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Abstract

The advent of the fundamental consta®g (the von Klitzing constant) an& j (the Josephson constant) in electrical
metrology and the growing development of nanotechnologies have totally changed the vision and the practice of the National
Metrology Institutes (NMIs), opening a modern era of metrology and arousing a growing interest in a possible re-definition
of the international system of units (SI). The Josephson effect (JE) and the Quantum Hall effect (QHE), at the origin of these
fundamental constants, constitute the stepe of a new approach toeetrical units, when one considers the very high level
of reproducibility of these units, never seen before. On the other hand, tite Mlance experiment in which these constants
play a part could be the origin of a new Sl definition, replacing the mass unit ‘the kilogram’ as a fundamental unit by the
Planck constank. It thus seems that the implementation of experiments aimed at demonstrating the coherency between the
theoretical and phenomenological values of these constants is a major objective. In this framework the metrological triangle
experiment associating QHE, JE and singlectron tunnelling effect would play a majole in checking the consistency of
these fundamental constants in terms @& Flanck and electron charge constants. This article gives briefly an outline of these
guantum phenomena and their metrological applications in NMIs for the realisation of electrical units and the determination of
the fundamental constanf® citethisarticle: F. Piguemal et al., C. R. Physique 5 (2004).
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Résumé

Etalons dectriques fondamentaux et le triangle métrologique quantique. L'avénement des constantes fondamentales
Rk (von Klitzing) et Kj (Josephson) dans la métrologie électrique et Meli@pement considérable des nanotechnologies
ont totalement bouleversé la vision et la pratique des Laboratoires Nationaux de Métrologie (LNMs) ouvrant ainsi une ére
nouvelle, incontestablement moderne de la métrologie et suscitant un intérét croissant pour une possible re-fondation du systéme
international d’unités (SI). Leffet Josephson (EJ) et I'effet Hall quantique (EHQ), a I'origine de ces constantes fondamentales,
constituent la clé de volte d'une nouvelle approche dessuéleetriques compte tenu diés$ haut niveade reproductibilité
de ces unités jamais atteint auparavant. D'autre part, une expérience comme la balance du watt dans laquelle ces constantes
interviennent pourrait étre a l'origine d'une nouvetléfinition du Sl dans lequel la constante de Plahgkrendrait le pas
sur l'unité de masse «le kilogramme ». Il apparait donc que la mise en ceuvre d’expériences visant a démontrer la cohérence
entre les valeurs théoriques et phénoménologiques de ces constantes soit un objectif majeur. C’est dans ce cadre qu’intervient
I'expérience du triangle métrologique par I'association de 'EHQ, I'EJ et I'effet tunnel & un électron pour vérifier la cohérence
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de ces constantes fondamentales en terme des constantes de Planck et de charge de I'électron. Cet article donne briévement
un apercu de ces phénomeénes quantiques et leurs applications métrologiques dans les LNMs pour la réalisation des unités
électriques et la détermination des constantes fondamenBales citer cet article: F. Piquemal et al., C. R. Physique 5

(2004).
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1. Introduction

In the present S| system, the base units, metre, kilogram and second, allow one to define derivative units such as the newton,
joule, watt, but also the fourth base unit, the ampere, from waillclectrical units are defined [1]. In theory, the link between
electrical and mechanical units is made through an Sl realisation of the ampere. However, in practice, itis more relevant to realise
first the derivative electrical units, farad and ohm on the one hand, volt in the other (Fig. 1). This allows the determination of the
ampere afterwards with a higher accuracy. The farad undoubtedly occupies the first place in the hierarchy of electrical units. Its
definition in the SI system and its reprodhitity are possible by means @ Thompson—Lampard calculable capacitor [2]. In
addition, the setting-up of the calculable capacitor makes possible the Sl realisation of the ohm through a comparison between
the impedances of capacitor and resistor. This leads to a determination of the von Klitzing c@pstanginating from the
quantum Hall effect (QHE) [3-8]. This effect links a resistance to a fundamental constant, just as the ac Josephson effect (JE)
[9-13] links electromotive force to another fundamental constant, the Josephson c@nstiantthermore, theory predicts that
Rk =h/e? andKy=2e¢/h.

These two phenomena have a great impact in metrology because, firstly, they provide fundamental standards with values
independent of space and tinsetting uniquely the representation of the oand the volt over the world. Secondly, through
the Sl realisation of electrical units, QHE and JE contribute significantly to the improvement of the knowledge of constants
of nature [14,15]. For instance, the Sl realisations of the ohm aneéldutrical watt (as proposed by the moving-coil Watt
balance experiments [16]) lead to the determination of the well-known fine structure censtargc/(2h/¢2) and the Planck
constant, if one assumes that QHE and JE gixe and 2/ h exactly.

Following the examples of QHE and JE, a third quantum phemam, the single ettron tunnelling (SET) effect [17,18],
has applications which can disrupt again electrical metrolbgpractice, the ampere is reproduced by means of the ohm and
the volt, but the direct use of SET becomes relevant when the amplitude of the current is less than 1 nA. This phenomenon

mechanical
units
electrical P
watt 1

arad
:* ohm

siemens |

ampeére

Fig. 1. Chain of Sl realisations of electrical units. According to the definition of the ampere, the value of the permeability of ygasum
fixed: g = 47 x 1077 N/AZ2,
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indeed makes possible the development of a quantum standard of current whose amplitude is directly linked to the electron
charge. From a ‘classical’ point of view, SET would restore the ampere and the coulomb in the foreground. More important is
the experimental possibility of testing directly the coherence of the constants involved in QHE, JE and SET phenomena which
are robustly alleged to provide the free space valués/eﬁ, 2¢/h ande. This is the task of the quantum metrological triangle
experiments from Likharev and Zorin’s proposal [19]. These experiments consist either in applying Ohiti'sdaRv [20],

or in following Q = CU from the realisation of an electron counting capacitance standard. From a ‘modern’ point of view,
the closure of the quantum metrological triangle at a level of one partdmdlDestablisha bridge between microscopic and
macroscopic physid®1], and will play an important role toward the foundation of a new Sl system fully based on fundamental
constants.

The paper is structured respecting the present-day pshathain of electrical units and starts by a description of the
Thompson-Lampard calculable capacitor. Sections 3 and 4 deal with the quantum standards of resistance and voltage respec-
tively. The theory of SET and devices are outlined in Section 5 and then the metrological triangle experiments are explained in
Section 6. Conclusions and prospects are given in Section 7.

2. Thompson-L ampard calculable capacitor

The farad is presently the electrical unit that is realised in Sl units with the smallest uncertainty. This result comes from a
‘mise en pratique’ of the theorem discovered by Thompson and Lampard in 1956 [2] and gave rise to a calculable capacitance.
This theorem stipulates that for a cylindrical system (Fig. 2) composed of four isolated electrodes of infinite length placed in
vacuum, the direct capacitances per unit of lengthandy»4 of two pairs of electrodes obey the relation:

exp(—m y13/€0) + eXp(—my24/€0) = 1, 1)

whereegg is the permittivity of vacuum. Moreover, in the case of a perfect symmetry with identical capacitances per unit of
length, it results:

Y13=1yo4=y = (¢0IN2)/7 = 1.953549043.. pF/m

and then a value of the electrical capacitance can be directly linked to a length measurement.

From the outstanding work of Clothier at NMI (formerly CSIRO/NML) [22], the most accurate implementation of the
theorem is to assemble a system of four identical long parallel and slightly spaced cylindrical electrodes (bars), placed vertically
at each corner of a square. A movable grounded bar is placed in the cross section of the four main bars. In practice, to avoid
end effects, the measurements are carried out by comparingcadapacitance to the capacitance variation of the calculable
capacitor for two positions of the movable bar. The length of this displacement is measured by means of a laser interferometer,
thus allowing the link of the farad to the metre.

The theorem can be applied to a system composed of more than four electrodes. Thus the BNM calculable capacitor consists
of five electrodes in the horizogitposition arranged at the vertices of a regulartpgon [23,24] This unique &ature strongly
differs from the calculable capacitors developed by the other NMIs (NIM, NIST, NMI, NPL, PTB). If one connects successively
two of the adjacent bars, a five-bar system is equivalent to fiferdiit four-bar systems in turn and the theorem can be applied
to each of these five systems. In the ideal case of perfect symmetry, the capacitance per unit of length between two non-adjacent
bars is equal to2 such that:

exp(—2ry /eg) + exp(—my /eg) = 1 2

7 17

Fig. 2. Cross section of a structure with four electroggg.andy»4 are capacitances by unit of length.
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Fig. 3. Measurement method employed at BNM-LNE to deterniirein Sl units from a Thompson-Lampard calculable capacitor (TLCC)
[24]. The measurements are carried out at three frequenciesantorthke into account the frequency dependence of the TLCC itself.

leading to:
y = (e0/m)In[2/(v/5—1)] F/m = 1.356235626.. pF/m.

The main difficulties to overcome for elaborating any calculable capacitor lie in the alignment of all electrodes, the movable
guard and its trajectory. Moreover, the section of the cylindrical electrodes has to be as regular as possible. Fitting the end of the
movable guard with a spike is the usual method for significantly reducing the residual cylindricality defect in the cross section of
the capacitor [22]. Another error source arises from the frequency effect, which can be due, for example, to the self-inductance
of the electrodes [22] or to electrical connections [24]. The highest accurate calculable capacitors allow a Sl value of the farad
with an uncertainty of a few parts in 80

By means of a complete measurement chain, the calculable capacitors have made possible Sl realisations of the ohm and then
of Rk. The keystone of the set up is a quadrature bridge, wHiolve.one to compare, with a very high accuracy, impedances
of two resistance®, and R, against two capacitanc€y andC» first linked to the calculable capacitor. The bridge is balanced
when the equatio®q RoC1Cow? = 1 is truew being the pulsation of the applied voltages. In practiteandC, have nominal
values ranging from 1 nF to 10 nF. They are compared to the calculable capacitor by successive measurements of capacitance
ratios involving transfer standards of 1 pF, 10 pF and 100 pF. The nominal valugsasfd R, are contained between 1@k
and 100 I andw is about 10 000 ragts typically. After correction of their frequency variations by means of an ac-dc calculable
resistor [24], these resistances are also compared in DC to the QHR, giving a S| v&lieE measurements are carried out
by means of a CCC resistance bridge (described in nexbsgclihe overall view of the successive measurements at BNM is
shown on Fig. 3.

The best Sl realisations of the ohm and thuskef have uncertainties between 2 and 6 parts it [1®,23]. Fig. 4 shows
the weighted mean values ef 1 determined througiRk and by indirect methods (anomalous magnetic moment of electron,
quotient of Planck constant and either relative atomic mass of cesium or neutron mass times lattice spacing of a crystal, shielded
gyromagnetic ratio of proton in high figldround state hyperfine transition freqeg of muonium). All measurements agree
within a range of+1 part in 10, hence the decision of CIPM to reduce the uncertainty?@f from 2 parts to 1 part in
107 [25], while keeping the conventionally true val#g-go = 25812. 80%2 for metrological purpose [1,26]. Furthermore, the
2002 adjustment of fundamental constants performed by the CODATA group [15] leads to vales-61137.03599911 and
Rk = Rk-g9o(1+ 1.74 x 10-8) with the same standard deviation uncertainty of 3.3 parts f{18].

The required efforts for realising calculable capacitors have forced some NMIs to give up their work and to move towards
maintaining the farad from the QHE. However, as reported below, the aim in reducing the uncertaikiyvatue in Sl units
down to one partin 1®is a strong motivation for some NMIs such as NMI and BNM-LNE to pursue their efforts in improving
calculable capacitors and for other laboratories, as BIPM, to start the development of such a standard.
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Fig. 4. Mean values af ~1 obtained by SI determinations & (in insert), and by indirect methods [15].
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Fig. 5. Quantized Hall resistance (QHR)y and longitudinal resistanc&xx as a function ofB for GaAs/AlGaAs heterostructure at
T =180 mK and crossed by a current of 8 pA.

3. Quantized Hall resistance standard
3.1. Integer quantum Hall effect

The quantum Hall effect (QHE) discovered by von Klitgim 1980 [3] is observed at lodéemperature and under a high
magnetic flux density in a two-dimensional electron gas (2DEG). The Hall resistance of the 2DEG exhibits a set of plateaux
centred on quantized values dependent only on the fundamental cdn&t%nt

Ru(Gi)=h/ié?, 3)

wherei is an integer. Each plateau of resistance is correlated with an abrupt drop of the longitudinal reftgtaneeh
minimal values that can be less than 130 @s observed for = 2 or 4 plateaux, usually used (Fig. 5). The 2DEG is created
either in the inversion layer at the interface of a silicon MOSF& at the junction of semiconductors with different energy
band gaps. GaAs/AlGaAs heterostructure is the prime system for metrological applications of QHE. The Hall bar sample as
shown in Fig. 6 is realised by lithographic techniques. It consists of an active area delimited by a 300 nm thick mesa with
AuGeNi contacts on each of the eight terminal pads.

Laughlin has given a general theoretical explanation of QHE using a topological argument and based on the concept of the
mobility gap and tk gauge invariance [28]. Buttiker has proposed anfdation based on the edge states where the current
is flowing only through the sample edges, emphasizing the role of the contacts acting as reservoirs [29]. However, all these
approaches predict the QHE properties at zero temperature and at no dissipation state. Actually, among the variety of the
proposed models, no one at the present time is able to takadntmnt, firstly, the real experimtal conditions of the non-zero
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Fig. 6. Hall bar sample of LEP514 type Fig. 7. Results of the bilatdracomparisons between BIPM

mounted on TO-8 holder [27]. (with transportable QHE system) and BNM-LCIE, OFMET,
PTB, NPL and NIST. Error bars mean one standard deviation
estimate of combined uncertainty [34].

temperature, the finite magnetic field and the high current value, which lead to a dissipative state, and, secondly, the imperfect
nature of the Hall sample and its contacts. Detailed bibliographies on both theoretical and experimental works can be found in
references [4-8].

3.1.1. Universality and von Klitzing constant

The quantized Hall resistance (QHR), theoretically Iinkeﬂﬁez, might be used as a reference standard of resistance if the
QHE sample respects the criteria given by CCEM technical guidelines [30]. Under these conditions, QHE allows one to realise
a highly reproducible reference standard. Indeed, measurements have shown values of the prédct independent of the
sample properties (growth techniques, type of structure, technological and geometrical parameters), of the used=plateau (

2, 4, 6 or 8) and of the experimental conditions (temperature, measuring current amplitude) with uncertainties as low as few
parts in 189 [31,32].

Moreover, bilateral comparisons of complete QHE systems performed between BIPM and some NMIs during the past
decade (Fig. 7) [33] or more recent international comparisons involviagd 1002 travelling standards, have shown excellent
agreement of a few parts in 3(1135,36]. These results, which strongly support the universal aspect of the constant involved in
QHE, confirm the conclusiveness of the 1988 CIPM recommendation for the use of QHR as a resistance standard. This unique
representation of the ohm constitutes a watershed compared with the former situation when national bases were constituted
by wire-wounded resistance standards drifting in time, dependih ambient conditions (temperature, pressure), and which
materialised only a local value of the ohm.

It is noteworthy that the design requirements make the fabrication of QHE samples for metrological purposes difficult and
sources providing these are lacking. Specific projects for producing a large number of QHE samples have been undertaken by
NMIls in order to partly solve this problem [27,37,38].

3.2. CCC-based resistance bridge

Most of the resistance bridges currently used in NMls to calibrate resistances against QHR are based on a cryogenic current
comparator (CCC). This is the instrument which has allowed one to demonstrate the univerg@jjtyih the high accuracy
mentioned above. It is briefly described below. fgldetails on CCC can be found in the literature [10,39].

The principle of CCC, invented by Harvey in 1972 [40], restsfompére’s law and the perfect diamagnetism of a supercon-
ductor in the Meissner state. Given two wires inserted in a superconducting tube (Fig. 8), clyreamd$, circulating through
these wires will induce a supercurrehflowing up the inner surface of the tube and backing down the outer surface in such a
way to maintain a null magnetic flux densiByinside the tube. Application of Ampere’s law to a closed contour (a) in the bulk
gives:

fBodlzozuO'(ll—l—lz—l) 4)

a
and leads to the equality of the currents:
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Fig. 8. Toroidal structure of a CCC and principle (in insert). The styreent flowing up the inner surfac# the toroidal shield is given by
I =N1l1+ Noly.

I=1+ Db (5)
If the tube containgvy; and N2 wires crossed respectively by curre{sand I, then (5) becomes:

I =N1l1 + Nolp. (6)

These equalities are valid independently of the position of the wires inside the tube. Here is the key reason for the high
accuracy of the CCC. In practice, a CCC is made of two windings Withand N> turns crossed by currenty and I
circulating in opposite directions. Tee windings are enclosed in a supercondgctiorus [41], whose extremities overlap
without being electrically corected on a length large enough to overcome the &edts, which distorthe current equality in
the real case of a finite length tube (Fig. 8).

The outside magnetic flux, which results only from the supercurrent, is detected by a SQUID and the voltage at the output
is then converted in a current which feeds back one of the two windings to null the magnetomotive forces:

N1Iy — N2I> =0. (7)

A CCC connected to a double constant current source [42] which supplies resiskanaed R, to be compared withiy
and 5 is sketched on Fig. 9. The operation consists in deviating a fraetafrcurrent/, in an auxiliary winding ofNa turns
in order to balance the bridge both in voltage and in ampere turns. It results in the resistance ratio:

R1/Rz=N1/Nz - [1+ (Na/No)e], 8)
wheree is determined by different methods.

T

Feed Back

Flux

Trgnsformer

2

“p
= =
R I ey
é, }

Fig. 9. Circuit diagram for a CCC-baseesistance bridge. The fractiarnof the secondary curretip is deviated into an auxiliary winding by
means of a resistive divider.
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3.3. Quantized Hall array resistance standard

The metrological applications of QHE from a single Hall bar are only limited to resistance standards with a nominal value of
Rk /2 andRk /4, i.e. around 10R. Plateaux corresponding to odd or high valué afe generally not well quantized. Moreover,
the maximum current that can be supplied to single Hall bars does not typically excegd 18pecial resistance bridges, such
as based on CCC, whose use is restricted to NMls, are therefguéed to calibrate materia¢sistance standard with QHE.
Fortunately, by means of a multiple connections technigitle kedundant links between QHE samples connected in series or
in parallel, new quantum resistance values can be obtained. This technique proposed by Delahaye [43] allows one to cancel the
contact resistance effect, and consequently to define the four terminal resistance of the equivalent quantum resistors. Expressing
by ¢ (¢ « 1) the typical resistance of a contact between two Hall bars relative to the vaRg, ¢fie relative error contribution
to the Hall resistance is limited ', wheren is the number of links. This technique uses two fundamental properties of QHE:
the two-terminal resistance between any pair of probes and the four-terminal longitudinal resistance are ideallymgual to
and zero respectively. The melpgical proof of the efficiency of the multipleoanections technique wasdt obtained for two
Hall bars placed in parallel [33,43], and then for Hall bars connected in auto-series [44]. After realising the first series array
of ten Hall bars [44], BNM has developed quantum Hall aresistance standards (QHARS) with nominal values in the wide
range Rk /200 to 5(Rk [45-48]. For example, Fig. 10 shows a QHARS, whaonsists in multiple @nected Hall bars in a
series-parallel arrangement in such a way that the nominal value is equakt8d 64130, so very close to 10 [47]. Fig. 11
shows QHE curves obtained from QHARS of 12%nd 2582 oni = 2 plateau. Their resistances have been found equal to
their nominal values within an uncertainty of 5 parts ir? 1ith a measuring current as high as 4 mA and at a temperature of
1.3 K. The development of such QHARS, which are real quargtandards, in the image of the successful Josephson array
voltage standards, needs to be pursued because they open new prospects on metrological applications of QHE:

(1) The calibration of resistances with nominal values up toS2 & down to 12 is possible without using transfer standards
of intermediate values, and consequently the uncertainties can be reduced by a factor of 10 or 100 (a few gaids in 10
1 MQ, one partin 18 for 1 Q).

(2) The consistency of the ohm representation in the NMIs might be checked with a very high accuracy and less difficulty by
using QHARS as travelling standards in place of resistoi® @ 100<2) or instead of moving a complete QHE system
[33]. The uncertainties could be reduced at a level not yet reaaottad frame of international comparisons of resistances.

(3) QHARS are compatible with conventional bridges typically used in industrial calibration centres and commercially avail-
able. For instance, resistance standards can be diretitlyatad against QHARS of parallel type, which might tolerate
high current such as that supplied by a room temperature current comparator.

300
200-
100 _J - |
50—~
0 =" . . .
0 2 4 6 8 10

B (T)

Fig. 10. QHARS of 10@2 nominal value (square of
10 mm of side) developed at BNM-LNE. The array
is composed of a subarray of 129 Hall bars (200 um
thick) placed in parallel by using the triple connec-
tions technique and this subarray is connected in
parallel with another subarray of 16 bars placed in
series [47].

Fig. 11. Dependence aty on B for two QHARS, with re-
sistances of 1292 and 258 on i = 2 plateau [45]. These
QHARS are respectively composed of 100 and 50 Hall bars
connected in parallel by triple connections.
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3.4. AC QHR standard

For more than one decade, NMIs and BIPM have investigated the use of QHR as an impedance standard in the audio
frequency range [49]. The aim is to improve the metrological chain linking resistance and capacitance in the framework of the
Sl realisation of the ohm, and vice versa in the reproducing of the farad from the ohm. So far, the frequency correction of the
resistances used in the capacitance—resistance measurenirntegts a comparison against an ac-dc resistor for which the
frequency variation is calculable. Variations of less than one part3rfrbdn dc to 1 kHz reported for the best ac-dc resistors
can be considered as a requirement for the use of an ac QHR standard in the frame of the determiRgtion of

The ac measurement techniques for QHR have been significantly improved. The main difficulties arose from the fairly
resistive cryogenic codal cables needed for connectingetQHE sample to the impedancédge. The adoption of multiple
connections technique [43] and the use of active current equalizers [50] in place of passive connectors have been found well
suited to reducing the best measurement uncertainties. As a consequence, some controversial results about the frequency effect
on QHR have been partly explained. However, the linear dependence of QHR on frequency and current usually measured, which
would be correlated to an ac loss mechanism in the QHE device, remains unclear. Indeed, one can reduce this linear variation
by different methods either by the use of gated samples or of specific sample holders [49-51]. The frequency coefficient on
QHR has thus been obtained within a few parts if fiér kilohertz. Consequently, the calibration of capacitance in terms of ac
QHR is possible at an uncertainty level of one part if [B2]. Further experimental and theoretical investigations are required
to conclude if QHE can provide a true quantum impedance standard.

4. Josephson voltage standard
4.1. Josephson effects and universalitykgf

Electrical metrology has entered a quantum era in 1962 when Josephson [8,9] discovered a remarkable consequence of the
macroscopic coherence of the superconducting state. The Josephson effects (JE) take place at low temperature in a junction
of two weakly coupled superconductors, e.g. two superconducting electrodes separated by a thin insulating layer. In each
superconductor, the electrons paired in Cooper pairs form a condensate which is described by a unique wavefuneteh,
with a phasep coherently maintained over macroscopic distances. Josephson predicted two effects:

— Cooper pairs tunnel the junction even at zero voltage drop between the terminals, giving a dc supdrcerierging,
wherelc is a constant ang = ¢1 — ¢> is the phase difference between the wavefunctions in the two superconductors;

— A constant voltagé/ through the junction induces an oscillatiohtbe tunnel supercurrent at a frequenty= (2¢/ h)U
(2e/ h corresponding to the inverse of the flux quantdr). It leads to the time variation of the phase due to an energy
change 2U involved when a Cooper pair is tunnelling:

dg/dr = (2¢/m)U. 9)

This second effect, called the ac Josephson effect (JE) and first observed by Shapiro [53], provides a perfectly reproducible and
universal voltage standard, since the voltage is directly linked to the frequency.

The craze of metrologists since 1970s for JE as a mean of maintaining the volt results from both theoretical and experimental
works, which tend to verify the validity of the relatioh= (2¢/h)U. From topological arguments, Bloch [54] has shown that
the constant involved in this relation ig,2h exactly. Numerous experiments have investigated the dependence of the voltage-
frequency ratio on materials (Pb, Sn, In, Nb, and more recently YbaCuO) or on junction types (microbridge, tunnel junction or
point contact). An upper limit less than 2 parts int$®as been established so far [55].

From early on, JE has then been used for reproducing the volt. However, because of slightly different valtesbfdned
from Sl realisations of the volt, no international consensus on a single value was possible. Fortunately, a better agreement was
found between determinations of /2 performed in 1980s. This has allowed the CIPM to recommend implementing JE as a
voltage standard, using the Josephson constgrds an estimate ofe2 i, and for calibration purpose by assigning to it one
single value [56]:

K 390 = 4835979 GHz/V exactly.

In terms of Sl units, the uncertainty df;y is 4 parts in 16 until now.
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4.2. Current—voltage characteristics of a Josephson junction

The dynamic behaviour of a real Josephson junction connected to an external circuit can be described by means of the
Resistively and Capacitively Shunted Junction (RCSJ) model proposed by Stewart [57] and Mc Cumber [58]. In this model, the
equivalent circuit of the junction consists of three arms in parallel respectively crossed by:

— the supercurrenty = Ic Sing;

— the current carried by quasi particles (due to broken Cooper pairs Bigc8), Iqg = U/R whereU is the voltage drop
across junction terminals arRlis approximately the tunnel resistance of the junction;

— the displacement curreiy = C dU /dr through the capacitana@ between superconducting electrodes.

The sum of these currents has to be equal to the cufrgiit= Iyc + I3 Sinwt) supplied to the junction by the external
source. After eliminatind/ given by relation (9), it results a 2nd order non-linear differential equation:

I = (hC/2e) ¢/ di% + 11/ (2eR) dp /dr + I Sing. (10)

Introducing dimensinless quatitiesi = I/Ic andt = 2 fpt, where fp = (elc/(whC))Y/2 is the plasma frequency, (10)
becomes:

. -1/2 .

i =P /de? + B % dg /dr + sing, (11)
wherefc = (ZJTRCfP)Z is the Mc Cumber parameter. In the general case of non-negligible junction capacitance, these equa-
tions ((10) or (11)) have to be solved numerically.

For overdamped junctiong¢ < 1) supplied with an alternative current at a microwave frequefgcit is found that the
I-V characteristic can exhibit a series of stable voltage steps at constant values:

Up =n(h/2e) f (12)

with n an integer.
4.3. Josephson array voltage standard (JAVS)

The first Josephson standards were based on single overdamped junctions. They generated only voltage of a few mV (typi-
cally operating on high-order steps;> 500, atf ~ 10 GHz). The calibration of the former primary standards such as 1.018 V
saturated Weston cell then implied the use of a voltage divider and the final uncertainty was limited at a level of 100 nV. Re-
ducing this uncertainty would naturally induce the increase of the Josephson voltage by placing in series a certain number of
junctions. Levinson et al. suggested to use underdamped juncfigns 1) which have the great advantage of delivering several
voltage steps at zero bias current if the radiation frequency is much higher than the plasma frequency [59]. Consequently, only
a single current source is necessary to bias an array joihctions placed in series. In the frame of NIST-PTB collaboration,
first 1 V voltage arrays made of 2000 to 3000 superconductor—insulator—superconductor (SIS) junctions were elaborated [60].
1V and 10V arrays [61,62], the latter being composed of more than 10 000 junctions, are now commercially available.

<

24 mm
Fig. 12. PTB 10-V array composed of 13 924 Fig. 13. Voltage steps around 10 V observed
junctions (18x 50 un?) in series [62] (pho- on the/-V characteristic of a 10 V array with

tograph by courtesy of the PTB). 80 GHz microwave irradiation.
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In addition to the design requirements [63,64] on the junction parameters (size, plasma frequency, critical current), the
condition of homogeneous irradiation over the array must be fulfilled. This requires a specific implementation of the junctions
in an integrated circuit. Fig. 12 shows a 10 V array developed by PTB [64]. The array is made of 13 924 NN#jJahctions
placed along a microstrip line which is divided in four arms of 3481 junctions in order to reduce the attenuation of the microwave
radiation. A fine line antenna allows to couple the microwave (80 GHz) to the transmission line. For such an array, each junction
typically operates on the 4th or 5th step over the 8 steps it can deliver and then the array provides a total voltage of 10 V, with
steps equally spaced{ = 165 pV at 80 GHz), as shown on Fig. 13.

4.3.1. Josephson set-up
The typical experimental set-up developed by NMls to calibrate their secondary standards (1.018 V Weston cells, 1 V and
10V Zener diode references) against JAVS is sketched on Fig. 14. It consists in four parts and can be fully computer controlled:

— The cryogenic partthe array is mounted in a cryoprobe fitted with a low loss wave-guide. Three pairs of wires are used for
visualizing the voltage steps, biasing the array with dc current and measuring the metrological voltage. The latter is filtered
at the top against electromagnetic interference;

— The microwave radiation sourcéhe circuit is constituted of a Gunn diode servo-controlled on a 10 MHz clock signal
(rubidium crystal) by means of a phase-locked frequency counter and then referred to an atomic clock;

— The electronics unita dc current source is used to bias the array on the desired voltage step through an adjustable resistor
placed in parallel;

— The metrological circuit:a digital nanovoltmeter coupled to a switch of low electromotive force measures the voltage
difference between the JAVS and the device to be calibrated.

The typical uncertainties for a routine calibration of a Weston cell can be reduced down to a few tens of nanovolts [65]. In
the case of a Zener diode reference, the calibration uncertainties are much degraded mainly due/ioibése 166].

V1
e
Bias |4

clectronics

Low-pass
Filters

Null deteckor

Device under Lest

42K

Fig. 14. Schematic of calibration set-up based on JAVS [67].

4.3.2. Comparisons

In the framework of the natural exercise of NMIs to check the coherence of their own standards, a large number of inter-
national comparisons involving 1 V and 10 V Josephson tdataped junction arrays has been performed [68]. The direct
comparisons of JAVS are the most precise. In general, they show an agreement with an uncertainty of about one'Part in 10
Some comparisons with even smaller uncertainties have been reported [67,69]. A very good agreement, a few E)%,rts in 10
has also been found [70-72] in the recent comparisons involving the new generation of JAVS designed to be programmable as
described below.

4.4. Programmable JAVS

Although 1 V and 10 V underdamped Josephson junction arrays provide NMIs with highly reproducible primary voltage
standards, their working mode remains tricky and prevents other metrological applications. The voltage steps are not stable
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parison with an SIS array via Weston cells (SP) [72].

enough against environmental electr@metic noise and they cannot be quickly anthmbiguously settled. Consequently, a

fully computer controlled calibration of Weston cells (without any risk of current flow) or a calibration of digital voltmeters

is a difficult task. Generating arbitrary waveform ac voltage at audio frequency from these arrays is also not possible. These
applications and others such as fast-reversed dc voltage rmesus (for ac/dc testing of thermal converter [73], metrological
triangle and Watt balance experiments), development of quantum voltmeter [74] and Josephson potentiometer [75], become
possible by means of programmable arrays. These arrays, operating like a digital/analogue (D/A) converter, are of two types:
binary-divided or pulse driven.

4.4.1. Binary-divided array

Invented by Hamilton et al. in 1995 [76], the array is divided into segmenig ¢& 2V) overdamped Josephson junctions,
and each segment can be independently set te th@, +1 steps by applying on it the corresponding bias curfgnt 0, +1,
and the microwave irradiatiofi (Fig. 15).

The output voltage of the array is the sum of the voltages developed at each sedgsgat0, £Mf/K ), and hence this
allows the generation of any voltage fromMiot f/ K3 t0 +Miot f/ K3 per increment oMmin f/ K 3, where Myot is the total
number of the junctions antf,,j, the number of junctions of the smallest segment.

In practice, the overdamped junctions are preferably made from SNS [77] or SINIS [78] (S superconductor, N normal,
| insulator) technology, but externally shunted SIS junctions [79] can be used as well.

From these binary arrays, any arbitrary voltage might be adjusted without ambiguity and in a very short time, e.g. less than
1 ps. Moreover, the high critical current (1 mA for SNS or SINIS junctions compared with 100 pA at the most for SIS junctions)
makes the voltage steps highly stable. However, because they occur at non-zero bias current, the voltage steps may be found
sloped due to eventual small series resistance within thg Bt2 The flatness has thus to be checked carefully [70,71].

Numerous direct comparisons between the different kinds of binary arrays and the conventional SIS arrays have been re-
ported in literature. They have shown agreement better than 0.5 nV, or even within 0.1 nV, at 1 V level (Fig. 16) [70-72] or at
voltage levels down to few tens of mV (by selecting small segments) [80]. Besides, a direct comparison of the voltages delivered
b)(;lt;/vo segments, each composed of 4086 junctions, of a same SINIS array, has shown no difference at a level of 2 parts in
10/ [81].

All these results indicate that the programmable JAVS based on binary arrays will very likely replace conventional JAVS
based on SIS arrays in near future.

In theory, the binary-divided array can also deliver ac voltages by selecting quickly and adequately voltage steps for each
segment. The resulting signal is an approximate sinusoidal wave sampled by steps. However, during the period between two
successive steps, the voltage is not quantized at all. This transience problem leads to errors on the rms value of the signal, which
could be very important for metrological purposes [12]. Investigations are being pursued by NMIs to clarify this point [82].

4.4.2. Pulse driven array

In fact, an actual ac quantum voltage standard can be realised from a series array of overdamped Josephson junctions which,
instead of being irradiated by sinusoidal microwaves, are driven with a train of short current pulses [83]. For a fixed repetition
frequency of the puls¢, the time integrated value of the output voltage/is= n N f/K 3 wheren is the step number which
depends on the pulse height, aldhe number of junctions.
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In contrast to the case of sinusoidal excitation for which a frequency modulation induces a chaotic behaviour of the junction,
or strongly affects the step width, the voltage steps do not depend on the fregtiénitie pulse widthrp = 1/(27 IcRK )
remains short enoughyp < 1/f. Consequently, the output voltage of the array is easily adjustable by vafying

Several NMls [84,85] are developing Josephson arbitrary waveform synthesizer (JAWS) based on the principle of pulse
drive. A digital code generator delivering pulses clocked at a high frequency (10sinita predetermined sequence followed
by a delta—sigma modulator used for D/A conversion allow to synthesize arbitrary waveforms (in the frequency range from dc
up to 100 MHz). The rms voltage is calculable with a fundamental accuracy from the knowledge of the number of pulses and
their positions in time. Promising results on synthesizing ac voltages with rms values higher than 100 mV have been reported
by NIST [84]. They have shown that the errors (from 1 part to 30 parts 4rirL.éhe frequency range from 1 to 50 kHz) arise
mainly from the circuit (in particular from the used drive current) and few from the junctions. Improvement of circuits is thus
needed in order to reduce the uncertainties under the expected level, i.e. less than 1 [§&lt ihiddz.

A promising alternative to the pulse driven array for generating ac voltages with a quantum precision is based on single flux
quantum (SFQ) D/A converter [86—88]. The basic element of these devices is a superconducting loop closed by an overdamped
Josephson junction (withc = 1). Each time the bias current exceeds the critical current of the junction, a single flux quantum
@q crosses the loop and induces a sheril (ps) voltage pulse for which the time integral is equakitg exactly. Despite
the simplicity of this SFQ logic, the realisation and fabrication of the SFQ D/A converters for a proper metrological use are
rather complicated but remain possible. Recently, Semenov alydk®v [89] reported encouraging results, i.e. first voltage
measurements at a 100 mV level by means of such devices.

4.5. Determination of the Josephson and Planck constants

The Josephson constaki can be directly determined from an Sl realisation of the volt. The principle consists in measuring
the attraction force& between two electrodes, one fixed, and the other movable, on which a voltag& dsogpplied. The
measurement df/ in terms of JE leads to an Sl value &fj:

-1/2

Ky=nf(2F/(dC/dx)) (13)

wheren and f refer to the step number and the microwave frequency &hfid is the variation of the capacitance between
electrodes with their distanceCddx is measured in Sl with a Thompson-Lampard calculable capacitor. Two sets of apparatus
have given rise taKj values in 1980s, the liquid-mercury electrometer developed by CSIRO/NML and the voltage balance
at PTB, with uncertainties around 3 parts in’ J@5]. Better uncertainties have been obtained by means of moving coil Watt
balance. The experiment, described in more details in [16], consists in two successive phases:

— weighing (with a mass:) the Laplace force applied on a currei} €arrying coil in a magnetic flux,
— then measuring the electromotive fordé)(created at the input of the same coil when it is moved in the same magnetic
flux at constant speed). From these two phases the following relation results:

Ul =mgv (14)

which makes electrical and mechanical powers equivalent. The measurement of electrical quantities in terms of JE and
QHE and that of mechanical quéies in Sl units lead to an Sl germination of the produd(JZRK. If Rk is measured in
Sl elsewhere, theK j is given in the simplified form:

Ky= f/(mgvR)"2. (15)

The ultimate uncertainty expected &y by this method is of the order of one part inf10

The Watt balance experiment combined with the Sl realisation of the ohm consequently leads to the SI determination of the
volt as well as of the ampere. Moreover, if the relatidghg= 2¢/h and Rk = h/e2 are assumed exact, then the experiment
gives access to a determination of the Planck constant:

h=4/(K$Rk) = 4mgv)/f2. (16)

Fig. 17 shows values df determined until now by the Watt balances of NPL and NIST and values obtained by other electric
means and by less direct methods (involving Faraday constant, shielded gyromagnetic ratio of proton in high field and molar
volume of silicon) [15]. This indicates that the Watt balance is the technique of highest accuracy so far. It is noteworthy that
these various measurements lead to the 2002 CODATA Vei6.62606693x 1034 J s with a standard deviation uncertainty

of 1.7 partin 16 and K3 = K 3.9o(1 — (4.3+8.5) x 10~8) [15].
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Fig. 17. Values of Planck constant determined by direct mea&mtnielectrometer ad Watt balance) and by indirect methods [15].

Efforts have to be pursued for reducing the uncertaintieX g(presently three orders of magnitude larger than the repro-
ducibility of present-day JAVS) antl to a level of one part in 70 Moreover, once this onset value is reached, monitoring the
kilogram for example by means of Watt balance will become a relevant task and would allow, in time, to redefine the kilogram
by fixing the Planck constant. With this aim, NPL and NIST are improving their moving coil apparatus and, in the last few
years, METAS [90] and then BNM [91] have been working on the development of new Watt balances.

5. Towards SET based standards

Although the ampere is the base electrical unit, its representation requires the volt and the ohm. This fact can be explained
for a practical reason: the quantum-mechanical standardsS# JAVS enable one to achieve uncertainties much lower than
experiment or artefact for a representation of the ampere realized up to now. However, a quantum current standard is developed
in the framework of the metrological triangle experiment. The simplestidea imagined by physicists is a current source controlled
electron by electron. For 15 years, the development of the naticdtibn has made it possible to create sub-micron devices that
allow the manipulation of individual electrons. The SET devices consist of tunnel junctions in series forming isolated conductor
pieces like ‘metallic islands’ on which the charge state is controlled by means of gate electrodes. The Coulomb blockade is the
physical phenomenon, which originates from the SET devices and is described in the next section. In theory, a SET device like
an electron pump can transfer millions ofigie charge through the circuit with an @qted intrinsic unceainty reaching one
part in 1@ and a SET electrometer can detect0 ¢ in a 1 Hz bandwidth. As a result, these systems have opened the path
towards the realisation of quantum current standards based on highly accurate current sources (normal or Cooper pair pumps)
or ultra-sensitive electrometers for making sensors or electrons counters (radio frequency (RF) SET transistor). A SET device
constituted of pump servo-controlled by an electrometer enables one to realise a quantum capacitance standard as well.

After a few theoretical considerations about Coulomb blockade by taking the basic SET transistor as an example, various
devices presently used in NMIs are described in the following subsections. The more promising devices are the electron pumps:
connected to an external RF source generatigfigfiiequency harmonic signal, a normal or superconducting pump transfers an
integer numben (= 1 or 2 respectively) of electron charges per cycle. Consequently, the current amplitude is proportional to the
elementary electron charge and the applied frequeheynef. A second way for developing a current standard is to combine
a SET transistor with a RF resonant circuit. This so-called RF-SET device is a very sensitive single-electron electrometer and
allows the very accurately counting of electrons crossing an array of junctions. Whereas the pump generates a current, the RF-
SET device calibrates a current source. The SET-SAW device combining Coulomb repulsion and surface acoustic wave (SAW)
effects is a quite different approach for making astard source but remains a serious candidate.

5.1. The double junction and Coulomb tkade of tunnelling: SET transistor

The Coulomb blockade of electraunnelling, observed for the first time in disler granular materials [92], takes place in a
SET device when a metallisland s electrically insulated from the rest of the circuit. If the total capacitance of the igslgnd
is sufficiently small compared i/ kT, the energy change required for the addition or subtraction of one electron on the island
becomes high enough to prohibit thennelling transfer of the othetextrons. The first remark&bfeature of such a device is
that the island consists of billions of eleats but remains sensitive to the present a single additionallectron. Secondly,
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the extra electron number on the island is necessarily an integer wh@feascharges of the first or second junctions, can
be fractional charges. When the thermally activated transport is suppressed (typieal§ K), the tunnelling of electrons
through the circuit is possiblender certain bias conditions.

The SET transistor (see insert Fig. 18) often used as an electrometer is the simplest SET device and consists of a single
metallic island (usuallyaluminium) separated by thin insulating tunnartiers (alumina) andaupled to a gate electrode
through a capacitor((g). The energy needed for transferring an electron through the first or the second junction is the change

of free energyAEi‘E2 of the complete ciratiduring the tunnelling:

2
+ e
with V1 » = 01,2/ C1 2 WhereC1 » are capacitances of the first and second junction, respectively. From the equation above, the
Coulomb energyEc = ez/(ZCE), is recognised. Moreover, tunneffjiinto an unoccupied statep®ssible if theelectron gains
kinetic energy coming from the decrease of the electrostatic energy of the system, and thus a threshold voltage occurs:

+ e
AE1Y2<0=>|Vb|>Vt=E. (18)

As shown in Fig. 18 (insert), the transport properties of the transistor change periodically with the gate Wgltagen
other words, with the charge state of the island. Théopecorresponds to an addition of one electron to the islafgatan be
adjusted such that the eleatreransfer through the device is blocked andts® ¢urrent is zero. Consequently, the tunnelling
can be stopped thanks to two paramet&gsand V.

Fig. 18 also shows the measurgdV characteristic for a SET transistor with symmetrical junctiofig £ Co = Cx/2)
and for three gate voltages where the Coulomb gap is maximum, minimum and intermediate. In the case of blockade state, the
conduction below the threshold voltagi & ¢/Cyx) is close to zero. By changing the gate voltage, the Coulomb gap can be
completely suppressed and the curve appears almost linear.

5.2. TheR-pump

The SET pump, first investigated by Pothier et al. [93] is a device allowing the transfer of electrons one by one at an
adjustable clock frequency, and in a quasi-adiabatic way. The electric current through the electron pump can be expressed by:
I =e- f. The simplest electron pump consists of two metadliandsseparated by three junctions (actually = Co = C3).
The gate voltage¥g1 and Vg2 through the gate capacitan€gs1 and Cg2 can control the electric potential of each island.
The pump operation can be illustrated by means of the typical diagram given in Fig. 19, which displays the stability domains
of the different states:, n2) in the Vg1 ® Vg2 plane. The integer couple{, n2) denotes the number of extra charges present
on the first and the second island. The points (Fig. 19), so-called triple points, where conduction can take place are located at
the intersection of three neighboring domains. Everywhere else, the pump is in a blockade state and the electron configuration
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Fig. 19. Right: schematic view of a R-pump device. Left: stability diagrayin® Vg2 plane which displays the stable configuratioms, (22)

of numbers of the extra electrons on each island. Boundaries beteetndomains (dashed lines) form a typical honey-comb pattern. The
charges tunneling transfer as a function of gate voltaggs andV g, takes place only in the triple points regions [94]. This diagram has been
obtained at BNM-LNE by means of a CCC used as a current amplifier [95,96].

(n1, np) is stable. Dashed lines represent the boundaries bewatmstability domais and form a typical honey-comb pattern.
The pumping of electrons is based on these topological properties.

The controlled transfer of electrons is obtained in the following way: two periodic signals with the same freguleuicy
phase shifted by ~ 90° are superimposed on each applied dc gate voltage couglg,(V g20) as following:

Vg1= Vg10+ Acos2r f1),
Vg2 = Vg20+ Aco2r ft + @)

When the dc voltages/g1o, Vg20) correspond to coordinates of the point denoted P, the circuit follows a closed trajectory
around P as shown in Fig. 19. The configuration changes 6) to (1, 0), then from(1, 0) to (0, 1), and returns to the initial
state(0, 0). In the real space, the complete sequence involves the transfer of one electron throughout the R-pump.

The frequency is chosen low compared to the reciprocal of the tunnel fate §jC, R; is the junction resistance). This
condition ensures that the system adiataly returns to its ground state. By adding 280 the phase shiftd, the rotation
sense is reversed in configuration space, and the electron by electron current takes place in the opposite direction [94].

The cross-capacitance effect can be eliminated by means of an electronic device connected to both gate wiring inputs which
adds a fraction of the voltage applied to one gate to the other gate, with opposite polarity [97].

The accuracy of the charge transfer is partly limited byabeunnelling effect. This phenomenon involves simultaneous
tunnelling of electrons from istals through each junction. In order to avoid ertiorghe transport rate, increasing the number
of the junctions is a first solution. However, PTB has proposed to keep 3-junction pumps, the easiest to use, and to place on-chip
resistive Cr-microstrips of typically 5kin series with the pump [98], thus named an R-pump (Fig. 20). As a result, dissipation
of electron tunnelling energy in the resist suppresses undesirabfieets of co-tunnelling and an increased accuracy can be
achieved.

The I-V, curve given in Fig. 21 and so-called current step illussahe current stability with B conditions. This charac-
teristic is determining for the development of current standards. Thus, stable current on 300 pV in a 40 fA range was obtained
with a PTBs R-pump connected to a CCC. An investigation on long time measurements has shown that these pumps were able
to generate a curretit= ef during more than 12 hours [94].

5.3. The Cooper pair pump

In principle, the devices consisting of small-capacitance Josephson junctions forming superconducting islands coupled to
gate electrodes are able to pump Cooper pairs one-by-one driven by a frequency higher thaariméheump case. However,
the tunnelling of Cooper pairs is a phenomenon more complex Hzdmf electrons in the normal state because the Josephson
coupling energy,Ej (= hilc/2e), must be taken into account and compared directly to the charging ergygieverthe-
less, withEj < Ec, a currentl = +2¢f generated by a three-junctions superconducting pump has been observed by several
authors [99-101]. But, thednsfer of the Cooper pairs across the device ssudbed by factors (@per pair co-tunnelling,
quasi-particles poisoning, ...) involving an imperfect plateau offthé curve. In order to improve the accuracy of the super-
conducting pumps, Zorin et al. have proposed to connect resistors in series to the ends of the array following the example of
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Fig. 20. SEM-image of 3-junctions R pump fabricated Fig. 21. Current step with an R-pump operating at 10 MHz (in insert:
by PTB [98] (illustration by courtesy of the PTB). current steps at 30 MHz). These steps have been obtained with the
BNM-LNE CCC for a short measurement time (5 min) [94].

their R-type normal pumpd01]. The measurements shovetthrough-supercurrent and the wamted co-tunnelling events are
dramatically suppressed.

5.4. The RF-SET transistor

The bandwidth of a classical SET transistor used as an electrometer is typically around 1 kHz and can achieve 1 MHz with
some improvements. However, it is too low to detect a 1 pA current with a metrological accuracy, which requires a bandwidth
of 10 MHz at least. Therefore, following the principle of the SQUID technology, a SET transistor is connected with a resonant
circuit. Such a device, called RF-SET, capacitively coupled to a long array of tunnel junctions, makes the electrons counting
one-by-one possiblelP2]. In a long array of tunnel junctions, charges flowthe form of regularly spced solitons. Electrons
generated by an external current source penetrate into the array of junctions and change the charging state of the island of the
transistor when they come close to it. An incident RF signal is partially absorbed by the RF-SET if the transistor is in the open
state or totally reflected in the blockade state. Consequently, this system is able to detect the crossing of an individual electron
by counting each change of state. In principle, the aim should be to reach a counting speed of at least 60 MHz, corresponding
to 10 pA with a 10 parts in ﬁ)uncertainty.

5.5. SET-SAW

The principle and the design of the electron transfer using a surface acoustic wave (SAW) generating a quantized current is
quite different from the one of the pumps, but the SET-SAWSs remain interesting candidates for developing a current standard
source or for quantum computing. A 2DEG in a heterostructure of GaAs/AlGaAs, very similar to those present within QHE
devices, is confined to a one-dimensional channel by using split-gate technique. Thus, this channel is located between two
electron reservoirs. By applying an appropriate voltage to the gate, the electron density in the constriction can be reduced to
zero and an energy barrier for electrons appears. Due to the piezoelectric effect, a potential modulation is created, propagates
through the SET-SAW and is superimposed on the energy barrier in the constriction area. Based on the Coulomb repulsion, it
has been shown that an integer number of electrons, determined by the created well size, can be transferred through a SET-SAW
device and generates a currdnt Nef [103]. The maximum speed would be around 10 GHz. But, the accuracy of SET-SAW
devices is limited by the overheating of electrons due to RF power needed by the transducer and by the speed of switching on
and off of the propagating acoustic wave [104]. For several years, collaboration between University of Cambridge and NPL has
extensively investigated and developed a SET-SAW current standard [105]. A total current uncertainty of a few phtiasn 10
been estimated but no real flat plateau has been displayed [106].



874 F. Piquemal et al. / C. R. Physique 5 (2004) 857-879

Electron pump

;

Fig. 22. Quantum metrological triareg(photographs of programmable JAVS atelctron pump by courtesy of the PTB).

6. Quantum metrological triangle

The single charge tunnelling could provithe missing link of the quantum metoglical triangle (QMT) [19] (Fig. 22) by
realising a quantum current standard and, as described below, an electron counting capacitance standard (ECCS).

The closure of the QMT experimentally consists in applylig= RI or Q = CV, directly from SET, JE and QHE. In
practice, the experiment comes down to determine the dimensionless prydEgD x , expected to be equal to 2, where the
constantQx is defined as an estimate of the elementary charge [2Q]= ¢|sgT, by analogy to the definitions of Josephson
and von Klitzing constants. Checking the equality K 30x = 2 with an uncertainty of one part in §@vill be a relevant test
of the validity of the three theories.

The high level of agreement shown by numerous comparisons of quantum resistance and voltage standards involving so
different kinds of devices undoubtedly strengthens our confidence in the universal and fundamental aspgasdaRyk
and hence in the equalitid§y = 2¢/h and Rk = h/ez. However, even if strong theoretical arguments exist, from a strictly
metrological point of view, these relations are not proven. Daemess of these two relations has been recently tested by the
CODATA Task group in the framework of the 2002 fundamental constant adjustment. It is shown that there is no significant
deviation betweerKj and 2/h and betweenkRk and h/ez, but within a fairly large uncertainty in the case of Josephson
relation. The uncertainties amount to 8 and 2 parts fré@pectively [15].

6.1. U = RI and current amplification

The QMT experiment proposed by BNM-LNE [20], consists in the direct comparison of the vditagepplied by a
Josephson junctions array to the Hall voltage of a QHE sample crossed by a dudedivered by a SET current source and
amplified by means of a CCC [95,96]. This comparison leads to the relation:

Uj= RuNcccl, (19)
whereNccc is the CCC winding ratio. Considering the JE, QHE and SET relationships, Eg. (19) becomes:

nfy/Ky= (Rg/i)NcccOx fSET (20)

wheren is the index of the voltage step delivered by the JAVS at the microwave freqygncis the index of the QHE plateau
and fseTis the driving frequency of the SET current source. It leads to the dimensionless product:

Rk K30x = n(i/Ncco) fi/fsET (21)

Measuring the deviation d®x K 3Qx from 2 will give information on the consistency level of the three quantum phenomena.
It is noteworthy that the rati@x /e will be determined if one assuniéx = h/e? and K 3= 2¢/h and Ox may be estimated in
terms of Rk -gg and K 3.gg with an expected value of/2Rk-goK 3-90) = 1.60217649x 1019¢.

The required CCC for amplifying the very small current generated by an electron pump must present a high winding ratio
and ultra low noise performances. In this framework some CCCs have been investigated by NMIs. The one made by BNM-LNE
and firstly used for measuring SET device [92] has a winding r&iipN, of 10 000. Its noise spectral density is 4/1H21/2



F. Piguemal et al. / C. R. Physique 5 (2004) 857-879 875

Cryogenic FB~,
capacitor
—|C,.,=1pF

NZ/\ T% island $

i v,
v, rO— $1 ﬂ:?
v, fO— electrometer
7-1 pump| = 10 pFlstray
capacitance
s O
Ve (O

Fig. 23. Principle of electron coting capacitance standard [108].

in the white noise rangef(> 0.5 Hz). It allows measurements of currents from 1 pA to a few nA, with a type A uncertainty

of 50 aA for a one hour measurement [95]. With this system, the current of 3.2 pA supplied by an electron pump has been
measured with an uncertainty of 600 aA (i.e. a relative uncertainty of 1.9 partéjraftér 15 hours of measurement [107].

From this result, some improvements have to be made in order to attempt an ultimate uncertainty of 1 ﬁaSET:Imbvices

capable to supply currents up to 100 pA and generating lower noise must be developed. A new amplifier with a better sensitivity
is also needed. This can be obtained by increasing the CCC gain with a factor 5 and by using a SQUID well suited to the
experiment.

6.2. Q = CU and electron counting capacitance standard

The development of a capacitance standard from SET devices is feasible by applying the natural definition of the capacitance:
the transfer of a well-known charge between the electrodes of a capacitor with a capacitanaed the measurement of the
potential differenceA vV between these electrod€s= Q/AV.

Fig. 23 exhibits a schematic view of the operational experimental system developed by NIST [108]. Similar systems are
developed by other NMIs (METAS, NMi/VSL, NPL, PTB).

The NIST system consists of a seven junction electron pump, a SET transistor/electrometer with a charge detection threshold
of the order ok /100, and a cryogenic capacitor built with a specific attention on leakage currents and frequency and temperature
effects. Two mechanical cryogenic switches &hd N> allow two working phases (Fig. 23).

6.2.1. N1 closed,N2 open

In this phase, the cryogenic capacitadtgyo (1 pF) is charged witlV electrons generated one by one through the pump.
The process is stopped for a short time (20 s) to measure the valgag@hen, the pump is forced to transfar electrons
in the opposite direction. Another stop occurs to measure a voltggeand so on. The successive voltagés and Vi are
compared to those of a JAVS and the differenads = Vg™ — V¢ are calculated. The average of these differerieei8) gives
the capacitance:

Ceryo=Ne/(AV) = (N/nf3) K3Qx (22)

from the relation(AV) = nf3/K3j wheren is the index of the voltage step provided by the binary Josephson array at a fre-
quency f3. Up to now, the best relative standard deviatiorCgfyo values obtained with electron counting is of the order of a
few parts in 10 [108].

6.2.2. N7 open,N> closed

In this second configuratiocryo is compared with the capacitanCg of a capacitor at room temperature using a capaci-
tance bridge. Three kinds of results could be obtained:

1. If Cx has been previously calibrated in relation to the secondRpdvith a quadrature bridge, it can be written in a
simplified form as:
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Cx =1/(2m Rk fq) (23)

where fq is the balance frequency of the bridge. Combining relationships (22) and (23) and giving up the integer numbers leads
to a new expression of the dimensionless prodticK ;0 x :

Rk K30x = (Ceryo/ Cx) f3/ fq- (24)

The capacitance ratio in this relationship is measured at a frequency in the kHz fighgeiich higher than the effective
frequency of electron counting (25 mHz). Consequently, the frequency dependence of the cryogenic capacitor must be very
small or well known. Voltage and drift effects might also affect the experiment. Unlik&tkeR I approach, this experiment
does not need a SET source supplying currents higher than a few pA.

2. If the capacitanc€y is directly compared to the calculable capacitor, so in terms of Sl uijts= Cx s, and a Sl value
of the productK 3Qx can be deduced:

K30x = (Ceryo/ Cx) f1Cx SI- (25)

The combination with the closure of the triangle Uia= RI leads to a new Sl realisation & . The relations (21) and (25)
give:

RK = (Cx/Ceryo) (f3/ ) (fsETCx.5) . (26)

The relations (25) and (26) give rise to two new determinations wfith the assumption®x = h/ez, Kj=2e/h and
Qx = e. Itis noteworthy that the first one is independent of QHE.

3. If the capacitanc€y is unknown, then the comparison withryo acting as a standard becomes a calibration. From (24)
assuming the equalit®x K 30x = 2 to be right and considering the recommended va&leyg, a simplified expression afx
can be deduced:

Cx =1/(27 Rk-9017)- (27)

This relation is similar to (23) except for the frequency. Using a conventional commercial bridge to measure the capacitance
ratio, Keller et al. have shown that the relative deviation between the valtig déduced from this method and the one deduced
from a classical calibration is only 5 parts in“10 his deviation is insignificant, considering the calibration uncertainty of the
bridge (1 part in 19) [108]. In the future, this quantum calibration of a capacitance could be made with a relative uncertainty
of 1 part in 10. However, the calibration of a capacitance in terms of QHiRen by (22), is a serious alternative considering
that uncertainties of one part in 40r less have already been reached.

As a conclusion, it is shown that the QMT experiments do not consist solely in verifying the consistency of QHE, JE and
SET. The closure of QMT via the two approachés= RI or Q = CU, with an uncertainty of one part in §owill give
significant information that can be taken into account when adjustment are made to the fundamental constants. Combined with
measurements of cryogenic capacitance in Sl units, the QMT experiments lead to new observational equations given by (21),
(24), (25) and (26). Using the same notations as in [15], these equations are rewritten as follows:

0x-00= [(K3Rk) /(K 390RK-00) ][22t/ (120¢)] /2,
K30x =4a/uoc,
Rk = poc/2a,

whereQx-go=[1 x A/Aggl/f. The equality symbol indicates the measured quantity (left term) is ideally given by the function
of the adjusted constants (right term).

7. Conclusionsand prospects

Replacing the International System of units (Sl) by a new Sl based on fundamental constants is the general trend of the
metrological community. Through the universal constants, this new Sl creates a direct link between fundamental physics and
units.

Since more than one decade, quantum-mechanical stangacth as JAVS and QHRS have fully solved the problem of
multiple representations based on previous artefact standards (standard cell2amgidtor). They present advantages in
being highly stable in time and based on well-established physical laws implying fundamental constants in a simple way.
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On the other hand, the implementation in metrology of these experiments allowing the determination of the constants
involved and the check of their consistency with quantum metrological triangle experiments, contributes to an important im-
provement in the physics phenomena knowledge by verifying theories and fundamental assumptions. All the prospects in this
domain are conceivable and some of them might be a real disruption of our points of view on nature: what would happen if
experiments prove any amazing result, challenging some of our beliefs? That is what makes quantum metrological experiments
an extremely exciting work.

Although the industrial economic community has already taken advantage of the new developments which have occurred in
NMIs due to QHE and JE, this will go on in an increasing way. For this aim, some axes of research have to be pursued in both
guantum phenomena. Indeed, the availability of QHARS on the one hand and JAVS on the other hand, will make possible the
use of such devices even by calibrationtcesin their routine work. QHARS is one tifese axes because of the extended range
of resistances and the higher measuring currents that can be allowed, making them compatible with commercial bridges. Other
fundamental developments are possible as quantum impedance standard from ac QHR or JAVS for improving ac measurements
of low voltage in the audio frequency range, instead of the thermal transfer method.

The development of the Coulomb blockade nanodevices opens extended prospects for applications in fundamental electrical
metrology (current and capacitance standards, QMT experiments). These nanodevices also present a high metrological poten-
tial in the applied domain of electricity and ionising radiation (calibration of sub-nano ammeters and development of charge
detector), in thermometry (absolute cryogenic thermometer with so-called Coulomb blockade thermometer), in nanometrology
(nanometer scale displacement sensor) and in new fields bassdgle photonaurces (single or multle photon discrimina-
tion metrology, quantum cryptography and computing). Moreover, in contrast to QHE and JE, some encouraging preliminary
results and the advances in nanofabrication techniques (miniaturization of the tunnel junction) will make feasible SET devices
operating at room temperature in the future.
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