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1. Light-superconductor interaction in mesoscopic system

2. Introduction to Superconductivity

3. Introduction to Josephson Junction

4. Josephson Junction with light

5. SC-light interaction: optical regime

6. SC-light interaction: microwave regime



“Light” + “Superconductor”
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1. Photon Detector 2. Qubit Control/Readout 3. Non-equilibrium QM

Array of TESTransition Edge Sensor (TES)

Superconducting 
nanowire single photon 

detector (SNSPD)

[Science 331, 189-191 (2011)]
transient high-Tc
superconductivity

Floquet state

[Science 342, 453-457 (2013), 
Nature 603, 421–426 (2022)]



Energy Scale Comparison
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항목 에너지 𝑬 파장 𝝀 온도 𝑻

Optical photon ~1.0–3.0 eV 0.4–1.2 μm 10,000–30,000 K

Infrared photon ~10–200 meV 6–120 μm 100–2,000 K

THz photon ~1–10 meV 30–300 μm 10–100 K

Superconducting
gap

~0.1-1 meV
(Al, Nb, etc.)

1-10 K

Microwave photon
(6 GHz)

~25 μeV 5 cm 0.3 K

Dilution refrigerator 
temperature

~1 μeV 0.01 K

- (Ephoton > Δ) photons break Cooper pairs
→ good for photon sensor

- (Ephoton < Δ) no effect on SC itself
→ good for qubit operation

• Energy 𝐸 = ℎ𝑓(= ℏ𝜔) = 𝑘𝐵𝑇

• Wavelength 𝜆 = Τ𝑐 𝑓 = Τℎ𝑐 𝐸

- (Ephoton > kBT)
→ non-equilibrium without 
thermal excitation



Mesoscopic System (중시계)
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*system size 𝐿, coherence length 𝐿𝜙

중시계 (mesoscopic system)미시계 (microscopic system) 거시계 (macroscopic system)

𝐿 ≲ 𝐿𝜙 𝐿 ≫ 𝐿𝜙𝐿 ≪ 𝐿𝜙

photon, atom, molecule, etc.
𝐿 ~ Å

graphene, 2DEG, nanowires, JJs
𝐿 ~ 𝜇𝑚

human, cat
𝐿 ~ 𝑚

In a mesoscopic system, even a single photon can trigger a nonequilibrium quantum response.In a mesoscopic system, even a single photon can trigger a nonequilibrium quantum response.



Introduction to
Superconductivity
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Superconductivity (1911)
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Ehrenfest

Lorentz Bohr

Onnes

He Liquefier

Superconductivity of Mercury (1911)

[1919]



History of Superconductor
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Quantum Electronics
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- Study of quantum mechanical behavior of electrons in solids

e.g.) quantum coherence,
superconductivity

Classical Mechanics

Quantum Mechanics

Electrical EngineeringElectromagnetics

Mechanical Engineering

Quantum Engineering

Fundamental Science Applied Science

ex.)
Engine

ex.)
CPU

ex.)
Quantum Computers



BCS theory (1957)
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1023 electrons in superconductor 
form a single quantum state

e-

e-

e-

+ +
++

+ +
++

in BCS superconductor

lattice

Cooper pair

Spin-singlet (anti-sym.) 

ۧ|𝑆 =
1

2
ۧ| ↑↓ − ۧ| ↓↑

Orbital : s-wave (sym.)

Macroscopic quantum phenomenaMicroscopic mechanism – BCS theory (1957)

𝜓 𝑒𝑖𝜑

e.x.) BEC 
condensate



Introduction to
Josephson Junction
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Superconducting Electronic Device
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[Slide from Prof. 정연욱] 



Tunneling Josephson Junction (JJ)

13

e e

Predicted by B. D. Josephson in 1962

Non-SC barrier
e.g.) insulator, normal metal, 
constriction

Ψ1 =
𝑛1 𝑒

𝑖𝜑1

Ψ2 =
𝑛2 𝑒

𝑖𝜑2

𝐾
Superconductor

𝐾

𝑉

𝑛: density of Cooper pair
𝜑: phase of order parameter
𝐾: Coupling parameter

Equation of motion for JJ 𝑖ℏ
𝜕Ψ1
𝜕𝑡

= 𝑈1Ψ1 − 𝐾Ψ2

𝑖ℏ
𝜕Ψ2

𝜕𝑡
= 𝑈2Ψ2 − 𝐾Ψ1

𝑈1 − 𝑈2 = 𝑞𝑉
𝑞 = 2𝑒

We set 
𝑈1+𝑈2

2
= 0, then 𝑈1 =

𝑞𝑉

2
, 𝑈2 = −

𝑞𝑉

2

𝜕Ψ1

𝜕𝑡
=

1

2 𝑛1
𝑒𝑖𝜑1

𝑑𝑛1

𝑑𝑡
+ 𝑖 𝑛1𝑒

𝑖𝜑1
𝑑𝜑1

𝑑𝑡
=

𝑞𝑉

2𝑖ℏ
𝑛1𝑒

𝑖𝜑1 −
𝐾

𝑖ℏ
𝑛2𝑒

𝑖𝜑2 - Eq. (1)

𝜕Ψ2

𝜕𝑡
=

1

2 𝑛2
𝑒𝑖𝜑2

𝑑𝑛2

𝑑𝑡
+ 𝑖 𝑛2𝑒

𝑖𝜑2
𝑑𝜑2

𝑑𝑡
= −

𝑞𝑉

2𝑖ℏ
𝑛2𝑒

𝑖𝜑2 −
𝐾

𝑖ℏ
𝑛1𝑒

𝑖𝜑1 - Eq. (2)

1 × 𝑒−𝑖𝜑1, 2 × 𝑒−𝑖𝜑2

1

2 𝑛1

𝑑𝑛

𝑑𝑡
+ 𝑖 𝑛1

𝑑𝜑1

𝑑𝑡
= −𝑖

𝑞𝑉

2ℏ
𝑛1 + 𝑖

𝐾

ℏ
𝑛2𝑒

𝑖 𝜑2−𝜑1 - Eq. (1)’

1

2 𝑛2

𝑑𝑛

𝑑𝑡
+ 𝑖 𝑛2

𝑑𝜑2

𝑑𝑡
= +𝑖

𝑞𝑉

2ℏ
𝑛2 + 𝑖

𝐾

ℏ
𝑛1𝑒

−𝑖 𝜑2−𝜑1 - Eq. (2)’

Phase difference: 𝜑 ≡ 𝜑2 − 𝜑1



DC & AC Josephson Relationship
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• Real part of Eqs. (1)’’ and (2)’’

• Imaginary part of Eqs. (1)’’ and (2)’’

𝑑𝑛1
𝑑𝑡

= −2
𝐾

ℏ
𝑛1𝑛2 sin 𝜑

𝑑𝑛2
𝑑𝑡

= +2
𝐾

ℏ
𝑛1𝑛2 sin𝜑

by using 𝑒𝑖𝜑 = cos𝜑 + 𝑖𝑠𝑖𝑛𝜑,

𝐼𝑠e e

DC Josephson relationship
𝐼𝑠 = 𝐼𝑐sin𝜑

𝑑𝜑1
𝑑𝑡

= −
𝑞𝑉

2ℏ
+
𝐾

ℏ

𝑛2
𝑛1

cos𝜑

𝑑𝜑2
𝑑𝑡

=
𝑞𝑉

2ℏ
+
𝐾

ℏ

𝑛1
𝑛2

cos𝜑

If 𝑛1 ≈ 𝑛2,

𝑑𝜑

𝑑𝑡
=
𝑑𝜑2
𝑑𝑡

−
𝑑𝜑1
𝑑𝑡

=
𝑞𝑉

ℏ
=
2𝑒𝑉

ℏ

AC Josephson relationship
𝑑𝜑

𝑑𝑡
=
2𝑒

ℏ
𝑉

1

2 𝑛1

𝑑𝑛1

𝑑𝑡
+ 𝑖 𝑛1

𝑑𝜑1

𝑑𝑡
= −𝑖

𝑞𝑉

2ℏ
𝑛1 + 𝑖

𝐾

ℏ
𝑛2(cos𝜑 + 𝑖 sin𝜑) - Eq. (1)’’

1

2 𝑛2

𝑑𝑛2

𝑑𝑡
+ 𝑖 𝑛2

𝑑𝜑2

𝑑𝑡
= +𝑖

𝑞𝑉

2ℏ
𝑛2 + 𝑖

𝐾

ℏ
𝑛1 cos𝜑 − 𝑖 sin𝜑 - Eq. (2)’’

Supercurrent:

𝐼𝑠 ∝ −
𝑑𝑛1
𝑑𝑡

=
𝑑𝑛2
𝑑𝑡



Equation of motion of
the phase particle in 
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Josephson Junction
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Typical Current-Voltage Characteristics of JJ
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e e e e
e

e

X



Angle Evaporation for Tunneling JJ
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Various Types of Josephson Junction
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투과형조셉슨접합
(tunneling Josephson junction)

근접형조셉슨접합
(proximity Josephson junction)

Tri-layer process
Double-angle
evaporation

선천성조셉슨접합
(intrinsic Josephson junction)

L ~ 100 nm

[G.-H. Lee et al.,
Nature Comm., 2015]

[Doh et al., Science, 2005]

Bi2Sr2CaCu2O8+x

Graphene

Nanowire

underdamped overdamped multiple-branch



Josephson Junction
with light
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Shapiro step (1963)
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Microwave
(= AC biasing)

𝑑𝜑(𝑡)

𝑑𝑡
=
2𝑒𝑉(𝑡)

ℏ
𝜑 𝑡 ∝ sin𝜔𝑡

𝐼𝐽 = 𝐼𝑐 sin 𝜑(𝑡) ∝ sin(sin𝜔𝑡)

𝑉 𝑡 = 𝑉𝑎𝑐 cos𝜔𝑡

Resonance of Josephson 
junction with microwave

𝑉𝑛 = 𝑛
ℏ𝜔

2𝑒
(𝑛=integer)

“AC→DC 
converter”

𝐼𝑏/𝐼𝑐 = 0.45 𝐼𝑏/𝐼𝑐 = 0.55

𝐼𝑏/𝐼𝑐 = 0.65

with same microwave frequency

[from 박진호,최용빈]



Voltage Standard (전압표준), “AC→DC”
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𝑉𝑛 = 𝑛
ℏ𝜔

2𝑒
(𝑛=integer)

기본상수(Fundamental constant)

~2.07 V/GHz

~70,000 Josephson Junctions in Series

Schematics of Voltage Standard

[F. Mueller et al. (2009)]

10V voltage standard I-V curve

• Standard voltage generation 
using Shapiro steps



Voltage Pulse Generation
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위상입자
(Phase particle)

Washboard
potential

Po
te

n
ti

al

Phase (f)

f=0

f=2

A voltage pulse generated when the phase 
particle crosses a potential barrier.

~Dsc/e~kBTc

~1 ps-short voltage pulse generation

Flux quantum



JAWS & RSFQ
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Josephson Arbitrary Waveform Synthesizer (JAWS)

Rapid single flux quantum (RSFQ)

v.s.

Accurate pulse generator

[I. V. Vernik et al., 2014]

• A digital logic device using Josephson pulses instead of 0/5V voltages

• Data encoding, processing, and transmission are performed with ultra-short pulses (~1 ps)

→ enabling high-speed operations (100 GHz clock speed).

• Voltage pulses travel through superconducting wires

→ preventing heat generation and eliminating overheating issues.

Example of RFSQ device



Terahertz Generation
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Safer to human body than X-ray

• The development of THz-band generation devices is still under progress.

Application of THz for security

𝑑𝜑

𝑑𝑡
=
2𝑒𝑉

ℏ

[U. Welp et al., 2013]

, 2e/h ~ 0.4836 THz/mV

10 mV DC voltage generates ~4.8THz wave

Intrinsic Josephson Junction

𝑑𝜑(𝑡)

𝑑𝑡
=
2𝑒

ℏ
𝑉DC

𝜑 𝑡 =
2𝑒

ℏ
𝑉DC𝑡

𝐼𝐽 = 𝐼𝑐 sin
2𝑒

ℏ
𝑉DC𝑡

DC voltage
↓

AC current

Josephson-vortex-flow THz emssion

[M.-H. Bae et al., 
PRL (2007)]
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SC-light interaction:
optical regime



SC - Many-body interacting QM system
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1023 Cooper pairs are coherent.

𝜓 𝑒𝑖𝜑

Similar to “Coherent state” in 
quantum optics (e.g., Laser)

DND ~ 1

ۧ|𝛼 ~𝑒𝛼𝑎
†

ۧ|0

ۧ|ΨBCS ~𝑒
σ𝑘 𝛼𝑘𝑃𝑘

†
ۧ|0

𝑃𝑘
† = 𝑐𝑘,↑

† 𝑐−𝑘,↓
†

Cooper pair creation operator:

Particle number –
quantum phase 

uncertainty: 

in BCS superconductor

lattice

Cooper pair

Spin-singlet (anti-sym.) 

ۧ|𝑆 =
1

2
ۧ| ↑↓ − ۧ| ↓↑

Orbital : s-wave (sym.)

Cooper pairs form
a condensate at zero energy.

↓
“Electron” and “hole” are similar in SC.



Mean-field BCS Hamiltonian*
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* Optional slide

BCS Hamiltonian :

BCS took mean-field approach, where k state depends only on the average of k’≠k states.

Mean-field BCS Hamiltonian :

number operator :

average fluctuation

Now, particle number is not conserved.

(Grand canonical ensemble)

Mean-field approximation

𝑐−𝑙↓ 𝑐𝑙↑

𝑐−𝑘↓ 𝑐𝑘↑

phonon

Electron-electron interaction via phonon exchange

lattice



Diagonalizing HM *
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Mean-field BCS Hamiltonian :

Choose a smart unitary transformation to have diagonal form of HM

Bogoliubov(-Valatin) transformation (1958).

Constant

(condensation energy)

, where

,

Bogoliubons

Vacuum : BCS ground state

Bogoliubon is a mixture of electron and hole.

Excitation of new-quasi-particles,

called Bogoliubons



Introduction to BCS
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• Excitation in superconductor (Bogoliubov quasiparticles or ‘Bogoliubon’ ) = mixture of electron and hole in SC

𝑁𝑠 𝐸

E

Normal metal Superconductor

D
Cooper pair condensate0 0

DNDf ~ 1

DN≪1, Df≫1 DN≫1, Df≪1

No energy cost

E

≈ +𝑐† 𝑐 𝑐† 𝑐†

𝛾𝑘+
† = 𝑢𝑘 𝑐𝑘↑

† − 𝑣𝑘
∗𝑐−𝑘↓

𝛾𝑘−
† = 𝑣𝑘 𝑐𝑘↑ + 𝑢𝑘 𝑐−𝑘↓

†

• Bogoliubon for usual s-wave SC

𝛾1 = 𝑐† + 𝑐 𝛾1
† = 𝑐 + 𝑐†=

* For a spinless case, in a special condition,

: create k and spin ↑

: create -k and spin ↓

Majorana!

,with excitation energy 𝐸 = 𝜉2 + Δ2

• 𝜉: the normal single-particle energy  above 𝐸F
• Δ: superconducting gap

• 1-to-1 btw. 𝑁𝑠(𝐸) and 𝑁𝑛 𝜉 : 𝑁𝑠 𝐸 𝑑𝐸 = 𝑁𝑛 𝜉 𝑑𝜉

If 𝑁𝑛 𝐸 = 𝑁𝑛(0),  𝑁𝑠 𝐸 = 𝑁𝑛 0
1

Τ𝑑𝐸 𝑑𝜉
= 𝑁𝑛 0

𝐸

𝐸2−Δ2



Tunneling Spectroscopy
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Superconducting Gap
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Photons Break Cooper Pairs
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Single photon hits superconductor.
↓

Two quasiparticles(qps)
with high energy are created.

↓
Phonons are emitted

while qp energy decreases.
↓

More qps with lower energy are created.
↓
⁞

↓
Total # of qps: 𝑁qp = 𝜂 ∙ ℎ𝜈p/Δ

𝜂: qp generation efficiency

→ some phonons escapes to substrate

↓
Lower 𝜂 below 1



Kinetic Inductance in Superconductor
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[ChatGPT]

𝜎2 𝜔 =
𝑛𝑒2𝜏

𝑚

𝜔𝜏

1 + 𝜔2𝜏2

=
𝑛𝑒2

𝑚

𝜔

1/𝜏2 + 𝜔2

𝜎2 𝜔 =
𝑛𝑒2

𝑚𝜔

𝜏 → ∞
𝑛 → 𝑛𝑠

𝐽 𝜔 = 𝜎 𝜔 𝐸 𝜔

=
1

𝑖𝜔𝐿𝑘
𝐸 𝜔

𝑖𝜎2 =
1

𝑖𝜔𝐿𝑘

SC Kinetic inductance:

𝐿𝑘 =
𝑚

𝑛𝑠𝑒2

: SC electrons

전류를시간에따라바꾸려면전자를
가속운동시켜야하는데에너지필요

→ “인덕턴스”에해당



Microwave Kinetic Inductance Detector (MKID)

46

55Fe source, which emits 5.9-keV X-rays

coplanar waveguide (CPW)

Resonance frequency:

𝜔𝑟 =
1

𝐿𝐶

𝑛𝑠↓, 𝐿↑, ω𝑟↓



1,550-nm NIR Single Photon Detection
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[Science 372, 409-412 (2021)]

𝐼𝑏 = 10.90 𝜇𝐴

1. Poisson distribution
2. Mean count ∝ Laser power

Single photon detection



Superconducting Nanowire Single Photon Detector (SNSPD)
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[IDQ]

[Single Quantum]



Thermal Detector
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• No need to collect electron
• No threshold
• Robust against impurities
• More freedom to choose material

Array of TES

• Er: Photon energy
• C : Heat capacity
• G : Thermal conductance

Time

Te
m

p
er

at
u

re

Transition Edge Sensor (TES)

Smaller C
↓

Higher temperature rise
↓

Faster cooldown
(shorter deadtime)



Graphene for Absorber
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n=2×1011 cm-2

[PRX 2012)]

Small Electronic Heat Capacity Graphene JJ MW bolometer TBG bolometer

half-wavelength

Specific heat capacity of 
monolayer graphene: 

Ce ~ 10kB/m2 (@ T=0.1 K, 

n=1.7×1012 cm-2)
Fundamental limit 
of NEP is reached.
Fundamental limit 
of NEP is reached.

[Nature 586, 42–46 (2020)] [Sci. Adv. 10, eadp3725 (2024)]
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SC-light interaction:
microwave regime



Quantum Computer (양자컴퓨터)
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Google – superconducting QC

IBM – superconducting QC

Intel – Silicon-based QC

Microsoft – Topological QC

A computation device based on quantum mechanics.

Using superposition of 
quantum mechanics

Many groups working on QC

Quantum parallelism (양자 평행성)

Application of QC



Quantum Bit, Qubit (큐빗)
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[J. R. Petta et al., Science (2005)]

Semiconductor-based qubit

nuclear
spins

Blatt et al, Nature (2008)

Trapped
ions

Long quantum coherence time
Poor scalability, hard to control

“traditional” quantum systems “artificial” quantum systems

High scalability and flexibility in design
Difficult to remove decoherence

photons

courtesy of A. V. Ustinov

Superconductor-based qubit

Macroscopic quantum 
coherence of 
superconductor

Vandersypen et al., Nature (2001)

Politi et al, Science (2009)

|u〉 |d〉

|V〉 |H〉

|g〉

|e〉

Electron spins in 
quantum dots of 
GaAs/AlGaAs
heterostructure

: Josephson junction

Bit v.s. Qubit

Bloch Sphere (1 qubit)



Quantum LC Resonator

54



Josephson Inductance
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Inductance describes voltage drop, 𝑉, induced by the change of current, 𝑑𝐼/𝑑𝑡,
𝑉 = 𝐿 × (𝑑𝐼/𝑑𝑡).

For Josephson junction,

𝐼 changes in time

→ 𝜑 changes in time (DC Josephson relationship)

→ 𝑉 appears (AC Josephson relationship)

Josephson inductance

Josephson junction is a ‘quantum’ nonlinear inductor.



Anharmonic LC resonator
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Shunting Capacitor
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Energy diagram as a function of charging

Energy stored in C: 𝐸 =
𝑛𝑒 2

2𝐶
= 𝐸𝐶𝑛

2

To minimize effect charge noise, 𝐸𝐶 was decreased by adding big capacitor.



Coplanar Waveguide (CPW) coupled to Transmon
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“Cooper pair box”

C-shunted JJ
LC resonator

Coupling C

Controlling EJ

Air Column Resonance
(기주공명)



Flux control of Transmon Frequency
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𝜔 =
1

𝐿𝐶





Qubit-Resonator Interaction
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Qubit and resonator are capacitively coupled.

Color: absorption 

through readout line



Qubit Measurement (Dispersive regime)
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Qubit state Resonator state



Single Qubit Operation
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Rotation angle
= speed × duration
= area of pulse envelope

[Rabi oscillation]
– rotation around axis in x-y plane

[Flux-bias control]
- Rotation around z-axis

• Time evolution give ‘dynamic’ 
phase accumulation as,

| ۧ𝜓 → 𝑒𝑖𝐸𝑡/ℏ| ۧ𝜓 .

• Then, energy difference gives phase 
difference between | ۧ0 and | ۧ1 as,

| ۧ0 + | ۧ1 → 𝑒 Τ𝑖𝐸0𝑡 ℏห

ห

ۧ0 +

𝑒 Τ𝑖𝐸1𝑡 ℏ ۧ1 = 𝑒 Τ𝑖𝐸0𝑡 ℏ൫

൯

| ۧ0 +

𝑒 Τ𝑖(𝐸1−𝐸0)𝑡 ℏ| ۧ1 .

• Flux-bias control can change the 
qubit frequency: ℏ𝜔𝑞 = 𝐸1 − 𝐸0



Qubit-Qubit Coupling
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Two-Qubit Processor
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l/2

l/4 l/4



Packaging / Development Trend
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Google

The performance of qubits is tripling every year.

c.f.) Moore's Law: semiconductor integration density doubles every two years.



Hybrid system using coplanar waveguide
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