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Outline

»Josephson effects and junctions
» Electronic applications

»Modern superconductor electronics



The discovery of superconductivity

112 years of liquid helium
(as of 2020)

- 1908: Heike Kamerlingh Onnes,
University of Leiden:

first liquification of helium

(7= 4.2K at p=1 bar)

(a few drops only!)

1911: discovery of superconductivity
1913: Nobel prize

RISE, Nanjing Uni.



Critical temperatures of some elements

T (K)
He
(.03
TH ¥V In
{3 39153 {186
Z:r INb iMoo | Tec | Ru it
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151 8 1491745100117 10.66i0.14 4.2
{:ﬂq fu
5 {11
Th i Pa Uﬂ
141144 2




Superconductors

010 Tc = 125 K Bi2 y CaCL!Q Tc =86 K K—(BEDT-TTF)QCU(NCS)Z K3 Picene, TC =18 K
T.=13K




Magnesium diboride

e 0o 0o 6 @ st ee
0 @ P S =Sy TR TR PP

0..'..‘4'.“
Sy ¥

Nagamatsu, Jun; Nakagawa, Norimasa; Muranaka, Takahiro; Zenitani, Yuji; Akimitsu, "Superconductivity at 39 K in magnesium
diboride". Nature, 410 (6824), 63—4 (2001).

RISE, Nanjing Uni.
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Current transport in conventional superconductors

Cooper pairs:

-k

k
Spin singlet state ‘—) D S—

Attractive interaction Electron-Phonon

Coherence length: 100 nm >> atomic distance
Ginzburg-Landau
( g ) Akb

Order parameter: A=A,
(homogeneous, isotropic)

Largely homogeneous and isotropic current transport




Macroscopic wave function and phase coherence

Wave function of the condensate: P (F,t) =P, " “P‘Z p

_ — - 2 o>
Density of supercurrent: j= ZGrﬁi P VY -¥VVY) - ﬁ]“{l‘z A

. eh d 2
il

» Most important point is the fact that electrons are

described by a single macroscopic wave function

» The phase is coherent over macroscopic distances
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RISE, Nanjing Uni.

http://blog.sciencenet.cn/blog-22926-582521.html
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JOSEphSOn EffECtS (1962), named after Brian Josephson (1973 Nobel Prize in Physics)

Single Josephson junction analog

current
I

Wavefunctions of superconducting electrodes: M
P, = | |exp(ip)), ¥, =|¥,|exp(ig,)

fe 2e - 1 v
27th D,

Josephson junction is a
quantum dc voltage-to-
frequency converter
1uV ¢»483.59767 MHz
ImV «»483.59767 GHz

RISE, Nanjing Uni. 13

http://www.msm.cam.ac.uk/ascg/lectures/
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JOSEphSOH EffECtS (1962), named after Brian Josephson (1973 Nobel Prize in Physics)

Anharmonic oscillator

Rotating state---voltage state

Single Josephson junction analog

o UR

L
. @

S L

c (,% z,o)‘m

M

CRe L T HFERH

Eiﬁ%iﬁzlb
E=C
BHS=1/R

RAZERFRE M=,

I Z=E=¢

RISE, Nanjing Uni.

Torque=7
%ﬁ']ﬁ%#\%
Bﬂ):l:'.%\%FDf

BEI5lEMN&RANEE
=mgL

REEEZNAE=0

14



Curre nt'VOItage characteristics determined by junction structure and barrier material.

Junction parameters are mainly critical current |, resistance R, and capacitance C.

Bo< 1

\

current
I

-'E F Y ‘E ~
o 2 -
3 / R=1 35 / Be>>1 z
](- [C :/ 8

voltage voltage

/:_ —

—

SNS //// SIS

o

electromagnetic
irradiation

voltage

o
=

photon-assisted
tunneling steps
(quasiparticles)

Current (LA)

RISE, Nanjing Uni.

I, sin27f t
R C=— I.X
Shapiro
steps

2 4 -2 0 2 4
Voltage (mV)

(Josephson effect)

© K.Fossheim and A.Sudbg, “Superconductivity” 15



Typical electronic applications of Josephson junctions

— SQUIDs (magnetometry) _::_ (Superconductlng Quantum Interference Device)

f‘fﬁf

— Voltage standard VSV VL VI VI VT VIR VIRV

— Microwave generators _
(1 GHz — 2 THz) crrr (D _.

S
— RSFQ digital electronics @*+@

RISE, Nanjing Uni. 16



Fabrication of low-Tc Josephson devices

1. circuit layout (CAD)
2. fabrication of photomasks

3. deposition of superconducting
and insulating layers on a wafer

4.photo (or e-beam) lithography
5.dicing the wafer into chips

* Nb-AIO,-NDb * AI-AIO,-Al
— Nb sputtering — Al evaporation
— Al sputtering and oxidation — Al oxidation
- T.=9.2K - T.=1.2K

— J. from 102 to 104 A/cm? — J_from 1 to 102 A/lcm?



Fabrication of Nb-AlOx-Nb junctions

Nb 73nm £ ;

1. Deposition of apaiox |
a multilayer 7™
Nb 105nm |
: photoresist
Nb by SFs AVAIOx
L by Ar-CFs
2. Reactive ion
etching ﬂ
dummy junction -r=ﬁ E
AlLO, 5nm _
3. Anodic insulation + Nb,0, 138nm "1
SiO or SIO,

)
Nb 600nm ”
4. Nb wiring %

RISE, Nanjing Uni.
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Shadow evaporation technique

Electron beam lithography can
produce JJ size < 0.1 um

Al deposition

Wafer

Al-AIO,-Al

RISE, Nanjing Uni.

Electrom beam lithography

19



Sub-micron Al-AlOx-Al JJs produced by electron beam
lithography

3-JJ flux qubit

ipm EHT = 500KV Signal & = SE2 Date :17 Dec 2001
i. _{ WD= 10mm Photo Mo. =8204 Time :11:43

RISE, Nanjing Uni.

20



In-situ fabrication system

Ion Milling E-beam Evaporation

Thermal
Evaporation I

Magnetron Sputter

RISE, Nanjing Uni.



SQU'D (Superconducting Quantum Interference Device)

INSULATOR NIOBIUM COIL

NIOBIUM JOSEPHSON
WASHER JUNCTIONS

AD(B) + 2AD(i) = n- 27

Due to B field Due to junctions

Must be quantized

R. C. Jaklevic et al. Physical Review Letters. 12 (7): 159-160 (1964).



SQU'D (Superconducting Quantum Interference Device)

DC-5QUID
INSULATOR NIOBIUM COIL

CURRENT
1 2 u
/ ' j e
NIOBIUM JOSEPHSON
WASHER JUNCTIONS —

AD(B)+2AD(i) = n- 2

Due to B field Due to junctions

Must be quantized

Maximum supercurrent:

O
|, . =2l.|cosT—=
()

S, max
0]

AVAES

Readout

procedure ® =0

Y




Magnetometers, gradiometers, voltmeters.....

MAGNETOMETER

MAGNETIC FIELD
AAANAAA SQUID—
INPUT

COIL ™~

| \PICKUP

| || | LOOP CURRéNT

GRADIOMETER

WEAKER

FIELD sSQUID &

VOLTMETER
&

currenT (L2

CURRENT RESISTOR

% | STRONGER . O VOLTAGE O=
/F!ELD




Range of biomagnetic fields and environmental fields

After J. Vrba, CTF

B (Tesla)
Earth field =i
4=
IJI 1 D 5]
Environmental Urban nois —0—  Biomagnetic
fields Lyt fields
Car @ 50 r'n-.-I
ﬂ_m ? | %= Lung particles
Screwdriver _._I
@S m 42" | 4= Human heart
#— Skeletal muscles
10 1] | o Fetal heart
44— Human eye
: T &
ICT{".ﬁFpﬁ:gﬂEr-m E_q =il J+ Human brain ()
28 | Human brain
Transistor dis —10 I‘- (response)
1 DL
T 10 15

Magnetometer
resolution

Flux-gate

Proton
precassion

[I Optically
pumped

|:| sUUID

RISE, Nanjing Uni.
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"R » DC-SQUID

e RF-SQUID

!\'

e w
I NERTE O B

R BStRAS |
EESRAES A L' |

=R
RN E

RISE, Nanjing Uni. Provided by Xiangyan KONG @I\ZI(BU
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Bl #7: 1.5 sec

Amplitude(pT)

204

i

—CH3 [ N ——CH4

00 02 04 06 08 1000 02 04 06 08 10
Time(s)

ARASE (MCG)

Amplitude(pT)

JE 27 : 0.4 sec

L iy
wg E o 1~2pT .

&L # (fetal MCG)

ch2
o/\‘_J\/,_,,_.-g o) I |
3 3
30 200 400 30 200 400
ch3 ch4
o) I NS —— ov\\[\»o\/.
3 el
0 200 400 0 200 400
Time(ms)

N100m SBC+1st order gradiometer
150- Average: 100times

g

3

P200m

MEG signal(fT)

8

0.1 02 0.3 0.4 05
Time(s)

B E R R R 5N
(MEG)

Supercond. Sci. Technol, 26 (2013) 065002

I
o

Provided by Xiangyan KONG @NBU



Magnetoencephalography: Heartbeat recording

SQUID Babyscan

Non-invasive fetal diagnostics

sound - doppler

Biomagnetic Imaging & Nanomedicine Laboratory, TcSUH

Rt Ml BT

A. Bradsdeikis,
0 : University of Texas at Houston




Unshielded 4ch MCG System

Main parameters
Sensor 2nd-order SQUID grad.
Reference Vector SQUID mag.

Coil size d=18 mm, b=50 mm
Channel 4 sig.+3 ref.
Bandwidth  0.1-40Hz

MD-U041001, China Noise level 0.4 pTpp @ Averaged
E S |—" ._' E Be the First Commercial System
i : in China
= B BE

RISE, Nanjing Uni.

Provided by Xiangyan KONG @NBU
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RISE, Nanjing Uni. Provided by Xiangyan KONG @I\?%U



MK SQUID B 5E

ZeldoviRgngH R FEST IR BN SQUID
[ Nature Nanotechnology
k l@’ﬂ 8 639 (2013)
MR FeafEfid, B AR
0 6 12 18 24 Pd:z [mT]

600 pK — 500 nm

Nature 539, 407 (2016)

RISE, Nanjing Uni.
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MK SQUID B 5E

RISE, Nanjing Uni.
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Applications in a transition-edge bolometer

10

p————

Q0

+++++++

Resigtance [mOhm]

Transition curve
of tungsten

98 100 102 104

Temperature [mK]

Amplifier

Passive THz camera
IPHT Jena



Voltage standard with Josephson junction array

TIIpAJ

*V_=nfh/2e

Yimy)

-—_

=

-2 -1
’N l i
100 4

electromagnetic
irradiation

current ‘

RISE, Nanjing Uni.



Circuits for Josephson Voltage Standards

- Improved microwave design
8192 junctions (14 bit)

f =70 GHz

500 pV/div

1.5 mASdiv
i L

=5 4 3 2 -1 0 1 2 3 4 5
Current // mA E——

Picture of a 1-V series array consisting of 8192 SINIS junctions
divided into a binary sequence

© PTB Brauschweig (group of Dr. A.B.Zorin)

RISE, Nanjing Uni.



Conventional 10 V voltage standard

13 984 SIS junctions
137 931 voltage steps between -10V and +10V
at | = 0; parasitic resistances not effective

100 uA F’M /

| J J‘ﬁ'?OGHz r |
JJ ‘

*Rapid adjustment of a certain voltage is difficult
*AC-voltage generation requires rapid and programmable switching

between the reference voltage steps
*T0 achieve a defined number of steps per junction one has to use highly

damped Josephson junctions in series arrays:. SINIS- or SNS-junctions
© J. Niemeyer (PTB)

i

#'ﬂ!Il]|I|I||'|||||||'II'|
AL AR T

40V

[ T e

e M AR O B

uulynui!Htm]rttrh

RISE, Nanjing Uni.



Comparison of Josephson voltage standards

Laboratory and date

DFEN 91-00 I I -
PTE #1-05
DFkd 91-05
LCIE 9107
WEST 91-10
NEC 91-10
ML 9Z-0]
LCIE 92-02
ETL §2.05
OFBET 922-11
HEAi 2303
LCIE 94-0%
KEREER 9504

MSEL 9503
D F5-08
HIBA ¥5-11

SF 9504

EMN -1
CEM 97-10
FIE #3401

SF SE-DL

[2)

rrrrrtrrrrerrrrrrrrrrd

i
=
-—

= ]

107 (Thw - Usoru)'l's

- [ -1 Y (| -

™ -

© J. Niemeyer (PTB) Urrn — Upgrsa = -3 - 107" V with a relative uncertainty of 5- 107"V

RISE, Nanjing Uni.
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Programmable Voltage Standard

Computer controlled bias sources
@ () o /)

\>/ >/ \>/

f |U,| 2U,| 4U, 8U,

>————-——————— ———————— — ® ® Load
b Output voltage "

Hamilton et al., IEEE Trans. Instrum. Meas. 44, 223 (1995) © J. Niemeyer (PTB)



SINIS junctions integrated into a stripline

Nb cover plane

© J. Niemeyer (PTB)

RISE, Nanjing Uni.

Impedance: 5 O

Area of a
single junction:

12 pm x 30pm

39



PTB SINIS voltage standard

- 69,632 SINIS junctions divided into binary segments

- 128 microwave branches (containing up to 562 junctions)
DC blocking SINIS series array resistive load LF bond pads

capacltnrs T A
e T
e
-
L
.
o
Lt L

plane

junction areas: 12 pm x 30 gm chip size: 10 mm x 24 mm
© J. Niemeyer (PTB)

RISE, Nanjing Uni.
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Programmable 10-V-Josephson-Standard

20 S T 7 100 : .
16 | | AID-357/11 3 ] B0 | AID-357/ 11
10 b : el §
N Z
_5 6 - = ; 20
=] o 53. 0
E 5k 1 - -20}
e 3 o 40 ]
g ~10 E .0} ]
"ank f=70 GHz - E g0l f=70 GHz ]
_zo L 1 | 1 1 L §.1°D H . A ik
-8 -8 2 0 2 4 © 8 4.2 4.4 4.6 4.8 5.0 5.2
Stromstarke //f mA —— Stromstirke 1/ mA ———

*Current step 600 pA

» 70000 SINIS Josephson contacts
*Operation with rapidly switchable
computer controlled current source

© J. Niemeyer (PTB)

Applications:

*Quantum voltmeter for AC and DC
voltages

* Primary standard for the electrical power
e Linearity measurements (DC)

RISE, Nanjing Uni.
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FKiPIRENZ IR R
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ZEmMH , BES10
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RISE, Nanjing Uni.

........................

4 —250mV rms

—ACJVS Off

100 200 300 400 500
Frequency (kHz)

SERERIE , BB , SRR
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Terahertz Astronomy

I.'-", MAANT \ |:l :I' AR 'r. 11
WRAVAVAYAYATLTLTNL
|y \ | VW N I‘I Yee

E.
=
=
s
=
]

—

L Gamma Rays

Observation at THz/FIR band -- probing cold universe: colder (information), earlier, dust-obscured objects,
more spectral-line probes

Frequency v [GHz]

10° 10° 10* 10° 10° 10'
]_[j'dg T T T T T T
Dole et al., 2006, A&A, 451, 417
107k E
"u'E L
PR E
z  f ]
107 E
lD—m Lo owasenl PRI TN 0 ®
1 a 1 5 . .
7 0 IDWavdeigfhl[m}na o 0 lvison et &ﬁ] 20008 - it
-50 0 50
Stellar light Stellar light Last sRA. (arcsec) .
absorbed & scattering SCUBA (COI’]tOUI’) vs HST (|mage) THz molecular &
reemitted by  surface “Dark” submm sources w/o atomic lines
dust optical IDs ( “fingerprints” )
. . . 45
Provided by Jing Li

Credit: Dole/Ivison/Walker/HERSCHEL



Radio astronomy M51 Whirlpool galaxy

Horsehead nebula

Visible light

mm waves
detected by
SIS receiver

IRAM Grenoble




Josephson tunnel junctions under microwave irradiation

photon-assisted
tunneling steps
(quasiparticles)

Shapiro
steps
(Josephson effect)

Current (HA)

Voltage (mV)

© K.Fossheim and A.Sudbg, “Superconductivity”



THz receiver based on superconducting tunneling junction

N

——» Mixer |— IF Amplifier |—»

T

Local
oscillator

= L.ow mixer noise T
= Conversion gain G

mixer

Josephson pair current |
1s suppressed by magnetic field

Receiver noise temperature

To=T

IMINET

TG

IMxCI

*—— Without RF

v

SISESizslm: AIEILEFil
BR (7. =hv/k,) (hREBEE
W, veLllEME, kKEKR%
SEH) . —KRE2ZFNEHE
T PR

. NI KRE, RIAFER
MBI R, RERENA

205 K@0.8 THz, 5{EHI=FMEE
' FEFBR



Atacama Large Millimeter / submillimeter Array

Al NAA

Atarama Laroge Millimeater/submillimatar Arraw

\ Atacama Desert J
. Parugasy ,

#w

RISE, Nanjing Uni.

Pics from internet
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http://alma.mtk.nao.ac.jp/e/
http://alma.mtk.nao.ac.jp/e/

Superconducting SIS mixers for ALMA

[aTACAMA LARGE MILLIMETER ARRAY]
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iram

evlial e
Hasthuna sreasairmie
Wl i) s

Close view of the mixer chip mountad on 80 pm

Double Side Band mixer (DSB) with its thick quartz
IF circuit
D5 peimar 1
25SB mixer diagram
EF Ly
- —zror l— .
R = P i .
050 paiar 1

B7 Cartridge Sideband Separating
Mixer

- Typical IV curve of 3 1pm? Nb-AlAloxNE

- Junction with a normal W

e 22,5 Ohms
"

D3E mixer 1

Semi-rigid cable 1

IF couplar

HF couplsr

Beml-rigid cable 2

RISE, Nanjing Uni.

IRAM Grenoble
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Provided by Jing Li
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Herschel and Planck launched with Ariane-5,
May 2009

X

A\
|

e 2400 liters of
3 |iquid helium




Mixer Technology Baseline

mixer frequency mixer element matching circuit feed and coupling

band range B structure

1 480 - 640 SIS Nb on Nb corrugated hom and
GHz Nb-AlL,O,-Nb microstrip waveguide

2 640 - 800 SIS Al on NbTIN corrugated horn and
GHz NbTiN-ALO,-Nb | | microstnip waveguide

3 800 —960 SIS Al on NbTiN corrugated hom and
GHz NbTiN-AL,O,-Nb , | microstnp wavegnide

- 960 —-1120 SIS Al on NbTiIN corrugated hom and
GHz NbTiN-AL,O,-Nb | | microstnp waveguide

5 1120-1250 | SIS Al on NbTiIN lens and twin slot planar
GHz NbTIN-AIN-NbT1 ' | microstnp antenna

6L 1410-1703 IHEB I Al lens and twin slof planar
GHz NbN phonon cooled] | co-planar waveguide | antenna
1703-1910 | HEB | A1 lens and twin slot planar
GHz INb diffusion cooled I co-planar waveguide | antenna

SIS = Superconductor-Insulator-Superconductor tunnel junction
HEB = Hot Electron Bolometer (fast, 1 < ~16 ps)

RISE, Nanjing Uni.

Courtesy of Nick Whyborn




SIR THz limb sounder 3911

THz limb sounder of the
earth’s upper atmosphere
CIO, BrO, O,, HCI...

Frequency limited by gap energy
or highest Josephson voltage

40 km altitude
(490~630 GHz, Nb FFO)

RISE, Na 55



Compact high-Tc superconducting terahertz emitters

RISE, Nanjing Uni.
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Tunable THz sources needed urgently

Can Josephson emitters pump a
superconducting detector/mixer?

Pulse mode : 1.01W

Quantum Frequency: 0.68THz-3.33THz
cascade lasers | (tunable under magnetic
field)
Resonant CW mode: a few hundred

pwW

tunneling diodes Frequency : up to 1.9THz

(19% of center frequency)

Josephson CW mode: a few hundred
emitters pW

Frequency: 0.3-2THz



Josephson Emitters

Josephson oscillation

f = V/dg Artificial Josephson j ]
phson junction array
1 mV 0.483 THz 4 !
<> !
Josephson junction A Junction
| I" vt rreiy/ I~ v

+ Current

X

Super-
conductor 1

Ground plane Detector

EXEEEEEXIPP haa

Barrier

Super-
conductor 2

N coherent junctions P o N2
Power from an array: 100 pW

Power from a single junction: 1 pW

emission power: P=P,X N?
.. . . CAf= A
W. Buckel and R. Kleiner, Superconductivity. Wiley (2004) emission linewidth: fh fO/N

P. Barbara et al., Phys. Rev. Lett. 82, 1986 (1999)
RISE, Nanjing Uni. 58



Intrinsic Josephson Junctions (1JJs) in high-Tc superconductors

Kleiner et al., 1992

Thickness of superconducting layer: 0.3 nm
London penetration depth: 170 nm

c-axis

,|“|‘,h‘,

u__-..--._—

Periodicity: 1.55 nm B|ZSrzCaCu208,,x (BSCco)

RISE, Nanjing Uni.
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A schematic description of the major steps involved in the
double-sided fabrication process

lon U ﬂ UU ﬂ resist | " Polyimide is not
milling y on millin shown here.

==

Intrinsic Josephson

Junct|on Stack Gold electrodes
BSCCO lon mllllng p
Substrate
(g)
RISE, Nanjing Uni. 60

Wang et al., Appl. Phys. Lett., 78(25), 4010 (2001).



Double-sided fabrication 3cm

/ — ﬁsmrmuare_ _) H
l

Sennns

BSCCO 24 layers |

BiSrCaCu(0-2212

gold

Wang et al., IEEE Trans. on Appl.
\_ Supercond., 11(1), 1199 (2001).
~

50kV X500 10um
00 stacks
1 pnannnnn

nnn

2

1

5

- |
-
= |
- |

Sub-micron

20 pma=

erminal 1JJs
RISE, Nanjing Uni.
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THz response at 1.6 THz

appearing at Nhf_./2e

with Shapiro steps

BSCCO

Gold  wire

Substrate: Si or MgO

FIR laser
beam

Wang, Yamashita, and Wu, Phys. Rev. Lett. 87, 107002 (2001).

Current: 1 pA/div

Voltage: 10 mV/div
Note ¢

N is the number of junctions biased at

voltage states
RISE, Nanjing Uni.
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Intrinsic Josephson junctions (1JJs)

Curren

‘ﬂerzCaCtiles

%
15nm 2 [E=p
o /% °
. (
Voltage
L]
X %

L. Ozyuzer et al., Science 318, 1291 (2007)
R. Kleiner, Science 318, 1254 (2007)

"

Coherent
CW waves

RISE, Nanjing Uni.

1.5 o

Radiation Power (nW)

L W=80um

" ——parallel
. ——perpend.

T=25K

fc = 452 GHz

| ——simulation

:L

~ 300 x 50 pm?
~ 1000 junctions
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Efforts to improve the performance

Sandwich, 2018
>2 THz
a few hundred uW (Golay cell)

BSCEO Stack: S

Sandwich, 2014-
> 1THz

Standing alone, 2012-
~ 900 GHz
~ 100 uW

Mesa, 2007-
~ 800 GHz

RISE, Nanjing Uni. 64



Superconductor THz emitters

RISE, Nanjing Uni.
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EM standing waves and hot-spot

Low temperature Laser - svisge” " optmee |e——

Scanning Microscope e [ nn o

e A=680nm
amplifier | 109-80 kHz

P=25-25mw
- photo
detector
@ mesa/Au
& 000 polyimide
0... 100 mA I & Standlng Hot-
100 waves  spot
I 151
Yoo .t :
30+ 13 10H
BSCCO crystal ) % 5:
L X A L
0
0 100 200 300
o0l i X position (um) z
z L B
= | o %
5 [ - ;Standing £
5 [ — Qe
o ’ , ~ J waves -
10 . 4 <
i | E rd
; {E€15 FT A
! S +#B
: (6] ,;""
= S R I Shale ] - - -
Ob o v v 4 . 45 P S — 200 400 600
0 500 1000 1500 415 450 500 Voltage (mV)
Voltage (mV) Voltage (mV)

Wang et al., PRL, 2009, 2010 RISE, Nanjing Uni.



Novel device structure: heat manipulation

4 ““Au line l(c) - N

(@

Silicon lens

Silicon lens

(b)

BSCCO

Bottom Au layer

gold-BSCCO-gold (GBG) Sandwiched structure (SWS)

RISE, Nanjing Uni.
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Temperature distributions in GBG and SWS

120
100

—~ 80
A’

= 60
40-_"" —
o0l - GBG L~ SWs o _

(@) (D)

O A S R R R A S R T R
O 50 100150200 O 50 100 150 200
X (Mm) X (Mm)

Bias currents: 5 mA to 60 mA, in steps of 5 mA. RISE, Nanjing Uni. -



Remarkable difference of sample properties

60 | T | | ' ' | ' |
sandwich-simulation 3. (E)0.77 THz
B GBG-simulation (A) 0.64 THz 'i::
= 40 GBG y: (F)0.79 THz
E sandwich (B)0.65THz§ 4 L  (G)0.82 THz
g | (H) 0.84 THz -

10 15
vV (V)

RISE, Nanjing Uni.



Broad operation frequency and temperature range

1.2 — T T T T T T T T T T T T 1
i . SWS
107 A 0.34-1.05 THz -
0.8L - _
E 0
HO6F B § -
l " 08 | 1.057THz - > X
04 et V=1933V ]
| S 04r = 3.037 mA ]
L 0.2 :
0.2 'Qo_oww GBG i}
I O'Bf(-}l'ﬁz) 16 O 43 O 82 THZ |

0.0
0 10 20 30 40 50 60 70 80 90
T (K)

RISE, Nanjing Uni.



Emission frequency: over 2 THz

High critical current + Sandwiched structure

o 3t 1
2.0F 9 i 2.095 THz v 17 Sapphire substrate

I 2l 1.
1.6 |
| ga ° 1%&%’“‘_
PR Sl

*9d,

N

T 1.2}

= 0 15 2.0
Y

f(THz) ]
J
0.8 27.8-86 K 33 .
- 0.36-2.09 THz ﬂ 38,
0.4+ do

20 30 40 5'?(;(35'0 70 80 90 0.36 THz @ 86 K
Arecord high 0.576 THz @ 80 K

RISE, Nanjing Uni. 71
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Broad tunable frequency range

0.108-2. 095 THz

. : 4 . : . . ;
10t : 4} 1124
0.108 THz 0.202 THz 0.307 THz 0.498 THz
2t 8t
5} 2
4}
g 0.1 02 0.3 0.2 0.4 g 02 04 06 g 0.2 0.4 0.6 0.8 1*.071.
= 0.611 THz 0.704 THz 0.884 THz 1.011 THz
S 1! 1
s L
Q.
0 0 0 0
04_06 08 10,04 06 08 10 04 08 12 16, 08 1.0 1.2 1.4 16
o ! . A oo 08 _ 4 ; : L : : . ¢
1.256 THz 1.437THz { 4] 1.983 THz ‘ 2.095 THz
2t 2} 4
; 2 L ]
0 = 0L— 0

00 12 15 183012 13 16 18 202 72 186 20 2a°% 12 16 20 24
f (THz)

RISE, Nanjing Uni.



A disk THz emitter

AN
o
T
—
1
ul
SN
A

Current(mA)

450 GHZ|

0 | (Y P N T I R R
00 02 04 06 08 10 1.2
Voltage(V)

Estimated power :
238x3.3=785 pW

(Emission to substrate side)

140 100 200 300
Emission(uW)

RISE, Nanjing Uni.

Diamond

N

D=200um
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Pumping an SIS mixer with an lJJs emitter

SIS current (mA)

3.000 4.000
SIS voltage (mV)

0.003 1.000 2.000 5.000

RISE, Nanjing Uni.

6.000

6.991
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Setup for THz emission and detection both based on

high-Tc superconductors

YBCO bicrystal junction oo 02 04 08 08 10

N\

ob % " 1 . 1 . 1 . L . 1
1.0 / i

00F

| (MA)

| (MA)

-05

20 -15 -10 -05 00 05 10 15 20
V (mV)

(power detected here: 82 uW)

Appl. Phys. Lett. 102, 092601 (2013)
RISE, Nanjing Uni.

(a)

55"

http:/lwww.edinst.com/fir.htm

*‘)at?‘/%?%‘%’ill

e THzhs 5t
:_‘/g“ i T

|
J77URa— [

L—H—H A X ®15mmx30mm

E1 ZDDTHzHESR. @) RAL—H— (b)
Jr7)RO—#IEBEEAWN-O3LTVY
L—H—, REIRLCTHA M., HIRF DR
B, IR EREEI2ELS
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Gas Spectroscopy

@ mm = o

MgO BSCCO Au

Emitter ;
Chopper

Sun et al., Phys. Rev. Applied, 2017

~ 0 ]
x| F 0.880V]
S 20 J\ E 0861V ]
= 170
2 D 0844V |
: s
g40 c os32v &
' B 0821V 1
60 ]
D , , A 0.802V
0.80 082 084 0.86 02 04 06 08 1.0
V(V) f(THz)

RISE, Nanjing Uni.



Gas Spectroscopy

@ mm = it
MgO BSCCO Au . v
, m -4
S | ]
c NH. pressure
.%_ -8 (mbar) ]
= [ p = 0.23 mbar —0.07
8_12 —0.12
. Q ——0.23
Emitter R < i
T - — 110 _
Chopper Gas cel 16 : . . . . ——2.10
572.46 572.49 572.52 572.55
f(GHz)
oW
(b)), R
m
W Pt S
ke o ——0.001
...... 8 —0.01
D ——0.04
Q ——0.10
< oot ——020 -
——0.39
(b) A —--
556.89 556.92 556.95 556.98

f (GHz)

Sun et al., Phys. Rev. Applied, 2017 RISE, Nanjing Uni. 77



Compact terahertz source
0.1-2.0 THz

RISE, Nanjing Uni.
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X

Y —

o 100% 4
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e
[T
gg 50% -
gﬂ
-
D’% 1 I I I 1 ] | ] ] I | I I |
Dinm d4nm 10pm 100nm 1pm  10pm 100pm 1 mm 1cm 10 cm m 10m  1WW0m  1km
Wavelength
Most of the .
Visible Light Infrared spectrum Long-wavelength
‘Radio Waves observable
Gamma Rays, X-Rays and Ultraviolet nhnm'“ 2 Elhrlhl absorbed by from Earth. mﬁ:.\:hvn
Light blocked by the upper atmosphere m'm' ‘atmospheric .

RISE, Nanjing Uni.
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Superconducting Nanowire Single Photon Detector
(SNSPD)

Photons of a 1W source

~1018/second
12

— Simulated

o
oo
T

Output VVoltage, a.u.
=
~

o
o

RISE, Nanjing Uni.



SNSPD from films to devices

b
.........

NbN/MgO 4 inch wafer

! 4

( ._

il ]
W
f |

\ .

A B C D

Packaging Various devices Setup

RISE, Nanjing Uni. 81



SNSPD from devices to instrument

1 channel/ 1 cell 4 channels/1 cell 6 channels/6 cells
SDE 3%(1.55 um) SDE 20%(1.55 um) SDE 60%(1.55 um)

RISE, Nanjing Uni.

6-16 channels
~90%(1 cell 1.55 um)
73% (1X6 1.55 um)
60% (4%X4 1.06 um)
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FARAXESNSPDIAR & EHIE

SDE>3% =B Fr0.045FK 4073 B BB EEE
SI+—hrkE B«ERZ=H SNSPDEIFFEIX
AR Ba S ES B
SDE~0.1% >20% SDE >90% SDE @1.5 um
ElAsE—4"SNSPD B IR IRIEES EArCERt

W HISNSPDHE El A 51305k B /IRR-EZA XK A
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Last but not least



= s 224

=1 L=
biE Pt wptE TSR, et R EXSPAE TR, £ —H"HZEN
KIE, =T EEEI AN AT G = A1 X8 585 B BAE &
EAY N SRR, WENETFBRE. ETHE. ETFREBAETEBEREEZENE
SEHT LA B AZ O E R

Job losses undermine Marine predators shape
eI I ey defense:

Retired research chimps ob losse: ape
stuck in limbo . 114 educati
s15
n 16 JUNE 2017
1 L\l
B

David J. Wineland an.-d Serge Haroche

For ground-breaking experimental methods
that enable measuring and manipulation of
individual qguantum systems

RISE, Nanjing Uni. 86
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Superconducting qubit (artificial atom)

After Inomata

energy

v" LC resonator

v’ Josephson junction resonator

Nonll;near inductor
Josephson jun

’, h
~ 2el. cos
Cl |

L;

Anharmonic oscillator

Effective two-level system = SC qubit

RISE, Nanjing Uni.

3-30GHz
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Cavity quantum electrodynamics (Cavity-QED)

BT R

Alkali atoms, Rydberg atoms, ions etc

EETERHNMENMNAS, ETAFMEETHEE]
$1Z (Cavity QED) %1% T EZHIEM.

John Clarke & Frank K. Wilhelm, Nature 2008; J. Q. You & Franco Nori, Nature 2011

RISE, Nanjing Uni.
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Clerk et al., Nature Physics, 16, 257 (2020).

RISE, Nanjing Uni. 90



Cavity-QED -> Circuit-QED
BT IR

A

Transmission-
line cavity

WK
ETINF

° [2)
Cooper-ai /\%\)’\Sr/\\ S ERE
ST 5ERR

RISE, Nanjing Uni. 91
John Clarke & Frank K. Wilhelm, Nature 2008; J. Q. You & Franco Nori, Nature 2011
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HHSRBIRSFHIIIFERA circuit-QED
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John Clarke & Frank K. Wilhelm, Nature 2008;
J. Q. You & Franco Nori, Nature 2011

\-l

> WORERR T AT R
> NLETRETBRERT

> E—HEEMEERE T =4

> A LEFEEHLUCGTRERIETF,
BRRTERCKER

> ST &R I

> ALEFERANERIE, 518K

ARNBRSEE, AAEEERa
HEEAE




MR F == ( Tigixas )

BSFE T/ R RKEEL

S

S

Transmission lines

/ S \
Ar 7
=
=
P N "‘-.__
-
- -~
- -

Emission line

Zhou Y, et al. Physical Review Applied, 2020.

' 7 i

’ ﬁ6.5
e E

© 6
W i >
it 3

\ S 5.5
s >

o 5
L

4.5

4

RISE, Nanjing Uni.

ST o T
KT

" TLS
_ defects”
-1 -0.5 0 0.0

o/ P

0.5

93



RN F =% (Bidlixes ) F A

TSR E
AILAFEE SR FHES
N
T
g
%)
&
= |
3
2
a
N
I
=3
£
)
=
g
£
0.29 0.31 0.33 0.35 0.37
Magnetic field (@/®)

Houck A A, et al. Nature, 2007.

RISE, Nanjing Uni. 94



ABIRFIRWRGRICF

RIRENAEXRZRL (CBJJ)

;0 ;N ;N
\ \ \
| I I
| | | P
| ‘ | : | : '
! m Ny B /om /
/ ‘o C N, '
- \.-r \-o \...-/

g )

Romero G, et al. Physical review letters, 2009.

RISE, Nanjing Uni.

95



5'6

==t

RISE, Nanjing Uni.

96



8 SR AR

BF1E ke

v RSN e IBIRS

U=210.875pV  1=2.395uA

& .
o o)
=) =)

Sf (dBm / MHz)
B

-140

-160 [T

6.75 6.8 6.85 6.9
Frequency (GHz)

[1] Cassidy et al., Science 355, 939-942 (2017)

NBRRE (BETS)

RISE, Nanjing Uni.

Al/A10x/Al 25 V4

25! ,}FV/J‘~/,J/"v
] |

2.‘ i
L~ |

e
|

0 100 200 300
U (uV)

A BREARRETHSES

0 100 200 300

97



IEANNERSR

Fremj=6.833 GHz

6.81
6.8
6.79

-120 115 -110 -105 -100 -95 -90 -85
Powerinj (dBm)

—-100
-105
-110

| -115
-120
-125

-130

RISE, Nanjing Uni.

Sf (dBm / 10 kHz)

Freinj=6.833GHz Powerinj=-90dBm

o)
S

ki
o
o

=k
)
o

ki
N
a5 )

JMMW

678 68 682 6.84 6.86 6.88 6.9
Fre (GHz)

PR R e X EC
E: %ﬁ*ﬁﬁﬁ. ?I: %ﬁ*ﬁ’ﬁ

.m’['}'

98



Nanomechanical
oscillator
Phonon

Surface acoustic
wave resonator
Phonon

Bulk acoustic
wave resonator
Phonon

A

Electromagnetic
field (microwaves)
Photon

Superconducting
resonator/waveguide
Photon

Superconducting
qubit
Photon

4

Quantum electromechanics

Quantum acoustics

Clerk et al., Nature Physics, 16, 257 (2020).

Circuit QED

Electromagnetic
field (optical)
Photon

RISE, Nanjing Uni.
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Single defect
/quantum dot
Charge/spin

Paramagnetic
spin ensemble
Collective spin

Ferromagnetic
spin-wave resonator
Magnon

\\

Quantum spin dynamics

Quantum magnonics
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Conclusion

»Josephson effects and their classic applications

»Modern superconductor electronics:

guantum and hybrid applications

RISE, Nanjing Uni. 101



B

FARAFEBSETEMRMRIEFRIEEBABRERE
REBEHRNZFEE. LRk, EXSFEE

Dr. T. Hatano Group
National Institute for Materials Science, Japan

Dr. K. Inomata Group, and Dr. Y. Yoshida Group

Advanced Industrial Science and Technology, Japan APV AND TECHNOLOGYAISD) -
Prof. R. Kleiner Group s
Universitat Tubingen, Germany ~

Prof. Paul Miiller

Universitat Erlangen-Nirnberg, Germany

Prof. V. Koshelets Group
Institute of Radio Engineering and Electronics, Russia




Thank you very much for
your attention!

hbwang@nju.edu.cn



	超导基础理论和实验技术系列讲座_103_王华兵-开场
	幻灯片编号 1
	幻灯片编号 2
	幻灯片编号 3
	幻灯片编号 4
	幻灯片编号 5

	超导基础理论和实验技术系列讲座_103_王华兵-约瑟夫森效应及其应用
	约瑟夫森效应及其应用
	幻灯片编号 2
	Outline
	幻灯片编号 4
	Critical temperatures of some elements
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	Macroscopic wave function and phase coherence
	幻灯片编号 11
	幻灯片编号 12
	幻灯片编号 13
	幻灯片编号 14
	幻灯片编号 15
	幻灯片编号 16
	Fabrication of low-Tc Josephson devices
	Fabrication of Nb-AlOx-Nb junctions
	Shadow evaporation technique
	Sub-micron Al-AlOx-Al JJs produced by electron beam lithography
	幻灯片编号 21
	幻灯片编号 22
	幻灯片编号 23
	Magnetometers, gradiometers, voltmeters…..
	幻灯片编号 25
	幻灯片编号 26
	幻灯片编号 27
	幻灯片编号 28
	幻灯片编号 29
	幻灯片编号 30
	幻灯片编号 31
	幻灯片编号 32
	幻灯片编号 33
	幻灯片编号 34
	幻灯片编号 35
	幻灯片编号 36
	幻灯片编号 37
	幻灯片编号 38
	幻灯片编号 39
	幻灯片编号 40
	幻灯片编号 41
	幻灯片编号 42
	幻灯片编号 43
	幻灯片编号 44
	Terahertz Astronomy
	幻灯片编号 46
	幻灯片编号 47
	幻灯片编号 48
	Atacama Large Millimeter / submillimeter Array
	Superconducting SIS mixers for ALMA
	幻灯片编号 51
	幻灯片编号 52
	Ariane V164 launch
	幻灯片编号 54
	幻灯片编号 55
	幻灯片编号 56
	Tunable THz sources needed urgently
	Josephson Emitters
	幻灯片编号 59
	幻灯片编号 60
	幻灯片编号 61
	幻灯片编号 62
	Intrinsic Josephson junctions (IJJs)
	Efforts to improve the performance
	Superconductor THz emitters
	EM standing waves and hot-spot
	幻灯片编号 67
	幻灯片编号 68
	幻灯片编号 69
	幻灯片编号 70
	幻灯片编号 71
	幻灯片编号 72
	幻灯片编号 73
	幻灯片编号 74
	幻灯片编号 75
	Gas Spectroscopy
	Gas Spectroscopy
	幻灯片编号 78
	幻灯片编号 79
	幻灯片编号 80
	幻灯片编号 81
	幻灯片编号 82
	幻灯片编号 83
	幻灯片编号 84
	幻灯片编号 85
	幻灯片编号 86
	幻灯片编号 87
	幻灯片编号 88
	幻灯片编号 89
	幻灯片编号 90
	幻灯片编号 91
	幻灯片编号 92
	微波单光子产生（无谐振器）
	微波单光子产生（有谐振器）
	型系统探测微波光子
	幻灯片编号 96
	幻灯片编号 97
	幻灯片编号 98
	幻灯片编号 99
	幻灯片编号 100
	幻灯片编号 101
	致谢
	Thank you very much for your attention!


