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1 Overview

The aim of this project was to enable an economically efficient traceability of impedance quantities to the
defining constants of the revised International System of Units (SI). This will simplify the calibration support
which European and other National Metrology Institutes (NMIs) provide to the electronics industries. To meet
these goals the partners have successfully developed high-quality graphene-based QHE impedance
standards and improved the performance and the working range of digital- and Josephson-impedance bridges.
These pieces of equipment are easier to operate and the provided Good Practice Guide will allow the users a
simpler traceability of the impedance units to the quantum Hall effect with high metrological accuracy. The
developed cryogenic system components for operating the quantum devices will help to simplify the
challenging requirements of impedance measurements in the future.

2 Need

Electronic components rely, for their international competitiveness, on the application of mutually agreed
measurements during their production and use. Electrical impedance (capacitance, inductance) is a quantity
in this field that is practically of equal importance to voltage and resistance. It is more important than current,
as the sensors, which are used in numerous contexts either rely on resistance or, more often, on contactless
capacitive methods. For vol tage and resistance, t he 0 gJodephsos
effect (JE) and the quantum Hall effect (QHE), have been used in major NMis for a long time. Impedance
standards on the other hand still require many calibration steps with complicated measurement setups to trace
them to the QHE.

At present, only a very few quantum standards are in use outside of the NMIs due to the high investment, high
operational costs, and complexity of use. The quantum traceability of the impedance unit, the farad, would
clearly benefit if an economically viable route was established. However, the complex calibration chains from
the QHE to different capacitance and inductance values only exist in some of the largest NMIs. This was not
acceptable and a shorter and simpler traceability chain of impedance to quantum standards, which is available
and affordable for all NMIs, calibration centres and industries (e.g., automotive and mobile electronics), was
clearly needed.

At this point, the need to utilise graphene came into play: its potential for metrology was understood almost
immediately, because in graphene the QHE can exist at much lower magnetic fields (below 6 T) and at higher
temperatures (above 4 K) than in conventional systems. The fundamental constant realisation for the DC QHE
has been simplified by using graphene. The realisation of the corresponding fundamental constant for the AC
units of impedance, i.e. capacitance and inductance, has also benefited from graphene with its much less
demanding operational margins with respect to temperature and magnetic field. In addition, simpler and more
flexible AC instrumentation had to be further developed, optimised and adapted for the use of graphene
devices that are directly operated in the AC regime, thus avoiding a troublesome DC resistance to AC
impedance transfer procedure.

3 Objectives

The overall objective was to combine novel digital impedance measurement bridges with the QHE material
graphene in a simplified cryogenic environment. This has provided European NMiIs, calibration centres and
industry with the technology that is needed to enable the practical realisation of electrical impedance units
(ohm, farad, henry) in the revised Sl.

The specific objectives of the project were:

1. To optimise and to tailor graphene material and graphene devices in order to improve the
understanding of the graphene AC quantised Hall effect (AC-QHE), as the basis for the
traceability of impedance units to the QHE at temperatures of 4 K or higher in magnetic fields that
are as low as possible - at most 6 T.

2. To advance digital bridges for the capacitance range from 10 pF to 10 nF at frequencies up to
100 kHz, and to develop an impedance bridge working with spectrally pure Josephson voltages
up to 50 kHz in the entire complex plane.
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3. To combine graphene devices with a Josephson impedance bridge (with a target uncertainty
below0.0le q/ q), and with a f ul |opaatian,i(witha tarderuncértpiaty f or s
inthe0.1l¢e q/ q range), in order to provide traceabilit

4. To develop and investigate a cryo-cooler system hosting the superconducting Josephson device
and the graphene device, both operating at AC and serving as the core element of a quantum
resistance and impedance standard in the revised Sl.

5. To facilitate the take up of the technology and measurement infrastructure developed in the
project by the measurement supply chain (e.g. graphene manufacturers), standards developing
organisations and end users (e.g. NMIs and calibration centres as well as the European
Commi ssionds Graphene Flagship).
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4 Results

4.1 Optimisation and tailoring graphene material and graphene devices for the AC
Quantum Hall effect (Objective 1)

Introduction

The first objective of the GIQS project was to optimise graphene devices for the DC and AC QHE at higher
temperatures and reduced magnetic fields. This has been achieved by optimising every step of device
fabrication, i.e. the graphene growth methods on SiC, the processing of large Hall bars, and finally the tuning
of charge carrier density in graphene through chemical treatments. The devices have been tested extensively
both as a support to device optimisation and in order to improve the understanding of the DC and AC QHE in
graphene as the basis for the traceability of impedance units to the QHE at temperatures of 4 K or higher and
in magnetic fields that are as low as possible - at most 6 T.

4.1.1 Graphene growth

Three methods have beenusedinthe GIQSpr oj ect t o gr ow gr aphenesubtimatioBi C: t
at KRISS, the polymer assisted Si-sublimation at PTB, and the CVD in hydrogen atmosphere at CNRS.

The silicon-sublimation (Si-sublimation) method allows us to grow graphene on SiC at a high temperature by
sublimating silicon atoms from the SiC surface. The control of Si sublimation is essential to obtain a
metrology-grade SiC graphene with a low step height and a high monolayer coverage. For instance, it is well

known that slow Si sublimation prevents step bunching for graphene growth. KRISS has modified its graphite
susceptor by reducing the gap size to about 50 em for
modified graphite susceptor shows a low step height below 1.5 nm and monolayer coverage above 95 %,

indicating high-quality graphene on SiC.

The Polymer-Assisted Sublimation Growth (PASG) methods differ from Si-sublimation by the deposition on
SiC, before annealing, of a polymer film which serves as an extra carbon source and allows the SiC surface
to be stabilised by enhanced formation of uniformly distributed buffer layer domains. PTB has further improved
PASG and determined optimised polymer deposition and annealing parameters to grow graphene for DC and
AC-QHE. Using optimal polymer deposition, the graphene films present a full monolayer coverage without
buffer layer or bilayer patches, as attested by confocal microscopy (Figure 4.1(a)), atomic force microscopy
(AFM) and scanning electron microscopy (SEM). AFM also evidences the absence of step bunching (Figure
4.1(b)). Finally, the quality and the uniformity of the film are attested by Raman cartography (Figure 4.1(c)).

W (@Z)WHMA

10 um

Figure 4.1.1: Optical microscopy (a), atomic force microscopy (b) and Raman spectroscopy mapping (c) on
samples obtained by polymer assisted sublimation growth (PASG)

The CVD growth of graphene on SiC in a hydrogen atmosphere strongly differs from Si-sublimation growth by
the hydrogen atmosphere which prohibits any carbon excess on the SiC surface, and then it requires an
external carbon source (propane in our case) to grow graphene. Another interesting point is that depending
on the growth conditions, the SiC surface can be more or less hydrogenated during graphene growth, allowing
it to grow either a graphene monolayer on a buffer layer or a graphene monolayer on a hydrogenated interface.
Also, no specific cleaning is required before graphene growth, as the ramp-up under hydrogen constitutes
sufficient surface cleaning. The samples grown by CVD present full graphene coverage, with typical monolayer
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cover in the 90 % to 99 % range v.s. 9 % to 1 % bilayer. All steps are 0.75 nm high, except around bilayer
patches.

4.1.2 Device fabrication

Several samples have been processed by KRISS and CNRS using e-beam lithography. The process uses
only PMMA as a resist to avoid any unwanted doping of the graphene. Care is also taken to cover the sample
with a PMMA layer between each step to protect against air pollution. After the final deposition step of the gold
pads for the bonding, a last lithography is performed in order to uncover the bonding pads leaving the graphene
covered by PMMA.

As an alternative to the e-beam process, PTB has developed a UV lithography-based process which has the
advantage of being much faster. The process initially proposed by the NIST has been further improved with
respect to different wet- and dry-etching processes, metal compositions, and photoresists.

The Hall bar geometry has eight contacts of which six are Hall contacts, and two are the source and drain
contacts. For the purpose of ac operation, the number of Hall contacts was reduced to the minimum number
of six contacts that are required for the triple-series connection. Both the distance between two neighbouring
contacts and the width of the graphene channel are 400 um. Electrical contacting is realised by split-contacts
(Figure 4.1.2) with eleven individual fingers in the case of the source/drain contacts and two fingers in the Hall
contacts. The split contact helps to minimise the contact resistance of the device, and typical values, of the
order of a few mY o,canderealisedon t he OY level

Since epitaxial graphene grown on SiC typically shows electron density in the 1012 to 102 cm2 range due to
the doping from the buffer layer, a doping process is required to reduce the carrier density such that the
quantum Hall effect can emerge at a lower magnetic field. The best results have been obtained by depositing
multilayers of polymers including 2,3,5,6-tetrafluoro-tetracyano-quino-dimethane (F4-TCNQ). After
spin-coating on SiC graphene, soft annealing processes were applied for diffusion of the hole dopants towards
graphene. PTB has determined the electron density range where a quantised regime can be observed. The
study shows particularly that electron density has to be reduced, but not below minimal values in the 5 to 10 3
101° cm2 range. The ideal carrier density to observe quantisation at the lower magnetic field (4 T) is also near
this minimal electron density value (Figure 4.1.3).

100 . . ; :
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Figure 4.1.2: SEM view of the split-contacts Figure 4.1.3: Precision QH resistance at 4.2 K
developed at PTB to minimise the contact for devices with different carrier densities n. The
resistance ideal carrier density to observe quantisation at

B<6T is between 1-23101 cm™2
4.1.3 DC characterisations

PTB and KRISS have produced many devices with low carrier density allowing us to obtain a relative accuracy
of up to 10° at the required temperature and magnetic fields. Figure 4.1.4 shows, as an example,
magnetotransport and precision measurements over time on a device from KRISS (stored in a glove box
between measurements). The quantisation has been maintained over time above a magnetic field of 5 T at
the liquid helium temperature of 4.2 K within the measurementuncertai nty of a few nq/ q.
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Figure 4.1.4(a): Magnetoresistance measured at 2 K. (b): relative deviation of quantum Hall resistance at
filling factor 2 from the nominal valve of R«/2 at a temperature of 4.2 K. The error bar indicates the expanded

measurement uncertainty (k=2)

KRISS investigated the stability of a graphene device with an initial carrier density of 6 x10°/cm?, stored under
argon in a glove box for two years. The change rate of carrier density is approximately 0.04 %/d. The
metrological quantisation was achieved at a magnetic field of 3 T and at a temperature of 4 K. The agreement
of the quantised resistance with Rk/2 at direct current was smaller than the measurement uncertainty of
2nq/ q. The st ab isationthgs beeh confitmed thqough multiple thermal cycles for two years.
The degree of equivalence for the quantised resistance at Rx/2 above a threshold magnetic field was in the
orderoflnq/ q at direct current
stability of the quantisation has also been observed in other devices after long range transportation through
interl aboratory comparisons

(i) Temperature dependence and critical current

even

though the carrier

(KRI'Ss, PTB, and back to

LNE tested the accuracy of the Hall resistance quantisation resistance in a device from PTB as a function of
temperature, at a constant measurement current of 50 pA and at the magnetic flux density of 5 T, which
corresponds to the minimum dissipation for this device. Figure 4.1.5 shows the relative deviation of the Hall
resistance at filling factor 2 from its nominal value Rx = h / 2 €2, plotted as a function of temperature. No
deviation to the quantised value are observed up to T = 6 K within a 2-s uncertainty (k = 2).

LNE also tested the robustness of the Hall quantisation as a function of the measurement current in the same
PTB device. Operation of QHR devices at the highest possible measurement current is essential to maximise
the signal-to-noise ratio. Figure 4.1.6 shows the evolution of the measured longitudinal resistance per square
(left axis) with dc current at different temperatures, while the right axis represents the calculated values of the
corresponding relative deviation of Rxy from Rk/2. The horizontal dashed line marks the threshold level of
dissipation (Rxx O 337 & q) athedselatve deviationsof Rxy are expected to exceed 1 x 10" 9 At low
temperature (T = 1.5 K), accurate quantisation of the Hall resistance is therefore expected for a measurement

current below the value Imax of about 350 ¢ A,

whi l

e

at

mod dr=a&.2K), Iix@& B@e rAa t Ar e

higher temperature (T > 6 K), a significant longitudinal resistance is measured even in the limit of a small
measurement current, which therefore prevents accurate quantisation of the Hall resistance.
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Figure 4.1.5: Relative deviation of the quantum Hall
resistance at filling factor 2 from the nominal value
of Rk/2=h/(2€?), as a function of temperature. The
dashed line is a guide for the eyes [7]

Figure 4.1.6: Longitudinal resistance per square
R« as a function of the measurement current at
different  temperatures (left axis) and
corresponding relative deviation from its nominal
value Rk/2 (right axis) [7]

4.1.4 AC characterisations

The graphene devices to be investigated in AC were selected on the basis of DC measurements to check
whether they fulfil the technical guidelines for DC. This is necessary, but not sufficient to reach the targeted
uncertainty in the AC regime. Three out of the eleven most promising QHE devices were measured each at
two institutes in AC. The first one was measured at METAS and afterwards at PTB, the second one at CMI
and PTB, and the third one at CMI and KRISS. The remaining ones were measured in AC each in the lab of
one of the partners (METAS, CMI, KRISS, INRIM, PTB) only.

(i) Longitudinal resistance

The CCEM technical guidelines on the reliable DC measurements of the quantised Hall resistance specify that
the quantum Hall resistance must be measured on a two-dimensional electron gas (2DEG) in a dissipationless
state, i.e. in a state of vanishing longitudinal resistance. Therefore, the longitudinal impedance measured on
the QHE device is a key parameter for the determination of the quantisation state of the 2DEG. Figure 4.1.7(a)
presents longitudinal resistance measurements at CMI at different temperatures (4.2 K and 2.5 K). As
expected, the plateau width increases by lowering the device temperature. Figure 4.1.7(b) presents

longitudinal resistance measurements at PTB at different frequencies when varying the
3000 T T T T
1.00 0.010
——Rky 1.2 kHz, 4.2 K, DigiBridge b) —616.575 Hz
a) ——Riy 1.2 khz, 2.5|{L DigiBridge 2500 4 ———1233.15Hz A
0.80 ——Rlo T.2KHz 4.7 K, DigiBicge | 0-008 2466.30 Hz
——— RyxLo 1.2 kHz, 2.5 K, DigiBridge oo 3669.45 Hz
0.60 0.006 - , 493260 Hz |
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Figure 4.1.7(a): Measurement of plateau shape (Rxy) and longitudinal resistance (Rxx) at two
different temperatures on a PTB device. (b): longitudinal resistance at the low potential side of the
same device at different frequencies, with 100 mV varying the magnetic field
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magnetic field. Similarly, the flat part of the longitudinal resistance with respect to the magnetic field gets
smaller with increasing frequency. For a frequency of 616.575 Hz the longitudinal resistance remains constant
between approximately 4.75 T and the maximum field of the system used of 7 T. For the highest measured
frequency, the flat part starts around 6 T. Comparing these results from PTB to that first obtained at CMI agrees
within the uncertainties of the two different measurement systems.

(i) Measurements at kHz frequencies

At CMI, graphene QHR devices were measured mainly at 1.2 kHz using the bridge in both fully digital
configuration and digitally assisted with an added reference inductive voltage divider for characterisation of

graphene devices. This was done mostly against resistors with a calculable frequency dependence of 1 kHz.

An example of plateau shape measurement at two temperatures is given in Figure 4.1.8(a). The observed
deviation of about 0.2 OY/Y is a r7forgreunsereenadidevicesThe ypi c a
obtained plateau is flat within measurement uncertainties for magnetic fields above 4.75 T at 4.2 K and slightly

before 4.5 T at 2.5 K. Another sample has been measured at a higher frequency of about 5 kHz and this

showed a frequency dependent deviation between the measured resistance from the DC value (Figure

4.1.8(a)). In this measurement also the curvature of the plateau shape increases with frequency as known

from GaAs devices.

0.40 0.40 ——DC@42K 23uA
a) 0.35 Rey DC, 4.21K, CeC b) = 1233 Hz @4.2 K, 23 uA
. Rxy DC, 2.5 K, CCC o 02 o od A
030 Rxy 1.2 kHz, 4.2 K, DigiBridge g oo 3025 Hz @4.2K, 23 u
o 025 Rxy 1.2 kHz, 2.5 K, DigiBridge - —_
o~
=]
S 020 \/\.- Ao S ;2 -0.20
| -~
3 os % o
< 010 w
005 o -0.60
0.00 T -0.80
E
0.05 -1.00
35 45 5.5 6.5 2.0 3.0 40 5.0 6.0 7.0 8.0
B/T B/T

Figure 4.1.8: Measurement of plateau shape at DC and AC at two different temperatures (a) and at two
different frequencies (b) at CMI

In total more than ten devices fabricated at PTB and KRISS were successfully measured at five project partners
(METAS, CMI, KRISS, INRIM, PTB). Three of the most promising QHE devices were measured each at two
institutes (METAS, CMI, KRISS, PTB). in AC. Even after long transportation, the obtained results showed no
significant differences. Even though quite different setups (cryo-magnet systems, cryoprobes and impedance
bridges) were used, the results obtained are in good agreement. Due to high interest of all partners, further
device exchange between the institutes is planned and more details will be obtained.

Conclusion

The QHR is an important and reliable standard in DC metrology. The expected reliability of graphene-based

devices combined withl ower requirements for magnetic field and te
use them as a resistance standard. Besides all these advantages, AC losses still need to be investigated and

controlled. The applied different measurement methods and the results obtained convincingly show that

resistance measurements with a relative accuracy of up to 10 are possible even for magnetic fields lower

than 6 T and temperatures as high as 4.2 K in the low kHz range, which are the needed pre-conditions for

traceability of impedance units to the QHE, and that the objective was achieved.

Even though the measurement setups and methods are different and long transportation was necessary, the
results obtained showed no significant differences. The samples measured at a single institute also show very
good results and they seem suitable for the traceability of impedance units to the QHE. All efforts of this project
lead to the fact that the traceability of the impedance units from graphene-based AC-QHE is possible and that
this capability can be transferred to other institutes.

-90f31-
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4.2 Advanced digital bridges for the frequency range up to 100 kHz (Objective 2)

Introduction

With the 2019 redefinition of the SI, the QHE became the realisation of the resistance unit. To fully take
advantage of this redefinition, the various impedance scales have to be realised directly from the QHR using
fully automated bridges that are able to cover the entire complex plan up to frequencies of at least 50 kHz.
Traditional transformer-based bridges are not suitable to be automated and are limited in frequency. Therefore,
digital bridges, based on state-of-the-art ADC and DAC, and Dual Josephson Impedance Bridge (DJIB) have
been developed and improved in this project. At the end of this project, this new class of bridges are fully
automated, their accuracy is getting close to traditional bridges and their working frequency range has been
expanded up to 100 kHz for digital bridges and to 50 kHz for DJIB.

4.2.1 Capacitance range from 10 pF to 10 nF

(i) CMldigital bridge

CMI has worked on improvements to the new capacitance traceability chain, consisting of the kHz frequency
range and the 100 kHz range (Figure 4.2.1). The capacitance unit is realised from direct comparison of

capacitanceofanomi nal value 10 nF to the known krYe saffteueacy c e

of 1.592 kHz, and respectively at a frequency of 1.23 kHz. A resistor with calculable frequency dependence is
usually involved and its DC value is corrected for AC/DC difference.

An improved fully digital bridge (Figure 4.2.2), developed at CMI, is used for R-C comparison. The bridge works
on the principle of 1:1 impedance ratio
comparison against ultra-stable digital

" Reference synthesizers SWG. CMI improved
ACQHR || ook : : :
. : == automated evaluation of the bridge settings

: to achieve equilibrium state of 4-TP defined
standards. It led to faster bridge balancing
during R-C calibration and easier operation.
Uncertainty of capacitance linkage of
0.07x10% F/F was achieved, where the
100 kHz range uncertainty of the reference resistance
[ standard is included. The main uncertainty
source is related to phase matching due to
the nonzero time constant of the reference
standard. Such a bridge was later modified
for operation with graphene-based AC QHR
too, to remove resistance artefacts from the
calibration chain.

kHz range

Figure 4.2.1. Proposed traceability of the capacitance
unit for the kHz and 100 kHz frequency range

For scaling of capacitance up to 100 kHz, a reference capacitance standard 10 nF calibrated in the previous
step from R is used for sequential calibration of 1 nF and 100 pF capacitors using a digitally assisted bridge.
The 100 pF capacitor is a calculable coaxial capacitor CXC100 developed prior the project at CTU in Prague
and it serves for extension of the frequency range - its low-frequency value is correctable for its HF/LF
difference. Then, the capacitance scale at 100 kHz is covered by means of 10:1 impedance ratio
measurements performed with a high frequency digitally assisted bridge. The high-frequency bridge within the
project was equipped with a new high-frequency generator and miniature auxiliary impedance decades.
Therefore, better stability and faster balancing of the bridge was achieved, leading to easier operation of the
bridge. The uncertainty of the capacitance scaling at 100 kHz is about 7x10¢ F/F and it fulfils the project's
target for this type of bridge and frequency.

-100f 31 -
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=2 | ” Figure 4.2.2. Simplified schematic of the R-C
i bridge. Ei denotes shared ground points; Si denotes
detection points for a null detector

Figure 4.2.3. Left: Digi-Bridge for linking capacitance to the resistance unit.
Right: High-frequency bridge with implemented new auxiliary decades and a
DDS generator

(i) INRIM-POLITO fully -digital bridge

The 4-TP fully-digital bridge developed by INRIM and POLITO works according to the principle described in
[3], which also provides a detailed description of the implementation and a preliminary evaluation of the
uncertainty.

The principle schematic of the bridge is represented in Figure 4.2.4 and a picture of the implementation is
shown in Figure 4.2.5. The bridge is balanced when the voltages at the ports LP1, LP2, DHP1 and DHP2 are
zero. When the bridge is balanced, the ratio Z1/Z> can be determined from the voltages Ei, E2, Eo and the
impedance Zo, according to the measurement model reported in [4].

The two impedances under comparison, Zi1 and Z», can be of different type and magnitude but the bridge is
optimised to yield the best uncertainty when the ratio magnitude is approximately one, that is, |Z1/Z2| a 1 .

-110f31-
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Figure 4.2.4. Figure 4.2.5.
INRIM-POLITO bridge principle schematic Picture of the INRIM-POLITO bridge

1  Traceability chain for the farad

The traceability chain that is being developed at INRIM starts, as shown in Figure 4.2.6, with the calibration of
an 8 nF standard capacitor from an AC quantised Hall resistance standard by means of the fully-digital bridge
described in section 3.1, operating at about a 1541 Hz frequency, at which the impedance ratio magnitude is
about 1.

The 8 nF capacitance is then scaled to 1 nF by means of a transformer ratio bridge and then to 100 pF and 10
pF by means of a capacitance build-up method.

| Digital bridge, f = 1541 Hz |

Capacitor
C ~8nF
f =1541Hz

Figure 4.2.6. INRIM traceability chain to calibrate an
8 nF standard capacitor from an AC quantised Hall
resistance standard

1 Bridge uncertainty

Table 4.2.1 below reports an uncertainty budget for the INRIM fully-digital bridge for a comparison between a
standardresistor R81 2. 9 kq and a s (Camia thafrequengydadd541 HrrAt this frequency,
|Z1/Z2| = PRCA 1Table 4.2.1 reports the standard uncertainty (k=1) for the quantity gg=Im(Z1/Z2)-1 = FRC-1.
The total standard uncertainty is therefore at the level of 10”7, within the target of the project for this type of
bridge.

Table 4.2.1 Uncertainty budget of the INRIM fully-digital
bridge for a comparison between a 12.9 kq standard
resistor and an 8 nF standard capacitor at 1541 Hz

Quantity i ui(gp =106
Bridge reading 0.022
Crosstalk 0.089
Injection 0.01
Total RSS 0.092

-12 0f 31 -
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KRISS has extended the frequency of the 4-TP digital bridge from CMI up to 100 kHz, and the bridge
measurement uncertainty has been evaluated mainly at 1 kHz for the capacitance measurements. The bridge
can be configured in a digitally assisted mode with a ratio transformer as shown in Figure 4.2.7 to compare
standard capacitors in 10:1 ratio. The measurement uncertainty was evaluated for the 100 pF:10 pF case as
shown in Table 4.2.2 at 1 kHz. The uncertainties from the imperfect coaxiality and lead wire corrections were
estimated to be at the level of 10°. On the other hand, the uncertainties for the bridge resolution and sensitivity,
the measurement repeatability, and the transformer voltage ratio were at the level of 10-8. When all combined,
the bridge measurement uncertainty was about 5. 4 A F@& the calibration uncertainty of 10 pF, the
uncertainty for the 100 pF reference value will be added together with its short-term stability from the
temperature stability, for instance.

D1, D3, D4
—_— e
I|F =
) «—

(i) KRISS digital bridge

Figure 4.2.7. Simplified schematic of the digitally assisted 4-TP bridge
for C-C comparison

Table 4.2.2 Contribution of the sources of uncertainties for 100 pF:
10 pF capacitance ratio measurement with the digitally assisted
4-TP bridge at a 1 kHz frequency

Quantity i “'(ff(’)fs)
Transformer ratio 0.040
Bridge resolution/sensitivity 0.025
Bridge coaxiality 0.008
Lead corrections 0.003
Repeatability 0.025
Combined u 0.054
Expanded U 0.108

The capacitance unit can be traced from the DC QHE via a calculable resistor and digital bridges. For instance,
10k q AC r e gdcedtoaha DGQHE can be compared with the 10 nF capacitance using the fully digital
guadrature bridge. Thus calibrated 10 nF can be scaled down to 10 pF using the 10:1 ratio digital bridge.
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4.2.2 Dual Josephson Impedance bridge for the range up to 100 kHz
(i) The METAS Josephson Impedance bridge (DJIB)

Recently, a new generation of fully digital bridges have been developed that use two independent Josephson
Arbitrary Waveform Synthesizer (JAWS) voltage sources to generate accurate arbitrary voltage ratios. A JAWS
is a perfect digital-to-analogue converter that produces a calculable, distortion free voltage waveform with
guantum-based accuracy over frequencies between a few hertz and 1 MHz or at DC. The DJIB was designed
to accurately determine the ratio of any two impedance standards defined as four-terminal-pair standards. The
frequency ranges from less than 1 kHz up to 80 kHz and the maximum rms amplitude used in this work is
0.3 V. The bridge is fully computer controlled, though the operator must still manually change the connections
between the impedances and the bridge. The DJIB can be divided into two distinct parts:

1 The dual JAWS system, which generates two independent sine waves at the required frequency,
amplitudes, and phases. The JAWS system is controlled by its own computer.

1 The bridge, which is composed of detection and injection transformers as well as the different
analogue-to-digital convertors (ADCs) and DACs needed to measure the state of the bridge and trim the
bridge balance, respectively. A second computer controls the bridge measurement sequence and
iteratively tunes the JAWS output voltages and DACs to balance the bridge.

Figure 4.2.8 shows a detailed schematic of the DJIB. A full description can be found in [Overney, F. et al.,
Metrologia, 57/6, 065014 , 2020].

When the bridge is balanced, the impedance ratio is directly given by: Zvot _ _@

" = = V...
T ratios
Ztop 1'top

M8195A & Optilab amplifier

VREF

Figure 4.2.8. Schematic of the Dual Josephson Impedance Bridge
(DJIB). The two four terminal-pair impedance standards to be
compared (Zwop and Zyer) are connected in series. Once the bridge is
balanced, the impedance ratio is equal to the voltage ratio

Table 4.2.3: Uncertainty budget of the DJIB for different frequencies. The
uncertainties are given as a relative uncertainty in mA/Wwith a coverage factor
of k=1. A detailed explanation of the various sources of uncertainty is presented
in [Overney, F. et al., Metrologia, 57/6, 065014 , 2020]

Ratio 1:1
Uncertainty component (u/Q) 1kHz 20 kHz 60 kHz
(a) Bridge resolution 0.009 0.013 0.032
(b) Cable correction 0.004 0.015 0.125
(c) Voltage injection chain <0.001 <0.001 0.006
(d) Quantum locking range <0.001 <0.001 <0.001
Combined (k=1) 0.010 0.020 0.129
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Figure. 4.2.9. Calibration of a 10 nF capacitor
performed at 1233.147 Hz using either the

classical

calibration chain or

by direct

comparison to calibrated resistance standards

using

the DJIB

(ii) The PTB Josephson Impedance bridge

N

EURAM\ETJ'

As a validation test, the calibration of a 10 nF capacitance
standard has been performed at 1233.147 Hz by direct
comparison to a calibrated resistance standard using the
DJIB. The same capacitance standard has also been
calibrated using the classical calibration chain in operation
at METAS. Figure 4.2.9 shows the good agreement
between the two sets of calibration results. The uncertainty
bars represent the k = 1 uncertainty. The uncertainty is

about 0.08 eF/F for the cl assica

0.02 eeF/F the DJIB calibrati

The four terminal-pair (4TP) Josephson impedance bridge of PTB was developed over the last years starting
as a two-terminal pair impedance bridge for ratio and quadrature measurements with rms amplitudes of up to
20 mV. Also, in this first stage it was used in combination with QHR devices, this time in GaAs [S. Bauer et al.,
Metrologia 54, 2017]. Within the project this system was extended to a four-terminal pair definition as shown
in Figure 4.2.10. The maximum amplitude is now 100 mV in a frequency range between 50 Hz and 50 kHz.

o

Figure 4.2.10.

@Picture

of PTB6s 4TP Josephson impedance

(b)

Josephson impedance bridge setup comparing two impedance standards

When the bridge is perfectly balanced, Up1 and Upz are zero and the impedance ratio is given by

’?‘Y 8
& p

Like the METAS DJIB, PTBs bridge can be divided into two distinct parts:

1

The dual JAWS system, which generates two independent sine waves at the required frequency,

amplitudes, and phases.

The bridge setup consists of injection and detection transformers, automatic switches to reverse the
applied Josephson voltages. In contrast to the METAS system this system uses a lock-in amplifier
instead of ADCs and both parts are controlled by the same computer.

To evaluate the performance of the Josephson impedance bridge, ratio measurements using two 10 nF
andkY2r 8&si stance standards were

capacitance standards and 10 k Y
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compared to one of the most accurate impedance bridges based on inductive voltage dividers at a frequency

range from 53 Hz to 50 kHz. The ratio of two 10 nF capacitance standards and the ratioof 129k Y anklY 1 0

resistance standards were measured as shown in Figures 4.2.11 and 4.2.12 respectively. The estimated
uncertainties for these ratio measurements at

E 8.0 1233.15 Hz are listed in Tables 4.2.4 and 4.2.5.
S 0O
2 6.0 O g o
T g o U 2 |
E O 3
=5 20 [® 5‘:%‘ 4 /EJ
a = R -n
=i = o
S-4.0 E .
= 0 10 20 30 40 50 = ,.n
Frequency (kHz) §a 0 "’; ‘ . . . .
‘,j -10 0 10 l‘m““lclll“:y (Mi{)} 40 30 60
Figure 4.2.11. Deviation from the 1:1 ratio of two 10 nF Figure 42.12. Devi ati on of rat
capacitance standards measured by the 4TP 10 kY resistance standa
Josephson impedance bridge with 100 mV (A) and by Josephson impedance bridge (A ) from Cryogenic
PTBO6s | VD)bridge ( Current Comparator (CCC) (, ). The linear fit of

ATP bridge values at DC measurement shows
good agreement with CCC

Table4.24. Uncertainty budget of PTBO0s alldsephson i mp.
ratio of two 10 nF capacitance standards with measurement at 1233.15 Hz (k = 1)

Quantity Uncertair)ty
(%) Con_trlbutlon
u(yi) =le(x)]® u(x)

Relative

Bridge resolution 3.0 nF/F
JAWS voltage 2.9 nF/F
Cable corrections 4.6 nF/F
Bridge deviation 2.9 nF/F
Kelvin network 1.2 nF/F

Combined uncertainty Uc =7 nF/F

Table 425. Uncertainty budget of PTB6s Josephson im
ratio of 12.9 kY and MwilhmeaSuremerdatt283dlhldze st andar ds

(k=1)

Quantity Unce_rtair_lty

(%) Con_trlbuuon

u(yi) =[c(x)[3 u(x)

Relative

Bridge resolution 40 nY/ Y
JAWS voltage 29 nY/ Y
Cable corrections 58 nY/ Y
Bridge deviation 35 nY/ Y
Kelvin network 1.2 nY/ Y

Combined uncertainty Ue =9 nY/ Y
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