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1. INTRODUCTION

Single-electron tunneling (SET) devices provide a means of manipulating individua electrons and
detecting the motion of these electrons with extraordinary precison. Their potential impact on metrology
and fundamental constants was recognized early in the development of the field during the 1980s. By the
early 1990s, several SET devices had demonstrated the ability to detect charges much smaller than e and to
transfer individual charges from one electrode to another. Inthelast few years, the performance of these
devices has been pushed to the levels needed for fundamental standards and high-precision measurements:
SET electrometers can detect ~ 10~ ein a 1 Hz bandwidth; electron traps can storeindividua charges for
hours; e ectron pumps can transfer hundreds of millions of individual electrons with an uncertainty of ~ 10—
9. Fundamental standards based on these capabilities are being pursued at several national measurement
institutes throughout the world, and SET devices are at the threshold of making important contributions to
practical and fundamental metrology.

Flensberg et al. [1] recently reviewed SET metrology with afocus on a detailed discussion of
mechanisms that limit performance. In this paper | review the current status of SET standards for current
and capacitance, which has changed significantly since the previous review, and | emphasize their potentia
impact on our knowledge of fundamental constants and on our system of units. | begin with a description of
the essential physics of SET devicesin Section 2. Section 3 describes various schemes for making
capacitance and current standards based on SET devices. Section 4 coversthe relevance of SET standards
for fundamental constants and the Systeme International d'Unités, and Section 5 contains conclusions.

Standards based on SET devices are being pursued in areas other than electrical metrology. | will not
discuss them in detail, but will briefly mention two of them here and point the reader to some of the recent
literature. An absolute thermometer based on SET effects has been demonstrated and is now available asa
commercia product [2]. Regulated sources of single photons based on SET effects have been proposed in
two types of semiconductor systems: etched or self-assembled quantum dots [ 3] and one-dimensional
channels subject to surface acoustic waves[4].

Of the various potential gpplications for SET standards of current and capacitance, the one that best
illustrates the impact of manipulating individua e ectrons on metrology and fundamental constantsisthe
realization of the quantum metrology triangle. Theideg, first proposed by Likharev and Zorinin 1985 [5], is
illustrated in asimplified form in Fig. 1. A frequency source traceable to an atomic clock isused to drive a
Josephson voltage source that produces avoltage U 3 = f/Kjand an SET pump that produces a current Isgt =
Qxf, where theory predictsthat Kj = 2e/lh and Qx = e. Theratio Uyl seT defines aresistance that can be
compared with the quantum Hall resistance Ry = Rk, where theory predictsthat Rx = h/e2. Thetriangleis
essentially an application of Ohm'slaw, U = IR, to the quantities produced by the three quantum effects[6].
If an actual realization of the triangle can be shown to close with an uncertainty of ~ 10-8, it will enhance our
confidencein the three relations above involving e and h. If the triangle does not close within experimental
uncertainty, it will stimulate a search for which of the three relationsisnot valid. | will discuss the quantum
metrology triangle in more detail near the end of thisreview.
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Fig. 1 The quantum metrology triangle. Current from an SET device and

voltage from a Josephson effect device are combined to create aresistance
that is compared to the quantum Hall resistance.

2.BASIC PHYSICSOF SET DEVICES

Consider two tunnel junctions defining ametallic idand of total capacitance C, as shownin Fig. 2a.
The basic condition needed for the observation and exploitation of SET effectsis that the system must
"notice" when the number of electrons on the idland changes by one, despite the fact that there may be
millions of electronson theidand. This condition isfulfilled when two requirements are met. First, the
electrostatic energy needed to place asingle extra electron onto the island, €2/2C, must be large compared to
the energy of thermal fluctuations, kgT. Second, the tunnel barriers must be sufficiently opague that the
wavefunction of an extraelectron on theidand iswell localized there. In other words, the lifetime associated
with tunneling must be sufficiently long that the corresponding uncertainty in energy is small compared to
the single-electron charging energy €2/2C. This requirement is met when the tunnel resistance Ris large
compared to h/e2. In adevice that satisfies these two requirements, the number of excess electrons on the
island is an integer and thereis asignificant energy barrier for changing this number. If avoltageis applied
across the two junctionsin Fig. 2a, current will not flow through the system unless the voltage source can
supply enough energy to overcome this energy barrier. This phenomenon, which is readily observed in real
systems, is known as the Coulomb blockade of electron tunneling.
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Fig. 2 Basic building blocks of SET devices. (a) A singleidland of tota
capacitance C is defined by two tunnel junctions (double box symbols).
Charge can flow on or off theisland only in discrete units of e. The voltage
source V must supply the charging energy €2/2C in order for current to flow
through the two junctions. (b) A single-electron tunneling transistor is
created by adding a gate capacitor and voltage source that polarize the idand
with a continuous charge and modulate the charging energy barrier.




To make useful devices based on the ideas just described, there must be away of manipulating the
charging energy barrier so that tunneling can be turned on and off at will. Thisisaccomplished by adding a
third electrode to the system, as shown in Fig. 2b. A voltage applied to this e ectrode polarizes the idand
with acharge that can be varied continuoudly [7]. When this polarization chargeis &2, the energy of the
system with 0 and 1 extra electrons on the idland is the same, and the system does not "notice" if one extra
electron tunnels on or off theidand, i.e., the charging energy barrier has been reduced to zero. Thethird
electrode that alows the energy barrier to be manipulated in thisway is called a gate electrode, and the
complete three-termina devicein Fig. 2b is called a single-electron tunneling transistor (SETT).

Controlled transfer of individual charges can be accomplished by putting several junctions and
isandsin series, dong with a gate electrode for each idand, to form adevice called an e ectron pump, as
shown in Fig. 3a. When the gate voltages are pulsed in the sequence shown in Fig. 3b, the charging energy
barrier islowered to alow tunneling through one junction at atime. Essentially, the sequence of gate
voltages creates a polarization wave that moves along the chain of idands, and an extra e ectron tunnels at
each junction in order to neutralize this wave and thus minimize the energy of the entire system. At theend
of the sequence, one electron has passed through and the pump has returned to itsinitia state.
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Fig. 3 Controlled transfer of electrons through an SET device. (a)
Schematic of the SET pump, whichis essentially several SETTsin series.
(b) Sequence of gate voltage pulses used to operate the pump. Each pulse
causes an electron to tunnel across one junction, and after the sequenceis
completed, one electron has been passed along the entire chain.

The fundamental speed limit for manipulating electrons through a conventional SET deviceis set by
thetime RC. After the energy barrier for adesired tunneling process has been lowered, the probability that
the tunneling event has not occured falls exponentially with atime constant of order RC. Calculations show
that in order to make this probability of missing adesired tunneling event ~ 109, one must wait ~ 100RC for
atypica SET device[8]. Asdescribed above, R must be larger than h/e2, and typically ~ 100 kWis needed
for metrological performance. The value of C depends on the method used for fabricating the junctions.
Currently, electron beam lithography is routinely used to make junctions from vacuum-deposited Al films
with C ~ 0.1 fF. Junctions with C ~ 0.01 fF are possible with this technique, but with dramatically reduced
yield. Other techniques and materials have yielded junctions of poor quality or with poorly controlled
parameters. Thus the fastest electron transfer rate one could expect from optimized Al SET devicesis~
1/{100(100 kW)(0.1 fF)} =1 GHz, which correspondsto a current of ~ 100 pA. The fastest transfer with
metrological uncertainty that has been demonstrated with Al devicesis5 MHz [9], but atrue optimization for



high speed operation has not been attempted. In Section 3.2 | will describe other schemes for electron
transfer that are expected to provide larger currents.

An important practical, but not truly fundamental, limitation on SET devicesis the presence of
background charges that polarize each idland of the device. These charges may arise from defectsin the
substrate, in the material of the idands themselves, or in the tunnel barriers. The net polarization from the
charges surrounding a particular island is random and can vary from —&/2 to +&/2. Furthermore, the defects
responsible for the background charges apparently are not stable, because the idland charges fluctuate in
time, even in devices that have been kept at temperatures below 100 mK for weeks. As a consequence, adc
voltage must be applied to each idand in an SET deviceto cancel the effect of the background charges, and
this voltage must be readjusted each time the background charges change significantly. Although this
presents a practical problem for all applications of SET devices, the performance of eectron pumps has
shown that it can be solved.

Thereisawedlth of interesting SET physics beyond the brief discussion above. Interested readers
can find accessible reviews in refs. [10-12].

3. METROLOGICAL APPLICATIONSOF SET DEVICES

This section contains a snapshot of the current status of several SET devices that may provide new
fundamental standardsin the next decade or so. Rapid progress is occuring on severa fronts, and some of
the performance figures | give here will certainly be surpassed before thisreview is published. Nevertheless,
they are useful indicators of the potential performance of various schemes[13].

3.1 SET capacitance standard

In defining capacitance, we consider atransfer of charge between two conductors. The transferred
charge Q causes a potentia difference DV between the conductors, and the capacitanceissmply C = Q/DV.
Since nature provides abundant electrons having identical quantized charges, it is natural to use them asthe
basic unit of charge in implementing the definition of capacitance. Thisis precisely what isdonein the SET
capacitance standard. An SET pump is used to place N electrons onto one electrode of a cryogenic, three-
terminal, vacuum-gap capacitor [14,15], then the resulting DV is measured, and the capacitanceisgiven by C
= Ne/DV. The same cryogenic capacitor can aso be measured in a conventional bridge configuration so that
its value can be transferred to an artifact at room temperature for convenient comparison with other
capacitors. A prototype of such astandard isin operation at NIST, and details about its operation can be
found in arecent publication [16]. In anticipation of the discussion of SET current standards in the next
section, it isimportant to note that the device used to place the electrons onto the capacitor must be able to
start and stop very precisaly.

The performance of the NIST prototype SET capacitance standard is summarized in Fig. 4. Severd
values of C obtained by counting electrons, spanning a period of about 24 hours, are shownin Fig. 4a. The
mean of these values is compared with the value obtained using acommercia 1 kHz capacitance bridgein



Fig. 4b. The uncertainty bars represent the (Type A) relative standard uncertainty of the mean electron
counting value (1x10-7) and the estimated (Type B) relative standard uncertainty of the calibration of the
bridge (1x10-6). Thusthe SET capacitance standard has demonstrated an irreproducibility of 1x10-7 and it
agrees with a conventional measurement of the same capacitor within the uncertainty of the conventional
measurement. Preliminary tests have aso shown that the value of C isindependent of voltage and frequency
[16,17].
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Fig. 4 Capacitance determined by counting electrons. (@) Severa values
from one day's operation of the NIST prototype SET capacitance standard.
The scale bar at the right shows a relative change of 1x10-6. (b)
Comparison of the values of a cryogenic capacitor measured by counting
electrons (circle) and by a capacitance bridge traceable to NIST's primary
capacitance standard (square).

The development of the NIST prototype is proceeding along three paths. First, sincethe SET
standard currently resides at the Boulder site, while NIST's primary capacitance standard, a calculable
capacitor [18], islocated at the Gaithersburg site, a transportable version of the prototype is being
constructed to allow adirect comparison between thetwo. Thiswill alow the uncertainty of the bridge value
of C to be reduced to ~ 10-8 through the use of custom bridges that cannot be transported to the Boul der
ste. Second, a detailed uncertainty analysis of all aspects of the standard is being conducted, with special
emphasis on possible differences between the values obtained by counting e ectrons and by bridge
techniques. An extensivelist of uncertainty components has been generated [19] and experimental tests are
in progress. The results to date have not revealed any major obstaclesto atotal uncertainty of ~ 10-8. The
third thrust is the design of arobust and automated system with computer control of as many functions as
possible. Thisisimportant because the SET standard may be useful as a practica standard, even at the
uncertainty level of the existing prototype, if it can be made easy to use. For example, it could provide a
stable basis for the calibration of artifact standardsin large industrial 1abs, thus eliminating the need to send
these artifacts to a national measurement institute (NMI) for periodic calibration.

A project by the name of "Count™ has recently begun in Europe, with participation from several
NMIs, and one of itsaimsisto develop an SET capacitance standard similar to the NIST design. Thusthere
should be at least two working prototypes in the next few years, which will make intercomparisons possible
and help establish alevel of international confidence in this approach.



3.2 SET current standard

From apractical point of view, there is no pressing need for afundamental current standard at the
moment because we aready have excellent fundamental standards of voltage and resistance. However,
experiments such as the quantum metrology triangle require a current based on the electron charge and the
second. Passing electrons one-by-oneisthe most direct way of obtaining such a current, and there are
several schemes for implementing thisidea. The uncertainty of most quantum metrology triangle
experiments envisioned thus far is directly limited by the small SET current because the voltage produced by
passing this current through a quantum Hall deviceisvery small. The maximum current that can be
produced with the required uncertainty is thus the primary criterion for comparing different SET current
standards.

3.2.1 SET turnstile

The SET turnstile of Geerligs et al. [20] wasthefirst device to demonstrate the transfer of electrons
locked to an external frequency. It consists of achain of junctions with an rf gate coupled to theidand in the
middle of the chain and a voltage bias across the chain of junctionsto define the direction of current flow, as
showninFig. 5. (There are adso gates coupled to the other islands, not shown in Fig. 5, but they are used
only to apply dc voltages to compensate for background charges.) A voltage of order €/Cq applied to the
middle gate lowers the energy barrier for tunneling through the left half of the chain, and an extra electron
becomes trapped on the middleisland. When the gate voltage is returned to zero the extra electron tunnels
through the right half of the chain to complete the cycle. The bias voltage, which istypically of order €C,
ensures that tunneling occurs only in the left half during the first step and only in the right half during the
second step.

c:g&5
Fig. 5 Schematic of a4-junction SET turnstile, whose operation is described
in the text.

In theinitial experiments with 4-junction SET turnstiles the current through the turnstile was
measured directly using essentialy conventiona electronics. When the gate was driven at about 10 MHz, a
plateau in current vs. bias voltage was observed that was flat within the noise of the measurement (relative
standard deviation of » 10-3). The average current on the plateau agreed with the expected value | = ef within
the estimated experimental uncertainty of » 3 x 10-3. Later experiments by the same research group used
turnstiles with 4 and 6 junctions of various designs and had asimilar experimental uncertainty [21].

M easurements with smaller uncertainty have not been reported, and interest in the turnstile faded after an
SET pump with 5 junctions was demonstrated to have an uncertainty of less than 10-6[22].



3.2.2 Conventional SET pump

The SET pump differs from the SET turnstile in that a high-frequency voltage (as well as adc voltage
for compensation of background charges) is applied to each idand. Furthermore, since the direction of
current through the pump is determined by the order in which the gates are pulsed, a bias voltage across the
chainisnot needed. Tunneling eventsin the pump can be controlled more precisely than in the turngtile (in
particular, they occur closer to threshold and thus thereis less unwanted dissipation), and thisisreflected in
better performance.

The SET pump was first demonstrated by Pothier et al. [23] at CEA-Saclay and has since been
studied extensively at NIST. This effort has been comprehensive in scope, encompassing detailed theoretical
calculations of basic error mechanisms, experiments designed to test specific theoretical predictions, and
careful design of experimental apparatus to ensure that the optimal operating conditions prescribed by theory
areredized in practice. Particular attention has been paid to the last point [24]. The layout of idands and
gatesis optimized to minimize cross capacitance effects and a custom circuit cancels the remaining effects.
Triangular gate pulses (see Fig. 3b) provide amore ideal operating sequence than sinusoidal gate voltages.
Cryogenic needle switches provide multiple measurement configurations that allow each pump to be

completely characterized in a single cooldown.
o

Fig. 6 Circuit for characterizing an SET pump. An SETT fabricated on the
same chip as the pump monitors the charge on one end of the pump through
agate capacitance of 1 fF. Even with astray capacitance of 20 fF, each
electron passing through the pump is easily detected by the SETT. This
allows the measurement of individual error and leakage events, as shownin
Fig. 7.

Since direct current measurements that can test controlled charge transfer with the uncertainties
required for metrology are difficult, a different measurement technique has been used for the NIST pumps.
Asshown in Fig. 6, each SET pump iscoupled to an SETT that can resolve asingle electron after it passes
through the pump. The SETT islocked in afeedback circuit (using an auxiliary gate not shownin Fig. 2) to



ensure that it operates with maximum sensitivity. The pump is operated in a shuttle mode where one e ectron
Is pumped to and from the idand between the pump and the SETT. When thisis done dowly, asin Fig. 7a,
the SETT easily detects each pumped electron. When thisis done at the normal operating frequency of
about 5 MHz, well beyond the SETT bandwidth of about 1000 Hz, the SETT responds only to the average
charge on the external idland because the individual changes of +e and —e happen too quickly. The average
charge changes only when the pump failsto transfer e during agiven cycle, so the SETT records only the
errors, asin Fig. 7b. Therelative error is ssmply the number of errors observed divided by the number of
pumping cycles during the measurement, which for Fig. 7b is 4x10-9 (the best result obtained to date). The
rate of leakage eventsin the hold mode, when the gates are not pulsed, can al'so be measured in thisway.

Fig. 7c shows atypical result, where the average time between individual leakage eventsis 10 minutes.
Although detailed studies of pump errors have been done only for the shuttle mode, the performance of the
SET capacitance standard shows that the pump also works well when pumping many electronsin one
direction.
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Fig. 7 Detection of individua error and leakage eventsin an SET pump.
The voltage in each plot isV, as measured with an SETT (see Fig. 6). ()
Pumping dowly, where each pumped e ectron can be resolved as a change of
about 7.5 pV. (b) Pumping at afew MHz, where only the errors can be
resolved. (c) The hold mode, where the pump is turned off and one electron
leaks through every few minutes.

Since feedback between theory and experiment has been particularly important for the successful
development of the SET pump, it isworth reviewing the current status of our understanding inthisarea. The
anaysis of Jensen and Martinis[25] predicted that a 5-junction SET pump with readily achievable
parameters should be capable of arelative error < 10-9 and aleakage rate of 106 s-1. When such pumps
were tested [22], they showed arelative error of 5x10-7 and aleakage rate of 0.1 s1. While a"brute force"
approach of making 7-junction pumps has achieved the performance needed for electrical metrology [9], the
discrepancy between theory and experiment continuesto be pursued. A thorough characterization of a



particular 7-junction pump alowed a direct comparison between experiment and theory with no adjustable
parameters [26,27]. This comparison revealed that theory and experiment agree at high temperatures (140
mK) where pumping errors and leakage are dominated by thermal activation, but differ by orders of
magnitude at low temperatures (40 mK). Thisresult indicated that the standard theory of the SET pump was
incomplete, i.e., that the source of the errors and leakage at low temperature was not included in the standard
theory. A likely mechanism that was missing from the standard theory was photon-assisted tunneling
processes [28]. To investigate thisissue, Covington et al. [29] exposed pumps with 4 and 6 junctionsto a
known source of microwave radiation and measured the resulting increase in leakage rate. They found that
thisincrease could be explained by a straightforward modification of the standard SET theory to include
photon-assisted tunneling. The success of this modified theory then led to the question of whether the errors
and leakage in the absence of applied microwaves could be smilarly explained. Asafirst attempt at such an
explanation, Kautz, Keller, and Martinis [30] have recently proposed a model in which non-equilibrium
fluctuating background charges give rise to a 1/f noise that extends to the microwave frequencies (f » 50
GHz) needed to cause photon-assisted tunneling in the NIST pumps. When the amplitude of this 1/
spectrum is adjusted until the model gives the observed error and leakage rates, it is found that amplitudes
between about 3 nV/HzY2 and 100 nV/HzY/2 at 1 Hz (equivalent to charge noise between about 2x10-5
e/HzV/2 and 60x10-6 e/HzY2 &t 1 Hz for atypica capacitance of 0.1 fF) reproduce the values measured in all
pumpswith 4, 5, 6, and 7 junctions measured at NIST. Thisrange of noise amplitudesis remarkably similar
to the range observed in direct noise measurementson SETTsat f < 1 kHz, which give val ues between about
30 nV/HZY2 and 3000 nV/HzY/2 (equivalent to charge noise between about 20x10-6 /HzY/2 and 2000x10-6
e/HzV2 at 1 Hz for atypical capacitance of 0.1 fF). In other words, if the noise typically measured at low
frequenciesin SETTsis extrapolated to microwave frequencies, the modified theory used to explain the
results of Covington et al. can also explain the error and leakage for pumpsin the absence of intentionally
applied radiation. Although this extrapolation is still speculative, and a consistent microscopic model for the
production of such noise by fluctuating defects may be problematic [31], the existence of a non-equilibrium
state is supported by evidence of dlow time dependence in the low frequency noise of SETTs[30].

The closeinterplay between theory and experiment has been important for the devel opment of the
electron pump, and it continues to improve our understanding of the basic error mechanismsin al SET
devices. Anaogous benefits can be anticipated asasimilar level of effort is applied to other schemesfor
creating an SET current standard.

3.2.3R-SET pump

The R-SET pump differs from the conventional SET pump by the addition of resistors at one or both
ends of the chain of junctions (see Fig. 8). The purpose of these resistorsis to suppress a certain class of
unwanted tunneling events. These events are called cotunneling events because they involve smultaneous
and coherent tunneling of electrons at two or more junctions. For example, the leakage of one electron
through all N junctionsin apump can occur via N thermally activated red transitions, or via one N-junction
cotunneling trangition involving the virtual occupation of N — 1 intermediate states. At typical operating



10
temperatures for SET devices, the cotunneling rate dominates and thus cotunneling generally sets the ultimate

theoretical limit on device performance (neglecting photon-assisted processes).
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Fig. 8 Schematic of a 3-junction R-SET pump, whose operation is described
inthe text.

The resistors at the ends of the R-SET pump suppress cotunneling by modifying the electromagnetic
environment seen by the pump. The importance of the interaction between an SET device and its
environment isreviewed in [11]. Each tunneling event in an SET device involves aredistribution of charge
throughout the device and its electromagnetic environment. In other words, the tunneling electrons are
coupled to the electromagnetic modes of the environment. When the device and its environment are treated

as asingle quantum system, it can be shown that tunneling rates are affected by the environmenta impedance
Zgw) for frequenciesup to o, = (ez/ ZC) / k. In particular, when Zg(w) is comparable to h/e2 » 26 kW for w

£ W, tunneling rates will be strongly suppressed compared to the case of Zg(w) = 0. At frequencies
comparable to wg, which istypically betweeen 10 GHz and 100 GHz, the impedance seen by a conventional

SET pump is only ~ 100 Whecause of stray capacitance in the metallic leads, and tunneling rates under
typical conditions are only dightly suppressed. However, if aspecia effort is made to construct small
resistors with R~ h/e2 and place them close to the pump, the stray capacitance can be made small enough to
have Zg(w) ~ h/e2 for w £ we, and tunneling rates can be significantly suppressed.

Both desired and undesired tunneling rates will be affected by the environmental resistorsin Fig. 8,
but fortunately the undesired cotunneling rates will be affected more strongly. This can be seen from the
charge redistribution illustrated in Fig. 9. Consider the point in the pumping cycle when apolarizationis
applied to theisland labeled B through its gate. In the desired event where an electron tunnels from A to B,
the charge that flows through Ris &N. Inthe undesired event where an electron tunnels from C to B through
the other N — 1 junctions, the charge that flows through Ris &N — 1)/N. Since more charge is redistributed
through the electromagnetic environment for the undesired event, it will be more strongly suppressed by the
effect described in the previous paragraph. The difference in the amount of suppression between desired and
undesired events is greatest when the number of junctionsislarge.

Experimental tests of the R-SET pump have recently begun at PTB as part of the Count project [32].
Although these experiments have not yet used the direct method of counting errors and leakage events
described in Section 3.2.2, theinitia results are promising. Indirect measurements of leakage indicate that a
4-junction array with resistors has aleakage rate roughly comparable to that of a 7-junction array without
resistors [33]. Indirect evaluation of relative pumping error based on the shape of the current vs. voltage
curve while pumping gives an estimate of ~ 104 [34,35]. One important question is whether the
environmental resistors can really improve performance in the presence of the photon-assisted tunneling that
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appearsto dominate in the NIST pumps. Direct measurement techniques and other refinements to these

experiments are planned, and they should reveal whether the environmental resistors truly produce the
intended benefits. If so, it may be possible to achieve the performance needed for metrology with perhaps as
few as 3 junctions, which would make practical operation of the pump somewhat simpler by reducing the
complexity of the custom e ectronics.
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Fig. 9 Chargeredistributionin an R-SET pump. (@) Simplified schematic
of an N-junction R-SET pump. (b) Equivalent circuit for the desired
tunneling event across the single junction between points A and B. TheN —
1 junctions where tunneling does not occur are represented as an ordinary
capacitor. When an electron tunnels from A to B, its charge must be
redistributed throughout the rest of the circuit so that the same voltage
appears across C and the series combination C/(N —1). The charge that
must flow through the environment to accomplish thisise/N. (c) Equivalent
circuit for the undesired cotunneling event acrossthe N — 1 junctions
between points B and C. The junctionsinvolved in the cotunneling process
are represented as a single junction of capacitance C/(N —1). Inthiscasethe
charge that must flow through the environment iseN/(N — 1).

3.2.4 Super conducting pump

An array of Al junctions can be used to pump individual Cooper pairsif the junctions are
superconducting and the Josephson coupling energy Ejis comparableto Ec. Such adeviceisknown asa
single-Cooper-pair tunneling (SCPT) pump. Inthefirst experiments on an SCPT pump, using adirect
current measurement technique as for the SET turnstile, aflat plateau was not found [36]. Because of this
poor initial result, and more importantly because the theory of the SCPT pump is more complex and not as
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fully developed as the theory of the SET pump, relatively little attention has been paid to the possibility of a

superconducting current standard. Thisis beginning to change for reasons | will describe shortly.

The advantage of the SCPT pump isthat, in principle, it can operate faster than the SET pump
without an increase in relative error. The tunneling of Cooper pairsis a coherent process, in contrast to the
incoherent and stochastic tunneling of electrons, and thus the RC time of the junctions does not set a speed
limit for the SCPT pump. However, this same coherence presents a problem because it alows a supercurrent
to leak through the entire device. In order to make a useful SCPT device, this supercurrent must be
supressed without inhibiting the process of transferring Cooper pairs across individual junctions. In
essence, what is needed is an array of junctionsthat is globally insulating but locally superconducting. In
arrays of junctions with Ej < E¢, an excess Cooper pair takes the form of a soliton [37], and the supercurrent
Is suppressed when the array is much longer than the soliton length. An SCPT pump has not been tried with
such an array, and the number of junctions and gates required for metrology may be impractical, but an
SCPT turnstile based on along array is being pursued as atest of the general idea[38]. Thereis recent
progress in caculating errors and leakage in the SCPT pump [39,40] to guide experimentsin this area.

Another possible solution to the conflicting requirements of the SCPT pump isto exploit the
influence of the environmenta impedance that was described in Section 3.2.3 [41]. For aleakage event the
charge that must flow through the environmenta impedanceis 2e, while for adesired tunneling event at a
singlejunctionitisonly 2e/N. Ananalysis of the N-junction SCPT pump with apurely resistive
environmental impedance R shows that when

eN o _h p o\ N
eN- 19 (2e) (2¢)* "
both leakage through N junctions and pumping errors due to cotunneling through N — 1 junctions are

(1)

strongly suppressed, while the desired tunneling events are only dightly suppressed. For apump with N =
7, thisrange is from about 10 kWto 300 kW. Resistors with valuesin thisrange and with small stray
capacitance have already been used in several SET experiments, including the R-SET pump, so this approach
seemsfeasible. Further quantitative analysis of this scheme is needed to show that errors due to unpaired
quasi particles, occupation of excited states due to Zener tunneling, and photon-assisted tunneling can be
made adequately small. Nevertheless, careful engineering of the electromagnetic environment appears to
provide a promising route to a practical implementation of the SCPT pump.

3.25 SETSAW current standard

There have been two approaches to combining SET effects with surface acoustic wave (SAW) effects
to produce a current source. Thefirst approach isto place an SET or SCPT pump on a piezoel ectric
substrate and use atraveling SAW to accomplish the sequence of gate voltages needed to pump electrons or
Cooper pairs[42,43]. The potential advantages of this approach are that it would be relatively simple to drive
alarge number of gates and that an operating frequency > 1 GHz would be possible (the latter would
probably be useful only with an SCPT pump). When this approach was tried with an SET pump on GaAs,
the measured current was only about 1/3 of the expected value [42,43]. Although there was reason to expect
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improved performance with changes to device design, further experiments were not pursued, possibly

because a conventional SET pump with arelative error < 10-6 was demonstrated at about the same time.

The second approach to a SETSAW current source involves an SET system that is quite different
from the tunnel junctions | have described thusfar [44,45]. The starting material for this approach isatwo-
dimensiona electron gas (2DEG) in a heterostructure of GaAs/AlGaAs similar to those used to make
quantum Hall devices. The 2DEG is confined, by etching or by depletion from surface gates, to a channel ~
0.1 pm wide and ~ 1 pm long between two wide reservoirs, asillustrated in Fig. 10a. Thischannel is
squeezed beyond the point where current can flow through it, so that there is an energy barrier for electrons
to travel from one reservoir to the other. When the SAW is excited by atransducer far to the left of the
channel, it creates a modulation potential moving from left to right that is superposed on the energy barrier.
If the amplitude of the SAW islarge enough, each period of the modulation potential creates asmall well that
can carry one electron over the energy barrier, asillustrated in Fig. 10b. For a SAW wavelength of ~ 1 um,
these wells are small enough that the repulsion between electrons ensures that only one electron can occupy
each well. The current induced through the channel by a SAW of frequency fisthen| = ef. The speed limit
for this approach is not precisely known, but islikely to be ~ 10 GHz or higher.

While the SETSAW devices described here may be able to deliver an accurate steady-state current,
they cannot deliver a certain number of electrons with an uncertainty of ~ 10-8 because the SAW cannot be
switched on and off quickly enough. Thus they are not suitable replacements for the SET pump that is used
in the capacitance standard described in Section 3.1.

The SETSAW current standard in a 2DEG has been pursued for severa years at the University of
Cambridge, with more recent involvement by NPL. The current due to the SAW isusualy plotted asa
function of the voltage that squeezes the channel, and a plateau like that shownin Fig. 10c is observed. To
provide a useful current standard, the plateau must be flat over afinite range of voltage (and of temperature,
SAW amplitude, and other parameters) and it must occur at the value | = ef. The most impressive plateau
reported to date has aregion where | is constant a » 0.5 nA to within the noise of ~ 0.05 pA, corresponding
to arelative statistical uncertainty of ~ 1x104, extending over arange of 0.5 mV in the squeezing voltage
[46]. Thetotal uncertainty of the current on this plateau was 7x10-3, the nominal relative uncertainty of the
commercial anmeter that was used. Recent measurements have been done at NPL with atotal uncertainty of
3x10-5, but none of the devices used for thiswork displayed atruly flat plateau [47]. Defining the
SETSAW current as the inflection point of the current versus squeezing voltage curve, it was found that this
current differed from ef by about 1.5x104. The NPL measurements showed that this difference becomes
larger as the plateau becomes lessflat, implying that a device with atruly flat plateau should produce the
expected value of current.

Researchers at NPL have also explored the effect of heating in SETSAW devices[47]. The results
indicate that the temperature of the electronsin the 2DEG is elevated well above the cryostat temperature of
about 1 K, possibly ashigh as 20 K in the smallest devices. Although some of this heating comes from
losses at the transducers and can be reduced by better impedance matching, the dominant effect occurs within
the SETSAW deviceitsalf and will be difficult to reduce. One potential solution is to fabricate a composite
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structure in which the 2DEG materia is placed on top of a substrate with a much stronger piezoelectric effect

than GaAs, for example LiNbO3. The stronger coupling between the lattice and the 2DEG would alow a
SAW with asmaller amplitude, and thus less |oss, to provide the required modulation of the energy barrier in
the 2DEG channel.

(b)

Vsqueeze

Fig. 10 Passing eectrons through a SETSAW device. (a) Schematic
geometry of the device, showing the narrow channel of depleted 2DEG
through which the current flows. (b) Schematic energy profile dong the
horizontal axis of the channel in (a). Without the SAW (solid line), thereisa
large energy barrier between the 2DEG reservoirs. With the SAW (dotted
line), atravelling well carries one electron over this barrier for each period of
the SAW. (c) Schematic curve of current vs. squeezing voltage.

SETSAW projects have recently begun at PTB [48] and at DFM, and the expanding effort should
further our understanding of the potential for a current source in the range of 1 nA with the uncertainty
required by metrological applications.

3.2.6 RF-SETT for passive electron counting

The devices described previoudly in this section are designed to generatean accurate current, but it
maly also be possible to simply observeindividua charges asthey flow through adevice. A promising
system for such a schemeisalong array of tunnel junctionsin which charge flows in the form of solitons



with regular spacing [49]. An electrometer can detect the passage of each soliton if it isfast enough and has
low enough noise. Fast enough means that it must have a bandwidth larger than the average rate at which
solitons pass. Since 1 pA » 6x106 e's, the bandwidth should clearly be at least 10 MHz. The noise

requirement can be calculated as follows. For an electrometer with an input charge noise spectral density S,
and a bandwidth B, the standard deviation of the input chargeis , /% B . The electrometer must not be

coupled too strongly to the array, to avoid perturbing the solitons, so | assume the signal from a passing
soliton is~ 0.1e. Assuming that the probability of missing asoliton has anormal distribution, a standard
uncertainty of 1x10-8 in the measured current requires that the signal be » 5.5 times larger than the standard
devidtion, i.e, O.1e/ \/@ » 5.5, To passively count every electronin acurrent of 1 nA with an uncertainty

of ~ 10-8 thus requires adevicewith B~ 6 GHz and /S ~2 " 10" &/JHz.

Anordinary SETT islimited to a bandwidth 1/2pRC ~ 1 kHz, where R ~ 100 kWis the tunnel
junction resistance and C ~ 1 nF isthe stray capacitance of the lead running to the first voltage amplifier at
room temperature. This has been improved to » 1 MHz using various cryogenic amplifier schemes [50-52],
but the real hope for passive e ectron counting liesin amore radical modification shown in Fig. 11.
Borrowing ideas from SQUID technology, Schoelkopf et al. [53] have integrated the SETT into aresonant
circuit to create adevice called the RF-SETT. Instead of measuring the output current or voltage, the signal
from the RF-SETT is detected by monitoring the damping of the resonant circuit. Thefirst version of this
device demonstrated a bandwidth of more than 100 MHz and a noise of ﬁ »10"° e/ JHz at 1 MHz [53].

An optimized version is expected to have a bandwidth of ~ 1 GHz and a noise of E ~10°° e/J/Hz , which
would allow ~ 0.1 nA to be measured with an uncertainty of ~ 10-8. There are other questionsthat | have
not addressed, such as possible errors due to the statistical nature of the soliton transport itself, but the RF-

SETT iscertainly apromising step toward an SET current standard based on passive electron counting. This
approach is also part of the European Count project.

e —————————
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Fig. 11 The RF-SETT, whose operation is described in the text.

3.3 Parallelization of SET devices

In most quantum metrology triangle schemes proposed to date, the current required to enable an
uncertainty of 108 isroughly 1 nA to 10 nA. Aside from the SCPT pump and the SETSAW current
source, which have yet to demonstrate an uncertainty of 10-8, such a current can be achieved only by putting
many SET current sourcesin parallel. Thetechnica difficulty of this approach can beillustrated by
considering the chalengesinvolved in the case of the conventional SET pump.

Assuming that individual 7-junction pumps could operate 10 times faster and deliver 10 pA each, an
array of 100 in paralldl could deliver 1 nA. Thefirst challengeisto fabricate 700 working junctions with

15
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reasonably uniform parameters, along with gate lines to each of 600 isands. The NIST fabrication process

currently has ayield of about 50% for chips with 9 junctions (one pump and one electrometer), so thiswould
require atremendous improvement in fabrication. This daunting task is surely the main reason why pardle
SET devices have not been pursued to date. However, it isinstructive to continue under the assumption that
this can be done because if it is done there will be other issuesto confront.

The second challengeis to adjust the dc voltage on each of the 600 gate linesin order to cancel the
background charges described in Section 2. Aswas mentioned there, the background charges fluctuate in
time, and even after one month at temperatures below 100 mK it is still necessary to tune the gate voltages
about onceaday. For the NIST pumps, these voltages are tuned by increasing the bias on a single gate until
the error rate increases noticeably, decreasing the bias on the same gate until the error increases again, and
then using the average of the two threshold values as the optimal setting for that gate [24]. There are several
technical aspectsto this challenge, and experience with the NIST pumps suggests that tuning an array of 100
pumpsis feasible with somewhat optimistic assumptions, but tuning an array of 1000 pumps does not
appear to befeasible. The main difficulties are detecting single error events from individual pumpsin the
array and the total time required to tune the array.

If SETSAW devices or R-SET deviceswith 3 junctions can achieve the required uncertainty, some of
the difficulties mentioned above would be reduced. It isimportant to note that the SET capacitance would
benefit from even amodest increasein current, so parallelization on amodest scale may be worth pursuing
even if the currents required by the quantum metrology triangle seem unlikely to be reached.

4. IMPACT ON FUNDAMENTAL CONSTANTSAND THE Sl

Fundamental electrical metrology isin arather unusual situtation at the moment because it effectively
has two sets of units. Thisfact, which is not widely recognized outside the metrology community, is crucia
to understanding how SET devices can contribute to our knowledge of fundamental constants and potentially
affect the Systéme International d'Unités (SI). Thus| begin this section with a brief explanation of the
current Situation in order to provide the necessary background for the rest of the discussion.

Prior to 1990, the Sl units of voltage and resistance were maintained at the various NMIs by means
of artifact standards that were compared with realizations of the SI volt and ohm. Redlization experiments,
which must strictly conform to the definitions of the Sl [54], are difficult and time consuming for these
quantities, and thus are performed only occasionally. When quantum standards based on the Josephson
effect and the quantum Hall effect became available in the 1970s and 1980s, it was redlized that the artifact
standards were not nearly as stable and reproducible as the new quantum standards, and in fact inter-NMI
comparisons of artifacts revealed significant discrepanciesin some cases. 1n 1990 the constants K j and Rk
were assigned conventional values, thus establishing a conventional unit of voltage based on the Josephson
effect and a conventiona unit of resistance based on the quantum Hall Effect [55,56]. The conventional
values, denoted K 399 and Rk -9, Were chosen in order that the new units (V9o and Wgo) would be as close as
possible to the Sl volt and ohm (V and W) [57]. The values of K 399 and Rk -gg are exact, and the possible
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differences from the Sl values of Kjand Rk are expressed as uncertaintiesin the ratios Vgo/VV and Woo/W, as

shownin Eq. 2.

K., =483597.9 202 Mo _144- 107
VooV

2
R ., = 25812.807 W % =142 10"

Conversions between the two sets of units are easily accomplished using the relations Voo/V =K 3.90/Kjand
Woo/W= Rk/Rk-90.

Since 1 January 1990, all NMIs have used Vgg and Wy as practica units of voltage and resistance
for their calibrations. It isimportant to note that the definitions of the Sl volt and ohm have not changed in
any way, nor have these units been replaced by the 1990 volt and ohm. The 1990 agreement simply created a
second set of unitsfor voltage and resistance in order to facilitate dramatic improvementsin the consistency
of inter-NM1 comparisons of these quantities. Consistency with the other units of the SI, in particular the
equivaence of eectrica and mechanica power, was provided at the level of the uncertainiesin Eq. 2, but the
irreproducibilities of the 1990 volt and ohm are considerably smaller than these uncertainties.

4.1 Choice of unitsfor SET standards
Although the adoption of Vgg and Wgg was motivated by practical concerns, namely adesire for
better international consistency in measurements of voltage and resistance, it also created the potential for

more far-reaching impacts. Consider the combination

2
R =1.6021764916.." 10°C° ¢, ©)

which shows that the exact values adopted for K 399 and Rk -go imply an exact value for the electron charge.
We can define a 1990 coulomb, related to the SI coulomb by Cgo/C = elegg, and thisis clearly anatural unit
of charge to be used with SET standards. As| will now describe, SET standards (like other standards based
on fundamental constants) can provide avaluein either Sl or 1990 units, and some interesting relations can
be found when this flexibility is exploited.

Consider an SET current standard that has a negligible experimental uncertainty, say < 10-9. The

current islsgt = ef, wheref isin Hz and e must be given in aparticular system of units. In Sl units, we have
18) =ef with e=1.602 176 462(63) * 10 *° C from the 1998 adjustment (with arelative uncertainty of 3.9

x 10-8) [56]. 1n 1990 units, we have 1% =g, (C,,/C)f with egg given by Eq. 3 (with no uncertainty).

J-90 -90

Taking for example afrequency f = 10 MHz, we find
18 =1.602 176 462(63) pA

1090 =1,602 176 491 6... pA,,
In other words, the current from the same SET current standard can be expressed either in A, with a
nonexperimental uncertainty coming from the value of e, or in Agg, with zero nonexperimental uncertainty

because egg is adefined constant. Computing the relative difference between the two values we find
Iéé?rQO) _ I(SI)

_ST___=T =18 10°. (5)

| (1990)
SET

(4)
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Since thisis smaller than the current uncertainty in 15, the SI and 1990 values do not differ significantly.

However, if the uncertainty in e decreases by more than afactor of 2, asit dmost certainly will, the existence
of acurrent standard with sufficiently small experimental uncertainty would force a choice between units.
Clearly it would be desirable to use Agg so that the value of the SET current standard would be consi stent
with the 1990 voltage and resistance standards, but this would mean moving the practical basisfor yet
another electical quantity outside the Sl.

Now consider an SET capacitance standard with an experimental uncertainty of < 10-9. The
capacitance is Cset = Ne/DV, where DV is necessarily measured in terms of V gg because standards in terms
of V with the required uncertainty are not available. To expressthe vauein Sl units, we expressein terms
of the fine-structure constant o and Kj (assuming Kj = 2e/h) as e= (4oc/ uoc)(]/ KJ) , Where g isthe
permeability of free space and c is the speed of light in vacuum. We also use the conventional notation x =
{x} Xs = { X} ¢ Xg to express the value of a quantity x as the product of a dimensionless numerical value {x}
and aunit X inany system of unitssor s. Thisyields

« _ Ne _ Ne _ N(4o/p.c)
CSEl' - sy - (6)
DV {ovi,v {DV}, K, .V
with o = 7.297 352 533(27) ~ 10°° from the 1998 adjustment (with arelative uncertainty of 3.7 x 10-9) and

Mo and c defined constants [56]. 1n 1990 units, we have
Ne _ Ne,(Cy/C)

C(1990) — — 7
SET D\/(1990) { DV} o Vgo ( )

Taking for example N = 108 and { DV} 9o = 10, wefind
CS) =1.602 176 456(6) pF ®

CU0 =1.602 176 491 6... pF,,

Thus the capacitance from the SET standard can be expressed either in F, with a nonexperimental uncertainty
coming from the value of o, or in Fgg, with zero nonexperimenta uncertainty because egg is a defined

constant. Compuiting the relative difference between the two values we find

(1990) _ (Sl
M =227 10°%. 9)

CélEQrQO )
In this case the difference is about 6 times larger than the uncertainty in CS . Thus an SET capacitance

standard with sufficiently small experimental uncertainty would force a choice between expressing the result
interms of F or Fgp.

The situation for capacitance has another important component that does not play arole in the case of
voltage, resistance, or current. When Vgg and Wgg were established, there were no Sl standards of V and W
with comparable uncertainty, and no such standards are expected in the foreseeable future. Thusthe only
way to allow voltage and resistance metrology to proceed with uncertainties of ~ 10-9 isto adopt the
conventional units. However, in the case of capacitance there exists a standard for the Sl farad, the calculable
capacitor, the NIST version of which has an uncertainty of 1.9x10-8 [58]. Thisis comparableto the relative
differencein Eq. 9. Thus one can imagine asituation in the relatively near future where two units for
capacitance can be realized with an uncertainty of say 1x10-8 but differ from each other by 2.2x10-8. We
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would then have two options for expressing the value of aparticular capacitor. (1) We could use the 1990

farad, which is by definition consistent with other electrical measurements that can be done with an
uncertainty of 1x10-8, but which has no ongoing link to the SI that would allow it to reflect improvementsin
our knowledge of fundamental constants (significant improvements have already occured since 1990). (2)
We could use the Sl farad, which is by definition consistent with the nonelectrical Sl units but is not
consistent with V gg and Wao.

Of course, the difference between 1990 and Sl unitsis not fundamental. It issimply a consequence
of the fact that the conventiona values adopted in 1990 were not perfect, aswell as the remarkable progress
in fundamental constants and SET standards that may soon make that imperfection apparent in rea
experiments. The difference between Fgg and F (and between Agg and A) could be temporarily eliminated
by choosing new conventional valuesfor Kjand Rk in order to make the value of the eectron chargein Eq. 3
equal to the accepted Sl value at some point intime. In other words, we could do the same thing for the
Josephson and quantum Hall standards that we have aways done for artifact standards: when we notice that
thelr values no longer agree with Sl values, we adjust their values. I1n the case of artifacts, the need for
adjustment is due to driftsin the artifacts, while in the case of quantum standardsit is due to evolution in our
knowledge of the fundamental constants and the S| values of quantities that involve these constants. Such
adjustments should not be made unless circumstances make it necessary, or at least clearly advantageous, but
it appearsthat the SET capacitance standard may bring about such circumstances within the next decade.

4.2 The quantum metrology triangle
The three quantum electrical standards can be described by the following relations:

o N1,
e (10)
R0 (1)
ISET © QX fSET’ (12)

wherenyand i are integers describing the step number and plateau number of the Josephson and quantum
Hall devices, respectively. When focusing on fundamental considerations, it isimportant to note that these
areempirical relations, i.e., we observe that, for example, voltage from Josephson effect devices obeys Eq. 10
with a phenomenologica constant K j that appearsto be universal. Of course, theory predictsthat K j = 2e/h,
Rk = h/e2, and Qx = e on quite general grounds, and to date no experiments have contradicted these
predictions. However, from afundamental point of view the relations between the phenomenol ogical
constants and h and e are still open to question. Thisissue can be divided into two parts, which | will discuss
for the case of K3. The cases of Rx and Qx are analogous.

We can first ask "Is K redlly identical to 2e/h, i.e., can we rewrite Eq. 10 as U, = (n,f,)/(2e/ h)?"
There are two types of information relevant to this question. The first typeistests of the universality of K.
These include comparisons of Josephson effect devices with different parameters and comparisons of
complete metrology systems [55]. They tell usthat any deviation from universality is no larger than 1x10-10
and possibly as small as 3x10-19. Thisuniversality is consistent with K3 = 2e/h, but does not proveit. The



second typeisthe test made by Taylor and Cohen in 1991 [59], which used the results of various
measurements of fundamental constants to calculate the best independent values of Kjand 2e/hin S| units.
This test showed a possible discrepancy between K j and 2e/h at the level of 2x10~7, but the significance of
thisresult is unclear because the set of input data for the calculation was not very robust [59]. It would
perhaps be useful to repeat this test on the more recent input data used for the 1998 adjustment of the
fundamental constants.

We can also ask "What isthe value of Kjin Sl units?' There are two types of information relevant
to thisquestion aswell. Thefirst typeis experiments that give adirect Sl value of K3, where "direct” means
without assuming K3 = 2e/h. The second type is experiments that give avaue of 2e/h in Sl units, combined
with the assumption that Kj = 2e/h. These values of Kjarereferred to as"indirect”. Examples of
experiments that give direct and indirect Sl values of K j are described in [55].

The quantum metrology triangle can contribute information relevant to the questions above in two
distinct ways, depending on what assumptions are made [60]. In the first case, we assume that the theoretical
predictionsKj= 2e/h, Rx = he2, and Qx = eare correct. Thenthe guantum triangle experiment gives [61]

UJ = RI ISET

nf, _h/e

2e/h” i

fer _ N

f 2
Since the frequencies used to drive the SET and Josephson effect devices can be known with negligible
uncertainty, this equationisequivaentto 1 = 1. If areal experiment shows that the quantum metrology
triangle closes with an uncertainty of ~ 1x10-8, it will enhance our confidence in the three theoretical
predictions (neglecting the possibility of cancelling errors). On the contrary, if areal experiment clearly
shows that the quantum triangle is not closed, we will suspect that one of the predictionsis not valid, but of
course we will not know which one iswrong without further tests.

In the second case, we do not assume the three predictions but simply retain the phenomenological
constants in the equations. Then the quantum triangle experiment gives

U =R, g
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Thisamounts to adirect value of the product K jR« Qx, with the important feature that the valueis
dimensionless and thus the same in any system of units. This expression could be useful as an additional
distinct "observational equation” in the type of analysis conducted by Taylor and Cohen [59].

It isalso possible to create a quantum metrology triangle using ac impedances, which one might call
the ac version of Ohm'slaw. For example, consider an experiment in which the value of a capacitor is
determined using an SET capacitance standard and a capacitance derived from the quantum Hall effect. The
guantum Hall resistance can be related to an ac resistance at » 1 kHz either by operating the quantum Hall

ef (13)

J
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device at ac or by using aresistor with a calculable ac/dc difference. This ac resistance can be compared to
the impedance of a capacitor using aquadrature bridge, so that we can define Core = i/mRk. Comparing

thiswith Csgt using a capacitance bridge would give [61]
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Thisisaquantum metrology triangle in the same sense as Eq. 14 and offers the same information but with
quite different systematic uncertainties. In particular, this schemeisnot directly limited by the small current
produced by the SET pump, since the charge from the pump is placed onto a capacitor where it generates a
large voltage.

Finally, other interesting relations can be found by combining two or more fundamental metrology
experiments in various ways [60]. If we determine the value of a capacitor using both an SET capacitance

standard and a cal culable capacitor, and if we use the phenomemological constant Qx in Eq. 12, we find
c_ = NQ, _C :soanL
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If we assume that K 3= 2e/h and Qx = e, this expression gives avalue of KjQx = 2e2/h = 4a/mycin Sl units,
which is equivaent to adetermination of a [62]. If we do not assume these things, the expression givesa

direct determination of the product K jQx in Sl units, aswell as another distinct observational equation [59].
Also, if we combine Eq. 16 with Eq. 14 wefind

RK:anJ| T N (17)
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which gives adirect value of R¢ in Sl units.

5. CONCLUSION

It isdifficult to predict which of the various schemes described here will ultimately succeed in having
significant impacts on metrology and fundamental constants. Thisis not surprising, since the physics of
single-electron effects has received widespread attention only for the past 15 years, and SET devicesfirst
demonstrated the performance needed for fundamental metrology only about 5 years ago. Thereistill
much room for improvement in our basic understanding of the limits on performance of these devices that
attempt to transfer individual electrons asfast as possible and with as few mistakes as possible. Given the
relative immaturity of SET metrology, the progress reported hereisimpressive. Furthermore, with the goal
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of realizing a quantum metrology triangle as an incentive to push SET metrology to its limits, the promise for

future progressis great.
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