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‘Quantum Computing

Superconducting qubits Trapped ions
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Superconducting Qubits

Our Focys

* Fast Gate Speeds
Neutral atoms Solid-state spins * Scalability Based on Direct Fabrication (using standard
semiconductor lithography processes)

* High-Precision Control
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‘Quantum Computing

Superconducting qubits Trapped ions
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QOur Focus

Neutral atoms Solid-state spins
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Quantum dots

Supercondcutor
qubit = 10 mK
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What is the Quantum Computing & Qubits?
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Classical Computing vs Quantum Computing

Key Differences in Basic Units and Information Processing

Classical Computing

1. Basic Unit of Information
Bit
Either O or 1

Only one state
can exist at a time

2. Information Processing

One case is processed sequentially
(or calculations are performed one by one)

Problem Selving
Case 1 Case 2 Case N

3. Hardware
B + Based on transistors

+ Operates at room temperature
+ Performs sequential processing
* Relies on electrical signals

4. Logic Operations (Examples)

5. Application Areas

NAND

Bl 8

« General calculation and data processing
= Operating systems, office software, Al
» Database management and cloud services

Processing
Method

Hardware

Operational
Tools

Application
Areas

Quantum Computing

z
Qubit o
Can be 0 and 1 simultaneously |y = al0) + 1)
Multiple states can exist e .|‘ o2 + ]BI; =1
at the same time d 3
X% (normalized state)
(1Y}

Quantum Parallelism (Superposition) enables
simultaneous representation and processing of multiple cases
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Quantum Hardware (e.g., superconducting qubits)

i

* Requires extremely low temperatures (mK range)

» Operates using quantum phenomena
(superposition and entanglement)

« Sensitive to noise and decoherence

« Prone to errors and needs error correction

Quantum Gates (Examples)

CNOT Het d (creates ]
= -_'T X, Y. Z: Single-qubit gates
. @ CNOT: Entangling gate

Potential in Solving Complex Problems
» Optimization, quantum simulation, search
+ New drug/material design
« Financial medeling, risk analysis
+ Salving problems that are difficult
for classical computers
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)" Quantum computing is not about replacing classical computers,

but about securing new solutions together to solve problems that classical computers cannot.

@ Bits vs Qubits

Classical computers use 0

or 1, but quantum computers
use superposition to exist

in multiple states
simultaneously.

Information Processing

Classical computers compute
one case at a time, while
quantum computers can
process many cases
simultaneously.

Hardware Difference

Classical computers use
room-temperature electronics,
while quantum computers
require cryogenic systems.

Application Potential

Quantum computers have
the potential to outperform
classical computers in
solving complex problems.

Key Takeaways




‘Superconducting Qubit?

Josephson Junction + Capacitor + Inductor + Superconducting loop
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‘Superconducting Qubit?
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Josephson Junction

€ Theorized by Brian Josephson in 1962,experimen
tally realized the following year.

€ Josephson junctions consist of two or more super
conductors coupled by a weak link .

€ Characterized by the quantum tunneling of super
conductive Cooper pairs , which are pairs of elec
trons with total spin zero.

€® Employed in a several cutting-edge applications s

uch as
. Superconducting quantum computers
. (Qubits)
. High-sensitivity devices (SQUIDs)
. Quantum simulations

Nobel Prize (1973).

"For his theoretical predictions
of the properties of a
supercurrent through a tunnel
barrier, in particular those
phenomena which are generally
known as the Josephson effect”

Superconductor

Cooper \
oo VATAAYAY
Halr
/ Cooper
NANANAN = A
Pair

Superconductor

Scheme of a
superconductive
Josephson junction



Josephson Junction

The gas of Cooper pairs can be described by a macroscopic
wavefunction

V(7 t) = /Ni(t)e? ) ¢, (7) + /Nr(t)e?* D) gp(F) (1)

u(t) Ur(t)

whose time-dependent parts obey the following coupled equations

ihorL(t) = ULy (t) + KYr(t) (2)
ihd:Yr(t) = Uryr(t) + Kei(t)
where U, = —Ugr = eV depends on the electrical charge e and the

external potential V, while K is the coupling energy (tunneling
energy).




Josephson Junction

Subtracting the first equation the second one in Eq.(2) and
separeting the real part from the imaginary part, one can obtain the
Josephson equations®. These equations are given by

I(t) = l.siny(t)
& 25 .

where ¢(t) = ¢, (t) — @r(t) is the phase difference, which is called
Josephson phase, /¢ is the critical current, defined as

IE—Ke\/N;_ (t)Ng(t) ~ %KN (4)

since in superconductors Nj(t) ~ Ng(t) >~ N/2 and the electric
current is given by

I = e[Ni(t) — Nr(t)] (5)




Josephson Junction

Josephson predicted two main effects from the Josephson
equations, namely:

@ DC Josephson effect: In the absence of an external potential
V, there is still a direct current I/ proportional to the sine of
the Josephson phase ¢(0):

V=0 = I=lsingp(0) (6)

@ AC Josephson effect: In the presence of a constant external
potential V/, there is a sinusoidal alternating current:

2eWpt

V=Ww = !(t)=!csin( r +90(0)) (7)




Transmon Qubit: Superconducting Quantum Bit (IBM and Google)
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‘Transmon Qubit: superconducting quantum bit (IBM and Google)

Transmon Qubit
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‘Transmon Qubit
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‘Materials Improvement (Ta-Si)

Bland, Matthew P., et al. "Millisecond lifetimes and coherence
times in 2D transmon qubits." Nature (2025): 1-6.

log intensity
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‘High-Temperature Superconductor Qubit
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IToward to the High-Temperature Superconductor Qubits

b-axis

nodal plane

a-axis

Pair potential

nodal plane

s-wave d-wave
superconductor superconductor




s-wave and d-wave Superconductors

Gap symmetry Isotropic dy,_y» (anisotropic)
Gap nodes No Yes
Energy gap 1-3 meV 20-40 meV (YBCO 7| &)
Typical coherence length 30-1000 nm 1-3 nm (ab-plane)
Cooper pair size Very large Very small
Josephson junction Fab. Easy Difficult

Materials Al, Pb, Nb YBCO, BSCCO, LSCO




HTS Superconductor + Topological Insulator

Superconductor Superconductor
Topological insulator

Helic_al s_pin
polarization

2D Dirac cone

y
Surface

Brillouin zone




HTS Superconductor + Topological Insulator
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,HTS Superconductor + Topological Insulator

Insulator

Superconductor Superconductor
|TP|_|9H"L Iqr-HleiGl‘-‘H
@

Cooper pair

Extended Majorana states around junction | J | E |} |

and beneath superconducting electrodes PrOXi m Ity Josephson cou p | I ng

£ \
Localized Majorana Proximitized-
bound states topological insulator




d-wave vs s-wave in Quantum Qubits (Transmon vs Topological Platform)

Transmon Qubit (Conventional) Topological / Hybrid Platform

/

% s-wave superconductivity < Goal: Majorana Zero Modes

« Fully gapped — low quasiparticles * YBCO + Tl approach

_ « Effective p-wave pairing->Majorana zero mode
» High coherence (T1, T2)

(vortex core, m domain boundary, edge state)
» Stable fabrication (Al, Nb) - 1-phase control

- d-wave: nodes — decoherence * Large topological gap (potential)




d-wave vs s-wave in Quantum Qubits: Transmon vs Enhanced

Transmon Qubit (Conventional) Enhanced Qubit Platform

s-wave * Goal: Majorana Zero Mode

v' YBCO + Tl Approach:

« Effective p-wave, t—Phase Control,

* Large Topological Gap

Topological phase engineering

d-wave

v’ s-wave: Fully gapped, Stable fabrication

X d-wave: Nodes — Decoherence, Low Reproducibility

Transmon — s-wave *|X Enhanced Qubit = d-wave %

‘Transmon = Coherence, Topological Qubit = Phase & Topology’




Our strategies

PLD Photo lithography MBE
& ALD

Buffer layer .
4 Topological g temperature

msilator superconductor

LaAlO; or STiO;

LaAlO; or SITiO; substrate
substrate
PLD Nano ernin Transfer
Bl 9 (Support: PDMS, silicone/PET)
Topological insulator High-temperature
Laser # superconductor
—J

LaAlO; or SITiO,
substrate

LaAlO; or SITiO;

substrate
PLD FIB milling Photo
lithography &
ALD
Topological
Laser insylator

LaAlO; or SrTiO;
substrate

LaAlO; or SrTiO;
substrate

SOLID

Spintronics & Oxide lab. for Interface Device




YBCO Epitaxial Thin Film Growth



KrF Xcimer
248, nm
~25 ns pulse.

Stoichiometric depositionﬁ(—'/Hig ity kinetic
multicomponent materials growth process




Pulsed Laser Deposition
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Fabrication and characterization of film

® Fabrication technique

" Pulsed Laser Deposition (PLD)
or Laser Molecular Beam Epitaxiy(LMBE)

® Growth condition
" T,:500~900°C

® Py :5.0x108 ~1.0 Torr Screen

® Fluence : ~2.5 J/lcm? (4 Hz)

® Advantages

®» Many growth parameter to change |

® Kinetics of ablated species is controllable 0, RP
® Atomic layer is controllable with RHEED




tu Reflection High Energy Electron Diffraction (RHEED) monitoring
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RHEED pattern

Unit cell RHEED oscillations
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Specular spot intensity : /,
Number of unit cells : N
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La,,Sr, sMn0,/SrTiO, Nano-scale controlled superlattice

Heater
Z Superlattice
\ UV laser

Plasma

0 100 200 300 400 500 600

Time(sec)
Physical properties is better for
2.

Target carusol -
5 low P, grown superlattice

Intensity(arb. units)

‘ L
£ 20 High kinetics
£ 15] 1x10° Torr
10|
STO 05|
< o.o- NS
LSMO $9669¢ 0 50 100 150 200 250 300 350

2322 LL Temperature(K)
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Scanning Transmission Electron Microscopy (STEM)

High kinetics |

High kinetics derives
sharp interface!!!

The interface is the device

-Herbert Kroemer
(Nobel Lecture,2000)

1

Ready for device application
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_YBCO Epitaxial Thin Film Growth

Properties of YBCO Thin Films
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YBCO Epitaxial Thin Film Growth

RSM (Reciprocal Space Mapping)

STO (103) STO (301)

Q_ (1/nm)
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ab twinning




YBCO Epitaxial Thin Film Growth

Properties of YBCO Thin Films

@(phi) scan Pole figure
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YBCO Epitaxial Thin Film Growth

Properties of YBCO Thin Films

TEM (Bright field images)




YBCO Epitaxial Thin Film Growth

Properties of YBCO Thin Films

TEM (High resolution images)

SOLID

Spintronics & Oxide lab. for Interface Device




YBCO Josephson Junction



 YBCO Josephson Junction

Properties of YBCO Thin Films R/T data

Bi-Crystal YBCO #1 M E 0 i
i = 1: 3} Tc:92K 3: 1 Tc:86K
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YBCO Josephson Junction

Properties of YBCO Thin Films

XRD: 20-w scan
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YBCO Josephson Junction

Properties of YBCO Thin Films
XRD: ¢@(phi) scan

YBCOJsingle-STO YBCO/bi-STO
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 YBCO Josephson Junction

Properties of YBCO Thin Films

XRD: pole figure

YBCO/single-STO YBCO/bi-STO




 YBCO Josephson Junction

Device Fabrication Method

1. Initial State 2. Photoresist (PR) Process

3. Wet etching 4. Photoresist (PR) remove




 YBCO Josephson Junction Width : 5 pm

Josephson Effect Measurement
YBCO/STO(bi-crystal) #M7



 YBCO Josephson Junction

Josephson Effect Measurement

YBCO/STO(bi-crystal) #M7

RT data IV curve
Line 1-1
2,000
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 YBCO Josephson Junction

Josephson Effect Measurement

YBCO/STO(bi-crystal) #M7 Fraunhofer pattern
Line 1-1 400
measured AB =21 Oe D, D,
—fitting AB =

Ay W - degy

deff = tbarn'er + /11 + /12 = ZAL
~ 197 nm
(A, = 98 nm)

lc (uA)

200

* Quasi-particle =X}

« Grain boundaryd| defect %
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0~ 50 0 50 « Trap hole =X

Field (Oe)




YBCO 5 GHz Resonator Fabrication



- YBCO/Sapphire Resonator

Device Design

Coupling gay
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YBCO/Sapphire Resonator

Device fabrication stage

1. YBCO thin film 2. PR coating 3. UV exposure 4. Develop
uv
! ! | | | l | l | ! [
— e ——r— e —
Sapphire Sapphire Sapphire Sapphire
5-1. RIE(CCP) etch (before) 5-2. RIE etch (after) 6. PR removal
RIE (gas: Ar)
l ! ! [ l ! l [ ! ! l
s e B o
Sapphire Sapphire Sapphire
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 YBCO/Sapphire Resonator

Photo mask




Summary

[Background & Objective]

Conventional superconducting qubits require extreme cryogenic temperatures, and decoherence driven by
quasiparticle poisoning remains a significant bottleneck. This study proposes a novel topological Josephson
junction using a High-Temperature Superconductor (HTS) and Topological Insulator (TI) heterostructure to
overcome these limitations.

[Progress & Future Roadmap]

1.Baseline Device Verification (Completed): We have fabricated YBCO Josephson junctions using SrTiO3
(STO) bi-crystal substrates and established baseline performance through transport property measurements.

2.HTS-TI Junction Implementation (Planned): Building on these results, we will optimize the deposition of
Bi,Se; on YBCO films to achieve high-quality interfaces and characterize the resulting topological
superconducting properties.

3.Final Goal: Our ultimate objective is to integrate the Bi,Se; topological junction into a 1-qubit device and
verify its enhanced coherence and quasiparticle suppression compared to conventional architectures.




