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This presenation briefly describes two types of AC Josephson voltage standards. 
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The photo shows a binary-divided 10 V array containing nearly 70,000 Josephson junctions. A constant-voltage step at the 10 V level is generated under 70 GHz microwave irradiation. 
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Josephson voltage standards
Important application of Superconductor Electronics

unique characteristics for precision measurements
(due to superconductivity: magnetic flux quanta )

niche market
DC applications: commercial suppliers, up to 10 V

AC applications: under development
motivation : extension of high accuracy from DC to AC
goals: 1V, 10V, pure waveforms (achieved in part)

Requirements
* large series arrays of Josephson junctions
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* Outline PIB

Fundamentals: AC Josephson voltage standards
Technology: Nb |, Si, , Josephson junctions

Josephson voltage standards for AC applications:
* binary-divided JJ series arrays (70 GHz drive)
* pulse -driven JJ series arrays

Combing binary-divided array  + pulse-driven array

Conclusions and outlook

Work supported in part by the EU within EMRP JRP SI B59 ‘Q-WAVFE’

E U R A M ET European Metrology Research Programme

European Association of National Metrology Institutes ® Programme of EURAMET

The EMRP is jointly funded by the EMRP participating countries
within EURAMET and the European Union

Kryo 2013, Bad Herrenalb
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* AC Josephson voltage standards PIB

How to make an AC Josephson voltage standard?

Vo=n-m- @,-f f/GHz| 15

mse-driven arrays ~ Vi/uV | 30

No. JJ |330000
(10 V)

binary -divided arrays
(m = number of junctions)

Both versions need overdamped JJs:
* SNS junctions - shunted SIS junctions
* SINIS junctions - S-Sc-S junctions

Robust & reliable technology required

Kryo 2013, Bad Herrenalb 4
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The voltage of the constant-voltage steps (Shapiro steps) is given by the Josephson equation. Two versions of AC Josephson voltage standards are mainly investigated at present, namely those based on binary-divided arrays (the number of active JJs is varied over time) and on pulse-driven arrays (the pulse train is varied over time; the number of JJs is fixed), respectively.
 
Overdamped JJs are needed, S: Superconductor, N: Normal metal, I: Insulator, Sc: Semiconductor
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: Technological requirements PIB

overdamped JJs
robust, reliable, reproducible ( 10V array: 70,000 JJs )

different operation ranges:
Ve =150 pV (70 GHz), |- < 10 kA/cm ? (binary-divided )
Ve =30 pV (15 GHz), j- = 50 kA/cm ? (pulse-driven )

high-resistance material for barrier required
(binary metallic alloys not suitable ):

material near metal-insulator transition

Nb,Si, . electrical junction parameters tunable by Nb
content x from SNS-like ( x > 0.12) to SIS (x < 0.08)

Kryo 2013, Bad Herrenalb
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As Josephson voltage standards contain a huge number of JJs (about 70,000 JJs for 10 V arrays), the fabrication technology must be robust, reliable and reproducible.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2014, Presentation by J. Kohlmann (PTB-Braunschweig) at the KRYO 2013 Workshop, October 8, 2013

: Co-sjpuitiered Nib ,Si, , barrier JJs PIB
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JJs with Nb-Si barriers can be realised over a wide range of critical current densities and characteristic voltages. Both parameters can be adjusted almost independently by the Nb content x and the thickness d.
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* Nb, Si, , double-sttaezt 15

.

* Stacked junctions for higher integration

| 211 nm Nb

163 nm Nb | 163 nn w
\

¥

P. Hinze et. al. (PTB)

e Barrier: homogeneous, amorphous (TEM)

Kryo 2013, Bad Herrenalb
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* Programmable voltage standards (PJVS) PIB
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Programmable Josephson voltage standards (PJVS) are based on binary-divided series arrays.
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* PJVS: 10 V SNS arrays — cib=ssggm PTB

* 69,632 JJs embedded in 128 parallel microstriplines

10O 0 O O
10

gLl Ll min. 136 Josephson junctions (JJ)
(size of a single JJ: 6 pm x 20 um)

bonding-pads
for 19 array

~2g ! (RN RRERYEHRTR RN = , segments
ERERNRRR ) NN éj / /{////// (16 bits)

Nb ground ’ AR PR :
o g 58 IR e e
(floating) | o UDGIIRUNINENNNSYY 202020200

. 582 JJs per stripline chip size: 24 mm x 10 mm

Kryo 2013, Bad Herrenalb
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* PJVS: 10 V SNS arrays — fédisitediton PIB

PTB process similar
to fundamental SNEP
(7 levels)

e-beam lithography
until wiring level
(DC circuit)

ground and load are
deposited on top of

the circuit (1.5 um SiO
as dielectric layer)

‘ JJs embedded
In microstrip lines
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We fabricate our Josephson voltage standards on 3 inch Si wafers. The wafer contains eight 10 V arrays and four 1 V arrays.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (globa | edition), January 2014, Presentation by J. Kohlma  nn (PTB-Braunschweig) at the KRYO 2013 Workshop, Oct  ober 8, 2013

* PJVS: 20 V SNS arrays — mezessusensgrit PTB

with microwaves: 70 GHz (80 mW)

0

Nb,Si, , JJ for
operation at
70 GHz:

139,624 SNS
JJs (69,632
double stacks)
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>
>
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1t nnil
AENNUERE

current 1/ mA

F. Mueller et al., IEEE Trans. Appl. Supercond. 23 (2013) 1101005
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The world-wide first operational 20 V array was realised by double-stacked JJs at PTB.
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* Pulse-dhilvemn Josepisom amays PIB

_ | f
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Pulse-driven Josephson arrays are operated by a train of short current pulses. Each pulse causes the transfer of 1 flux quantum across each JJ resulting in the synthesis of a quantised waveform.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (globa | edition), January 2014, Presentation by J. Kohlma  nn (PTB-Braunschweig) at the KRYO 2013 Workshop, Oct  ober 8, 2013
()

* Pulse-dhilvemn Josepisom amays PIB

& * Josephson Arbitrary Waveform Synthesiser (JAWS)

} 468.75 Hz, 132 MV s —Jaws || synthesis

clock : 15 GHz of arbitrary
12 000 junctions
123 dBC TA-code amplitude 50 % Waveforms

with pure

- PXI 5922 non-linearity

£
om
o
-
o
3
O
o

spectra

frequency / kHz

A
375 mVpp /\ /
/ ¥
M \/
0 05 10 15 20 25 30 35 40 45 5

0 ] i
time/ ms

voltage / mV

.0

Kryo 2013, Bad Herrenalb


Johannes Kohlmann
Kommentar
Pulse-driven Josephson arrays allow the synthesis of arbitrary waveforms with extremely pure frequency spectra. Higher harmonics are suppressed by more than 120 dBc.
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* Pulse-dmnven Josgpinsom ammays

Josephson array

= *® Josephson Arbitrary Wave-
form Synthesiser (JAWS)
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Sometimes, the AC voltage standard based on pulse-driven Josephson arrays is called Josephson Arbitrary Waveform Synthesiser (JAWS). An example of an arbitrary waveform is shown here in the time domain (left-hand side) and in the frequency domain (right-hand side).
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Combination of PJVS and JAWS? PTB

=

* pure waveforms and higher voltages?
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PJVSs based on binary-divided arrays enable the generation of 10 V or even 20 V, but the frequency spectra of AC voltages contain a lot of higher harmonics, as they are operated as a DAC.
JAWSs based on pulse-driven arrays enable the synthesis of pure waveforms, but the output voltages are presently limited to a about 300 mV. 

Question: Is it possible to combine both version for pure waveforms and higher voltages?
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© PJVS + JAWS: principle PIB

Goal: spectrally pure signals of 1 V (10 V)

* PJVS: stepwise signal, higher harmonics; transients
e JAWS: harmonics of PJVS signal are compensated

60
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] >
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= sine Wave\

0- AAAAAA_‘ _‘t\l\l\k[\'\ NAN
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(idea: J. Kohlmann et al, o
IEEE Trans. Instrum. o0 —

Meas. 56 (2007) 472) time / ms
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The PJVS shall be used to generate voltages up to 1 V (10 V), the JAWS to compensate the harmonics of the PJVS signal.
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* PJVS + JAWS: setup PTB
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PJVS and JAWS are operated in the same dewar. They are connected with a superconductive wire.
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* PJVS + JAWS: measurement PTB

= * PJVS: binary-divided 1V array (8,192 JJs: 1.18 V)

* JAWS: pulse-driven array (4,795 JJs: 47 mV)
(compensation of about 4,000 harmonics up to 1 MHz

20

156.25 Hz, 838.4 MV s

-40H

156.25 Hz sine wave | |
256 samples (14 bit) | | 60
-80H
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o
o
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R. Behr et al, IEEE Trans. Instrum. Meas. 62 (2013) 1634
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We used a PJVS with a 1 V array, to generate a 156.25 Hz sine wave. The frequency spectrum shows a lot of higher harmonics (left-hand side). 
A JAWS is used to suppress the higher harmonics of the PJVS signal. When PJVS and JAWS are simultaneously operated, all higher harmonics are completely suppressed by more than 120 dBc (right-hand side).


* Conclusions and outlook
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PIB

Binary-divided arrays

Pulse-driven arrays

T0GH:

U ) =n-m- @,-f

5 GHz

computer controlled bias sources

output voltage

number of Joseph. junctions

+1Vand 10V (also 20 V)

+ high accuracy (sampling mode)
- transients limit accuracy

- spectra: many higher harmonics

pulse drive

JLHﬂﬂllﬂllﬂﬂﬂlIHﬂJI_ﬂﬂm

pulse repetition frequency

fp (1)

+ pure spectra
+ high accuracy
- output voltage < 1V

The PTB is a member of FLUXONICS e.V.
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(www.fluxonics.org)
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We successfully operated a PJVS at 1 V and a JAWS simultaneously. Now we plan to extend the system to 10 V. 
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The Josephson arrays have been fabricated in the clean room centre of PTB.




