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AC-QVM : Design of PIVS EPIB

Voltage

Voltage

SNS junctions :
non-hysteretic IVC

AC-QVM : is based on
Programmable Josephson Voltage Standard

Josephson Junctions are arranged
in a binary sequence

fast multi-channel current bias source

n=0
n=-1_/

/_/_ f=f,

Current

1VPJIVS :8192junctions :1,24,...,4096

10 V PJVS :69632 junctions :1,2/4,....17,34...,34816

70 GHz : CW
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Notiz
Basic features of the binary divided programmable Josephson Voltage standard. Left side : Current-voltage characteristic without and with applied microwave showing the Shapiro step addressed by a bias current. Right side : binary junction sequence operated with a multi-channel bias source.
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Notiz
Current-voltage characteristic of PJVS showing the first order Shapiro step (1.SS) at 70 GHz with a voltage of 20 V. Inset : Comparison of Quantum Voltmeter (based on PJVS) with Zener reference.
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ltmeter PTB
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Notiz
Setup of QVM at PTB. This QVM is commercially available by SUPRACON company.
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JAWS : principle of pulse-mode  FEP[B

®) idea and first realization : S.P. Benz and C.A. Hamilton, Appl. Phys. Lett. 68 (1996) 3171

acurrent pulse ( pulse repetition frequency f, ) transfers N flux-quanta @, = h/2e
through a Josephson junction (humber of junctions M).

voltage / mV

pulse repet. freq. f, = const. pulse repet. freq. f, # const.
Josephson-equation : Josephson-equationin pulse-mode::
DC-voltage
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Notiz
principle of JAWS. 
Top : idea and first realization of JAWS at NIST.
Left side : Generation of DC voltages with pulses -> pulse repetition frequency constant.
Right side : Generation of AC voltages -> pulse repetition frequency changed versus time.
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JAWS : Shapirostepsvs. power ) FEP[B

o]

current-voltage-characteristic vs. power

=

amo12PIro Steps (SS)

SNS array
with 512 junctions
(0.7 x 0.7 um?)



kieler01
Notiz
Requirement for JAWS : broadband Josephson arrays.
Example of IVC's versus microwave power showing various SS.
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i9]

dv/dl

rf-power /dBm

| -150u

with 512 junctions
(0.7 x 0.7 um?)

SNS array | I / mA

Karpov, et al., Journal Appl. Physics 104, 2008
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Notiz
The same characteristic (as slide before) but for better visibililty : derived IVC. White area indicates SS.
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regquencies

not ,important” :
» shape of the current pulses
JAWS operated with pulses @ »> jitter in time & amplitude
JAWS :
—> perfect quantizer
current to voltage

y
"\l{/i"

JAWS array
with 2990
junctions

& 10
current-voltage-characteristic vs. frequency

10
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Notiz
Demonstration of broadband behavior of the JAWS arrays.
Derived IVC versus pulse repetition frequency for a meander-type JAWS array with HfTi based SNS junctions. Blue flat area indicates SS. 1.SS visible for all pulse repetition frequencies. Reduced step width around 5 GHz to 6 GHz - will result in reduced operation margins.
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JAWS : practical realizatior

PIB
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Notiz
Principle of practical realization of the JAWS. Waveform is transformed into a digital code by Sigma-Delta modulation. Code is used by PPG to send current pulses to the JAWS array. The array is generating flux pulses and the final output waveform is quantized.
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PIVS and JAWS tbasic principle FEP[B
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Notiz
Comparison of PJVS vs. JAWS. 
Step approximated waveforms with PJVS and real arbitrary waveforms with JAWS.
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Notiz
PJVS : spectrum contains a lot of higher harmonics (steps and transients).
JAWS : spectrum is pure.
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" [PIVSand JAWS Tbasic principle FEP[B

= AC-Programmable Josephson Josephson Arbitrary
Voltage Standard Waveform Synthesizer

70 GHz Vac®) =M N -@,-f |FEXCIRp

- pulse operation
L- lM(t) fp(t)l | L LA ] :

number Josephson junctions pulse repetition frequency

output voltage : 20 V, output voltage : 1 Vyys ‘

step approximated waveform real arbitrary waveform

not quantized between steps guantized at any time

frequency range : DC.... <10 kHz ‘ frequency range : DC...MHz
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Notiz
Pro and cons of PJVS and JAWS.
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PTB

=

2 arrays @ chip :
«Size: 10 mm x 10 mm
- coplanar waveguide (CPW)
- CPW : 50 Ohm-taper

- Load : 50 Ohm

- on-chip LCR-filter

Josephson junctions

| (EHES aET BT ARRT R G e

G

filter

Josephson junctions CPW-taper

KIELER

‘@E o o
\ §!§ i E

JRIPE 85 b
Fiter 6 - 2008 JJ/Aray - JJ 38 ® 120

» broadband (f #constant) w

» optimal pulse propagation
1> low attenuation

LCR-filter : M. Watanabe, et al., IEEE Trans. Appl. Supercond. 16, 2006
tapered CPW : P.D. Dresselhaus, et al., IEEE Trans. Appl. Supercond. 16, 2006

16


kieler01
Notiz
Example of PTB chip layout for JAWS using tapered CPW and LCR-filter suggested by NIST. There are 2 arrays integrated on one chip.
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JAWS: major fabrication tools  FEP[B

cluster sputter
system

highly _reproduc_i_ble mm: high aligqment
deposition conditions s precision



kieler01
Notiz
PTB clean room : key fabrication tools.
Cluster sputter system for deposition of Josephson junction multilayer. Electron-beam lithography system for high quality and high yield JAWS circuits.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2016.
Slightly revised and annotated version of a presentation given at the QM 2016 held in Poznan, Poland, May 11 to 13, 1016.

UNIVEX'480€ = Cluster - Sputter - system FEP B

_|Nb,SI;., parameter for
70 GHz and 15 GHz

Lall
% =4 6 Chambers

fully automatic

' Nb, Si. AuPd,
HETi, Al, ALO,

SNS /SIS / SINIS

2 parameter to optimize :
JAWS : x = 20%, d\,si® 30 nm @ 15 GHz

SNS with NbSi : B. Baek, et al., IEEE Trans. Appl. Supercond. 16, 2006 18
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Notiz
Cluster system to fabricate NbSi based SNS-type junctions.
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EPB

thickness d and Nb content x

Nb,Si,, : co-sputter !

adjustable

distance & angle

I 1
Ar ||£ S:‘ &b}vacuum

gas pump

Si-wafer

I

rotation

] and V_ parameter adjustable

In awide range - nearly independent
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Notiz
Left side : Deposition of NbSi normal metal barrier by co-sputtering (suggested by NIST). 
Right side : Critical current density vs. characteristic voltage. Parameters can be adjusted in a wide range nearly independently.
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© ENENENCT wiplesstacked junctions FEPIB

TEM T INIVEY AE0C - cyctam
150 nm UNIVEX 450C - system
. >
Nb,Si,_
8 layer in-situ ’

Clepoxy

homogeneous & reproducible
deposition conditions

a for a given design :
3 X junction number

3 X output voltage

20
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Notiz
TEM cross-section of triple-stacked junctions.
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UNIVEX Hliow parameter spread  FEP[13

30 circuits
measured (from 40)

228 000 junctions :
9 defect only

junction - yield :
99.996 %

deviation from
mean value :
current density distribution @ wafer : 4.6 %
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Notiz
Low parameter spread and high junctions yield. 
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- Window-process:JJ:  FEPIE

@l. Josephson junction resist 4. Wiring

R\ = =S

Si + therm. SiO,

ICP-RIE

2. Base

NN ENNENESR

3D fabrication .
3. Insulation and Via » junction multilayer : 550 nm

; \Q ‘ \Q — > SiO, : 600 nm
» AuPd : 300 nm
' X =2,2um

5. Load : AuPd resistors by lift-off; 6. Pads : remove SiO, by wet-etching

5 x deposition, 5 x etching, 5 x e-beam, 1 x lift off, 1 x opt. lithography

fabrication of large arrays with high yield !
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Notiz
Simple schematics of the window-process applied to realize series arrays for the JAWS.
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1 : junction

coplanar
waveguide

( (( 4 .\
\\\\\\\gﬂ’ 2 X 9000 JJ : triple-stacked
" on-chip LP filter |’ JJ-size : 4.0 um x 11.0 ym
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Notiz
Upper left : image of JAWS chip.
Rest : Scanning electron microscope images showing the JAWS arrays and some junction details (upper right) and filter details (lower left).
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" [sewpi2anaysinseries @ 1chip  FEPIB

@ supercond. wire
PC control : LabView
>A-Code /
001001001 —>‘ Sympuls PPG ‘

‘compensation |
Sympuls PPG :

- ternary pulses : -1/0/ +1 ure“ spectra, if optimized :
' - XA-codes
- 2 output channels

- max. clock-frequency : 15 GHz - experimental setup
- max. code-memory : 256 Mbit - broadband Josephson arrays

compensation

Spectrum Analyzer
PXI 5922

2 JAWS systems operational @ PTB

AC-coupling technique: S. P. Benz, et al., IEEE Trans. Appl. Supercond. 11, 2001 24
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Notiz
Schematics of experimental setup for a two channel JAWS system.



1V

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2016.
Slightly revised and annotated version of a presentation given at the QM 2016 held in Poznan, Poland, May 11 to 13, 1016.

38

chips EEPIB

0]

R

AR

Sympuls 8-channel PPG G 00100_101|
4.2

AX-Code

4

compensation

K

l | 8x

lunctions :
chip1:18 000

chip 2 : 18 000
chip 3 : 15 000
chip 4 :12 000

Spectrum Analyzer
PXI 5922

presented @ ASC 2014

supercond. wire

Sympuls PPG :
- 8 output channels

-ternary pulses : -1/0/ +1
- max. clock-frequency : 15 GHz
- max. code-memory : 256 Mbit

- bit multiply-function

25
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Notiz
Schematics of experimental setup for a eight channel 1V JAWS system.
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PIB

PXI 5922

8 channel PPG

| =

“““"'i 1V - ,,with the push of a button*

‘*‘
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Notiz
Image of 1 V JAWS system at PTB.
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@4chips EEPIB

» spectra up to voltages of 1.0 Vgys (2.8 V) with 63 000 junctions

stable

-20

operation

250 Hz, 1.000V_

-121 dBc

T clock: 15 GHz
8 arrays: 63 000 JJ

@ ZA - code amplitudes 72.3715%
current margins : 300 yA

margins
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-140 dBc to noise-floor
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Kieler, et al., IEEE Trans. Appl. Supercond. 25, 2015
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Notiz
Frequency spectrum and time domain of a sine waveform (1VRMS and 250 Hz).
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IAWS : features EPIB

» spectrally pure waveforms

» arbitrary waveforms
> large frequency bandwidth

» operation in cryocooler

already achieved !

» high time stability

» high precision
» 3 JAWS systems @ PTB

» first applications

28
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Notiz
Main features of JAWS at PTB.
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» spectrally pure waveforms

» arbitrary waveforms

> large frequency bandwidth
» operation in cryocooler

» high time stability

» high precision

» 3 JAWS systems @ PTB

» first applications

already achieved !

29


kieler01
Notiz
These examples will be presented.
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eforms | PTB

> spectra up to voltages of 279 mV,  with 7 500 junctions with SNR of -123 dBc
[ -40

= -60 46.875Hz, 9 mV__ 7500 Josephson junctions .
% i Sympuls PPG @ 15 GHz
— -100 %A - code amplitude 60 %
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S
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2 160
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Notiz
pure spectrum : SNR 123 dBc (close to the limit of the spectrum analyzer used).
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PIB

power / dB
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Notiz
Example of 2 sine waveforms indicating the large bandwidth of the JAWS.
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JAWS : arbitrary waveforms EPIB

application : characterization AD-converter (e.g. ,single-shot")

- ) ) ) ) .
» non-continuous waveform : cosines with ,,pause®- time Complex
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Notiz
Example of an arbitrary waveform : cosines with integrated "pause"-time. These waveforms are interesting for single-shot measurements.
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tion EEPIB

» spectra up to voltages of ~ 200 mV,, with 4 000 junctions

» temperaturerange : 4.2Kto 5.6 K Optistat
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Urano, et al., SUST 22, 2009
Kieler, et al., W. Journal Cond. Matter Physics 3, 2013 33
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Notiz
Demonstration of the operation of the PTB JAWS in a cryocooler.
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direct comparison : JAWS vs. Jaws () FEP[B

comparison : 10 000 junctions vs. 10 000 junctions

compensation1 & 2 )—} ==
i 5000JJ
PPG 1 chip
PXI 5922
phase shifter| supercond. wire——»| @4.2K or

5000 JJ

—» PPG 2 chip

F 5000 JJ F

compensation 3 & 4 )—D

Kieler, et al., IEEE Trans. Appl. Supercond. 23, 2013
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Notiz
Setup : Precision comparison of JAWS vs. JAWS 
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Notiz
Two sine waveforms are synthesized with a phase difference as indicated in the time-domain. The non-calibrated spectrum analyzer (NI PXI 5922) shows a difference voltage of only 53 nVRMS (only one array is switched on at a time).
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" directcomparison : JAWS vs. Jaws () FEP[B

) both arrays -60
switched on 80 L

-100 -
-120 |-
-140 |

PXI 5922 :
voltage difference
below noise floor

Amplitude (dBm)

g ) ) ) ] A A
0 10 20 30 40 50
Frequency (kHz)

| ~

-10

<9 nVgeys

Voltage (mV)

1 1 l 1 I 1 l 1 I 1 l 1 I il
0 1 200 300 400 500 600 700 800

Time (us)

cancellation of waveform, when both arrays are switched on
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Notiz
Cancellation of the signal, if both arrays are switched on. Signal is below noise floor in the frequency spectrum.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), July 2016.
Slightly revised and annotated version of a presentation given at the QM 2016 held in Poznan, Poland, May 11 to 13, 1016.

direct comparison : JAWS vs. Jaws (v) FEP[ B

i9]

voltage / V

1x10~

N
>
-—
o
&

difference voltage (measured with lock-in amp.)

o

measurementtime <4 min (!) :
agreement (1.8 £ 2.0) x 108

-5x10® N direct comparison :

-1x10”

2 X 10 000 Junctions @ 22 mV,,. and 1875 Hz

|
0 25 50 75 100 125 150 175 200
time/s

high precision of JAWS !

Kieler, et al., IEEE Trans. Appl. Supercond. 23, 2013
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Notiz
Measurement of the residual voltage using a lock-in amplifier with pre-amplifier. Result is limited by these two devices and probably not by the JAWS.
The arrays were operated at 10% sigma-delta code amplitude, where the bias parameter margins (pulse amplitude) are large (no compensation needed) - cf. fig. 3 of the reference.
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directcomparisonsoAwS vs. v FEPTB
c

{F] :
=9 ; PJWS
{ - TV(t) g <::I control
! ki SR 1 unit
Compensation —{] L A
Trigger - >
Clock
> problem :
no second 1 V-JAWS available PXI 5922

(National Instruments)

» solution :
QVM demonstrated : 2 x 108

(J. Lee, CPEM 2014)

direct comparison @ 1 V level

possible now !
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Notiz
Setup : Precision comparison of JAWS vs. QVM at 1 VRMS.
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JAWS vs. QUM : QUM with Pxi 5922 FEP[1

- PXI 5922 gain & offset are “not” stable

PXI Gain variation / ppm
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PXI 5922 . @ fixed sample rate of 4 MS/s or 10 MS/s

QVM: @ 150 mV,, for evaluation of gain/offset

| variatio

nin100s:
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!

— -
[typical measurement time : 100 s
| | I I
0 100 200 300 400 500
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600
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\- ’max. variation : 5 ppm

| s
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o
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’ deviation : 15 nV
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— - N\
N
¥
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2]
o

o

@@
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gain error is small !
- gain window > voltage variation

Gain variation / ppm
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Notiz
Error evaluation : PXI 5922 gain error is small.
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GAIS VI QVME measurement time FEPTR
excellent Allan deviation !

—— sine waveform
@ 1VRMS and 500 Hz

0]

10

>
Pl PXI 5922 :
O L 2 Vpp Input range
ﬂ -
© | uncertainty : 7 nV 4 MS/s sample rate
% | (typical : <10 nV)
U -
= 9
® 10
< i

: typical measurement all data are in

time : 1 min white noise regime
10'10 1 PR 1 N P S T T
1 10 100 1000

Time /s
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Notiz
Allen deviation indicates an excellent performance of the setup.
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SAWSTRIGAEapaison © 250 Hz FEP T

" | mean value : +3.5 nV I comparison
- @ 1 VRMS
>
c 40}
= - Y
S 20f 1 1
- " — s
> I /—/—m———m——m——m———————F—————
8 | { excellent
% -20 [ ppb
= -40 - | standard deviation : 5 nV I agreement
> L
-60 |
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Measurement Number
Behr, et al., Metrologia 52, 2015
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Notiz
Results of comparison at 250 Hz sine waveform.
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outine EPIB

e

. Principle PJVS and JAWS
.1V JAWS @ PTB
a) design
b) fabrication
C) setup
d) overview : features
. Precision of JAWS
a) comparison JAWS vs. JAWS
b) comparison JAWS vs. QVM

. Summary
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summary () EPB

high-quality AC-waveforms oA w s =

» Nb,Si,_-arrays with triple-stacked junctions

» upto 8 arrays in series : 63 000 junctions

1 kHz

» output voltage up to 1 Vs (2.83 Vpp)

Optistat
PTR-TL4

: | Sympuls PPG

» high spectral purity : SNR better than -120 dBc

» high frequency range : DC, 2 Hz ... 1 MHz

» high time stability : low noise and no drift

» arbitrary waveforms demonstrated

RMS voltage / V

» JAWS successfully operated in cryocooler

power / dB
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Summary () P

high-quality AC-waveforms
» 3 JAWS systems operational :
« JAWS 1:1 Vgys

«  JAWS 2: Impedance bridge with 2 x 100 mVgys

«  JAWS 3: PJVS + JAWS : 1.18 V with SNR -125 dBc
» first applications : e.g. characterization of HF devices

» direct comparison JAWS - JAWS : (1.8 £2.0) x 10°® @ 1875 Hz

» next steps:

« further reduction of crosstalk 2 new cryoprobe

* more junctions per chip = less than 4 chips for 1V
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PIB

1V JAWS

® fountain at castle Warberg, Germany %

%73

presented
} i ¢
) - " ASC 2014
“Alles von dem sich der Mensch [~

eine Vorstellung machen kann,
ist machbar...”
(W.v.B.)

“all what a man can imagine,
is possible...”
(W.v.B.)

,voltage source for arbitrary waveforms at the 1V level
with quantum precision and spectral purity“
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PIB

Thank you very much
for your attention!
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