10"-10 m, accelerator: < ~10"1/7/ m

Electron beam has higher energy than UV ~ Higher resolution
ex) UV PhotOIIthography ~ | LM (EUV can go better in semiconductor industry)
EB lithography ~ 10 nm

Processes are the same
as photolithography
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7. Shadow evaporation

‘Manhattan” 1. First deposition
o o O©=0° H=45° Cross-section

VIEW

2. Oxidation

3. Second deposition
O=90", 6 =45"
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7. Shadow evaporation
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Before deposition After deposition
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8. Lift-off )

A process to remove unnecessary Aluminium film.
NMP (N-methylpyrrolidone) 1s used to dissolve

- _ resist layer.
Silicon/Sapphire
P
é é 6 NMP
. &
dissolved 5
Silicon/Sapphire ;f-'ﬁf
x?';:,{-;}if'
v
et

Silicon/Sapphire
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Where we are
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Before cryogenic test--:

9. Microscope 10. Resistance 12. Packaging

Optical SEM
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9. Microscope

good example

Failure example

e e s i S
.‘

Picked up
clean ones

Obvious failure ones goes
to trash bin



SEM(scanning electron microscope

Cons: Reveal junction structure
Pros: “SEM barn” -> can’t use for real sample
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10. Resistance Measurement

arA,.  Only effective test
4e2R  at room temperature

Remember E; ~

o J
" ~—.

.
.
.

FEYENCE




31

11. Resistance Measurement

4 wire measurement for precise reading
current will be around uA (higher current burns JJ)
Grounded by metal plate below wafer

- Minimum contact to avoid making
scratch



11. Dicing )

Diamond cutter Automatic dicer

Stealth dicer

blade dicer

Blade l

Device 3!
layer -+ ’

Wafer |- [ I [ I
Glue =

A | - Damage inside wafer by laser - Cutting physically by blade
% | - Expensive but clean cutting - Smilier but more unclean
dust and cleaning water

Looks trivial but technically difficult process



1 2 W- -b d- Connecting qubit to
. ]-I‘e On lng macroscopic coax cables

2

BLC

‘
b -'4.
_ ;

G SMP connector %
; (Connected with coax cable)

‘.. W .)




Cu for decent cavity Loading qubit
Al, Nb for high quality ones on cavity

12. 3D-cavity packaging

avity made
y miling machine

0CL

292

>0 0

g

A A A
Ry
Ly —
in
et 3%
N
P
& .|' . i
!‘i 7"'
. s
L




Ready to measurement!

Introduced basic process to make a superconducting qubit

Next lecture shows how to measure these qubits
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Backup

36
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FHRELCHIREGFD=T1L

O, = h/2eZx{E>T. WERZD, = 012n)P,ETEERT D &

D,

. h 00 , dd,
[ =1sin0, V= > [=1[sin| 2n— ), V=
2e Ot

dr

Dy

0O=CV&ED.,

dQ dV , D,
— =C— = —[ysin| 27—
dt dt OR

d*®, | o
— C = — [ysin | 2m—

dt? ON
Lagrange 5=

41



R LCHIREzD=F1L

Lagrangiania

C (doD KO, ),
C E L = — d + 070 o5 2r—L
] 1 2 dt 271' (I)O

Q2 qu)o O,

cos | 2m——

2C 271' (I)O

Z CCE; = 1,dy/27n (Josephson Energy),

INTILNZ T VUDMITTC

E. = ¢*/2C (Charge Energy), %, = 4AEon2 + E; cos 0

n-= Q/2e (Cooper¥t DEE)
#BATSDE, (LegendreZ#ak D)
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Scientific Reports

volume
12, Article number: 1130 (2022)

e

b
Continuous

heat
exchanger |

Discrete
heat

20 mm

\—

JER T

exchangers

Mixing
chamber

Cryostat __—

window _Fridge

IVC

0

Cryostat_— & SS—

Omm

=P [OEL 2 0 XA
LA 00
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https://www.nature.com/srep
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Z1, D ] 1l

FI(C3D

- conductive heat ({z&)
- convecting heat (X7i)
- radiative heat (H&)

/\ CowREELET
300 K

SR D 5 R R
100-1000 W

IVC
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Conductive Heat .

L . 104

99.999% Al
M‘ = o 500\
T e

10°
ETP and OFHC Cu
RRR =50—<¢

99.999% Cu annealed [Sapphire
RRR = 2000 [ Diamond

[ ~T2 T1

T,
Qeond = A/LJ A(T)dT =A/L A(T)dT — | A(T)dT
T,

| J4K 4K

10°

10’

~10 KU ETIEEFINAATCZDDT
FIFTESCEEDRUIEREEEZTREL

W
Titanium A-1 1OA‘T\

N Inconel \ Pyrex glass :
FNUT T4/ VICEBIEE|ICh S Stanless steo 1mmify"f

Thermal conductivity [W/(m-K)]

_/
304,316 / (
/\\/\y\a

107" ~ G-10

RIEDMAT —YDEEmMICIEAT Y LAD A
BB, 1 ‘ >

Temperature (K)
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Convecting Heat

MENIRSF|WD & S (BE) 2

Saturated liquid nitrogen\
L|qU|d hydrogen\/ \
: N < | and
q aS: )\AAT/d ! 10_1 - norma ana para —
5 § = Liquid neon Para /
> °L
= —
5 Af
3 Gaseous helium
JAN — 4 - S i (1 atm) Gaseous Hydrogen
AFHRZENOLE (BE) 2, A 1 am)
e Liquid helium T
E i Gaseous neon |
1oas — Kag PA; AT, [watts " 102 (Tatm)
ans 0 l ) [ ] 10 Gaseous N, (1 atm) \%
| RN | R I s
A 4k : ) 0 2 3 4 o6 810 20 30 40 60 80100
ﬁ%R/TJ IRNRR Lj: == —C EHjJ LNC LY %) Temperature (K)

ADMXIZ1078 Pa< 5 L)
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Qrad — O-EA(T24 o T14)

A2.2 EMISSIVITY OF TECHNICAL MATERIALS ATAWAVELENGTH OF ABOUT
10 wm (ROOMTEMPERATURE) (SEC. 2.4)

Material Emissivity
Polished Highly Common N
oxidized condition
Metallic
Ag 0.01
Cu 0.02 0.6 o siRe g, f A f
Au 0.02 o S v
Al 0.03 0.3
Brass 0.03 0.6
Soft-solder 0.03
Nb, crystalline, bulk 0.04
Lead 0.05
Ta 0.06
Ni 0.06
Cr 0.07
Stainless steel 0.07 4_ <
Ti 0.09 A 7’— L \
Tin (gray), single crystal 0.6 ﬁ > /M7
Nonmetallic
IMI 7031 varnish 0.9
Phenolic lacquer 0.9
Plastic tape 0.9 ~ W
Glass 0.9 ‘\/ —_— ) b I\




EEDERF

radiative shields

ATV LA

& KL (KR<REtE5)
£ X W or i

J4)L5 —
(EEIRITBLEE




9.9 GHz

QL

l/\ 1S
— EE R
B3 12 S 2
26tk 3 FE A
100 MHzZ J\W
[ Q
RF
i LO
=r
26t R
/\_T-Dg‘\’f/ﬁl&
LO

10 GHz

(b)

100

-50

-100

|

HiRF
9.9 GHz

9.9 GHz

IF

:jjméwﬁtié

BEEsF A

100 MHZJ\/\/\/L IO

TORAY

. — |0)4REE

—

XI&

0 100 200

[ [ I
300 400 500

BFfEl (ns)

—

= FE vk

0) X% |1)

“5:: oI

A

IZME =

A Al
o,

a#gg?

lllfl ] l'l "lll

nn mﬂ

54



L EL N YR == 1]

a----- <
v B




d
’E—‘ Readout Fé_\

l
Transmon Dark Matter

—_— —
— —
’ —

Storage

> i I i

l|~ili.|l
| ]
1l |I|

S

Qubit Excited State Probability

m(l,

Frequency

0.5 -

0.0 -

n=2 n=1 n=0

— 2y e
A N

4.746

4.748
Frequency (GHz)

4.750
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