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7.1
Quantum Standards for Voltage

Johannes Kohlmann

7.1.1
Introduction

About 50 years ago, in 1962, Brian Josephson [1] set the cornerstone for a revolu-
tion in the field of electrical high-precision measurements by his seminal paper
on superconductive tunneling. Since then, Josephson junctions (JJs) consisting
of two weakly coupled superconductors became the basis for most applications of
superconductive electronics (cf. [2]). In electrical metrology, being the science of
high-precision measurements, voltage standards based on JJs are nowadays used
as quantum standards for the electrical voltage in many laboratories worldwide
for high-precision measurements.

While these standards are conceptually simple, about 50 years of developments
were needed to progress from Josephson’s idea to modern Josephson voltage
standards (JVSs). This long period has been caused by the need for both new ideas
and a significant progress of the fabrication technology. The advanced thin-film
technology is a major precondition for modern JVSs, as their main component is
a highly integrated series array of JJs. Its improvements made the progress from
single JJs delivering a few millivolts to large series arrays for output voltages above
10 V containing 100 000 JJs or more possible. While JVSs were initially used for
DC applications, their enormous capabilities for AC voltage metrology were
demonstrated in recent investigations with new measurement tools developed
since the mid-1990s.

This chapter describes the development and present status of JVSs focused on
modern AC JVSs. Numerous review papers have been published in the course
of time covering different topics of JVSs, for example, DC JVSs [3–6], the physics
underpinning DC JVSs [7], the transition from DC to AC JVSs [8–14], the physics
underpinning AC JVSs [15], and an overview focused on the historical develop-
ments [16].

7.1.2
Fundamentals

After a brief discussion of physical units in general and the electrical unit volt in
particular, some fundamentals and the developments from the Josephson effect to
modern JVSs are summarized in this section. Detailed descriptions of the Joseph-
son effects and JJs are given in other chapters of this book and have been reviewed
in several papers [4, 17, 18] and textbooks [19–21].

7.1.2.1 Measurements, Units, and the SI
Each kind of measuring requires a reproducible system of measurement including
suitable units. The modern system of measurement is the International System
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of Units, universally abbreviated SI (from the French Le Système International
d’Unités) [22]. Of the seven base units in the SI, only the ampere relates to electri-
cal measurements. The unit of voltage, the volt, belongs to the derived units.

The definition of the volt is based on the coherency of electrical power
Pel = I ⋅V (current times voltage) and mechanical power Pm = F ⋅ l/t (force
times distance divided by time). One volt is defined as the difference in electric
potential along a wire when an electric current of 1 A dissipates 1 W of power (cf.
en.wikipedia.org/wiki/Volt): 1 V= 1 N m (A s)−1. Therefore, the realization of the
volt in the SI depends on experiments that relate electrical units to mechanical
units, which is made, for example, using an extremely difficult to handle voltage
balance [23]. While the definition of the volt in the current SI is completely
independent from the Josephson effect, this might change in future with a new
definition of some SI units [24].

A complex measurement equipment as the voltage balance is not suitable
for routine use as calibrations. For this purpose, voltage standards are required
enabling the generation of stable and reproducible voltages. These standards are
said to represent the volt. For several decades until 1972, this representation of
the volt was made by Weston cells, a wet-chemical Cd–Hg cell delivering about
1.018 V [25]. With increasing requirements for precision measurements, the
representation of the volt by an artifact showed its drawbacks like damage by
improper handling and dependence of measurements on external parameters
among others. In addition, international intercomparisons were difficult because
of transport problems. In contrast, a quantum standard as the JVS relates the
unit volt to fundamental constants and a frequency and subsequently allows the
determination of voltages independently of time and space.

These advantages of quantum standards have been used since 1972, when a
value for the Josephson constant K J = 2e/h was recommended for use in realiz-
ing and maintaining accurate and stable representations of the volt for the first
time (e is the elementary charge and h Planck’s constant). While most National
Metrology Institutes (NMIs) adopted the value of 483 594.0 GHz V−1, three did
not and used a slightly different value (the United States, France, and USSR) [26,
27]. This disappointing situation causing different representations of the volt was
not solved until 1990, when a new value of the Josephson constant was adopted
by all NMIs: K J-90 = 483 597.9 GHz V−1 [28].

7.1.2.2 Josephson Effects and Voltage Standards
Josephson theoretically investigated the behavior of two weakly coupled super-
conductors [1] on the basis of the BCS theory by Bardeen, Cooper, and Schrieffer
[29]. He predicted two effects related to the tunneling of Cooper pairs across
the weak link in dependence of the phase difference 𝜙 between the macroscopic
wave functions of the two superconductors: the DC Josephson effect depicts a
DC supercurrent I = Ic ⋅ sin𝜙 that can flow across the junction at zero voltage (Ic
denotes the critical current). The AC Josephson effect describes an AC super-
current of frequency f J = (2e/h)V , if the junction is operated at a finite voltage
V. As already discussed by Josephson in his first paper [1], external microwaves
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of frequency f can phase-lock the Josephson oscillator over a certain bias cur-
rent range and thus generate constant-voltage steps Vn: Vn = n ⋅ (h/2e)f (n= 1, 2,
3, … ). The generation of these steps can alternatively be illustrated as a transfer
of magnetic flux quanta Φ0 = h/2e across the JJ.

The reproduction of voltages is thus reduced to the determination of a fre-
quency, which can be precisely controlled by and accurately referenced to atomic
clocks. The first experimental confirmation of constant-voltage steps was per-
formed by Shapiro in 1963 [30]; these steps are therefore often entitled as Shapiro
steps. A single JJ irradiated by 70 GHz microwaves generates a voltage of only
145𝜇V, when operated on the first-order step (n= 1). This voltage level is too low
for most applications, even for higher order steps. Reference voltages of 1 V or
even 10 V as needed for real applications cannot be generated by a single junction
but only by large series arrays of M JJs:

Vn = n ⋅ M ⋅Φ0 ⋅ f (7.1.1)

Equation (7.1.1) relating voltages to frequencies is the physical basis of JVSs.
DC voltages of conventional JVSs are generated with n, M, and f fixed. The volt-
ages become time dependent, when the number of junctions M or the frequency
f is varied over time. Both alternatives have been realized and investigated: the
number of junctions M is altered in binary-divided arrays and the frequency f in
pulse-driven arrays.

The dynamics of a JJ is often described using the resistively capacitively shunted
junction (RCSJ) model first proposed by Stewart and McCumber in 1968 [31,
32]. The real JJ is here represented by an ideal Josephson element shunted by
an ohmic resistance R and a capacitance C. In the linear approximation, the
resonance frequency of this parallel circuit is given by the plasma frequency
f p = (e ⋅ jc/𝜋 ⋅ h ⋅Cs)1/2 of the JJ (jc denote the critical current density, Cs =C/A the
specific junction capacitance, and A the junction area). Details of the electrical
behavior depend on the kind of the junction, which can be characterized by
the dimensionless McCumber parameter 𝛽c =Q2 being equal to the square of
the quality factor Q= 2𝜋 ⋅ f p ⋅R ⋅C of the junction. Two kinds of junctions are
distinguished, namely underdamped junctions with 𝛽c > 1 and overdamped
junctions with 𝛽c ≤ 1, respectively. The current–voltage (I–V ) characteristics
of these junctions significantly differ as schematically illustrated in Figure 7.1.1:
underdamped junctions show a hysteretic I–V characteristic and overdamped
junctions a nonhysteretic one. These differences in the I–V characteristic remain
also visible under microwave irradiation (cf. Figure 7.1.1), while underdamped
junctions show overlapping Shapiro steps when irradiated at low microwave
power, the steps of overdamped junctions as well as of underdamped junctions
if irradiated with high microwave power are single valued. The step width
depends on the microwave power received by the junctions; in some cases, this
dependence is given by a Bessel function [4, 7].

The characteristics of the JJs also determine their behavior under microwave
irradiation (cf. [4, 7, 15]). An important parameter here is the characteristic
voltage V c = Ic ⋅Rn (Rn denotes the normal state resistance of the JJs). The
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Figure 7.1.1 Schematic I–V characteristics of underdamped (a) and overdamped (b) JJs
without (top) and with (bottom) microwave irradiation. Some constant-voltage steps are
marked. The microwave power is set to optimized operation.

characteristic voltage is related to the characteristic frequency f c by Eq. (7.1.1):
f c = (2e/h)⋅V c = (2e/h)⋅Ic ⋅Rn. The frequency of the external drive should be near
the characteristic frequency in particular for JVSs based on overdamped JJs [15].

7.1.2.3 From Josephson Effects to Modern JVSs

The current status of JVSs is the result of research and developments over more
than 50 years. This period of time can be subdivided into five stages each lasting
about a decade. The transition to the next stage has often been related to new ideas
or new technological achievements.

The first decade was determined by investigations of single JJs confirming the
Josephson effects and performing first precision experiments. At that time, the
deployed junctions (weak links) consisted of point contacts, microbridges, SNS,
or SIS junctions (S, superconductor; I, insulator; N, normal metal). While the
Josephson effect was initially used to improve the measurement of the fundamen-
tal constant 2e/h, the application for voltage standards came more and more to
the fore as first suggested by Taylor et al. in 1967 [33]. In addition, the universality
of the Josephson effect was proven with increasing accuracy from Clarke in 1968
to Jain et al. in 1987 [34, 35] to parts in 1019.

In the second decade until the early 1980s, single SIS junctions were really used
as voltage standards. A few millivolts were delivered by the underdamped junc-
tions operated on higher order constant-voltage steps under irradiation of high
microwave power at a frequency around 10 GHz. This period was terminated by
the challenging trial to increase the output voltage; a series array of 20 individually
biased JJs delivered an output voltage of about 100 mV by Endo et al. in 1983 [36].
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While the idea of series arrays of thousands of JJs was rather bizarre in the
1970s, the situation changed at the beginning of the third decade in the early
1980s (for reviews, cf. [3, 4, 37]), when the chapter of modern JVSs was opened
by two new ideas. First, Levinsen et al. [38] suggested in 1977 the use of zero-
current constant-voltage steps of highly underdamped junctions operated at low
microwave power instead of the use of normal steps observed at high microwave
power used so far. For the first time, series arrays of JJs could be operated by
a single-bias source only, because the current ranges of the constant-voltage
steps do overlap one another for small bias currents. Second, the Physikalisch-
Technische Bundesanstalt (PTB) in Germany suggested to embed large series
arrays of JJs into an adapted microwave transmission line (microstrip line).
First 1 V arrays of more than 1000 junctions were realized within a cooperation
between the National Bureau of Standards (NBS; now National Institute of
Standards and Technology, NIST) in the United States and the PTB by Niemeyer
et al. in 1984 [39]. The integrated microwave circuit allows a series connection of
the JJs for the DC bias and a parallel connection of several microstrip line paths
with respect to the microwave drive and is still used to date for 70 GHz circuits in
both conventional and programmable Josephson voltage standards (PJVSs). First
10 V arrays containing a further increased number of junctions were realized a
few years later [40, 41]. These conventional JVSs for operation at 70 GHz became
more and more widespread and are nowadays operated in more than 50 labs
worldwide for DC measurements (cf. Section 7.1.3). The progress of JVSs is
intimately linked with significant improvements of the thin-film technology, to
enable the fabrication of highly integrated circuits containing thousands of JJs
similar to procedures of semiconductor industry.

In the fourth decade in the 1990s, the development of conventional JVSs was
largely completed by launching commercially available systems. While several
companies have sold these systems over the years, two companies1) offer them
at present. In parallel, the fundamentals for the next generation of JVSs were
developed and investigated, namely AC JVSs. For this purpose, a new junction
type and novel operation principles were required, as conventional JVSs do
not enable rapid and reliable switching between different specific voltage levels
due to their complex overlap. Moreover, the chaotic behavior of underdamped
junctions leads to a certain instability of the constant-voltage steps (cf. [4, 7]). The
increasing interest in rapidly switching arrays and in highly precise AC voltages
resulted in two different main developments: the PJVS suggested by Hamilton
et al. in 1995 [42] and the pulse-driven Josephson arbitrary waveform synthesizer
(JAWS) suggested by Benz and Hamilton in 1996 [43] (cf. Section 7.1.4).

While in the fourth decade, the development and first experiments at 1 V using
PJVS and at low voltage levels using JAWS were in the focus of research, in the
fifth and for now last decade starting in the early 2000s, the application of JVSs
has been really extended from DC to AC more and more also at 10 V (PJVS). The
activities were focused on JJs showing nonhysteretic I–V characteristics typical

1) Hypres Inc., USA: www.hypres.com and Supracon AG, Germany: www.supracon.com.
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for overdamped junctions realized, for example, by SNS or SINIS junctions.
Their Shapiro steps are single valued, that is, the steps do not overlap, and are
consequently inherently stable. As the junctions are typically operated on the
first-order step, the number of junctions needed for 1 V or even 10 V arrays have
significantly increased compared to conventional SIS arrays. Depending on the
drive frequency, the circuits consist of about 70 000 junctions (10 V, 70 GHz)
and 300 000 junctions (10 V, 15 GHz), respectively. A significantly improved
fabrication technology as well as sophisticated microwave designs has been
required for the successful development of these giant series arrays. Numerous
examples demonstrate the promising capabilities of Josephson arrays for AC
applications. However, already the first experiments showed that high-precision
AC experiments require much more effort than DC experiments (cf. Section
7.1.4).

7.1.3
DC Measurements: Conventional Josephson Voltage Standards

As already mentioned in Section 7.1.2, the development of modern JVSs for output
voltages of 1 V or even 10 V was enabled by two new ideas around 1980, namely
the use of highly underdamped JJs and their integration into a low-impedance
microstrip line [39]. While more than 1000 JJs are already required for 1 V arrays,
10 V arrays typically contain between 14 000 and 20 000 JJs [44–48]. The uni-
form microwave power distribution over all JJs is an essential requirement for
the designs of series arrays to enable the generation of wide and stable constant-
voltage steps. The underdamped JJs are realized by SIS junctions for operation
at microwave frequencies around 70 GHz. On average, each junction of the array
is operated on the fifth constant-voltage step, which kept the required junction
number to an acceptable value for the fabrication technology available at that
time.

For SIS junctions, the ohmic resistance Rn is about 50Ω, while the impedance of
the capacitive branch Zd = 1/(2𝜋 ⋅ f ⋅C) is about 50 mΩ for a junction capacitance
of 50 pF. High-frequency currents, therefore, flow mainly capacitively resulting in
a very low attenuation of the microwave power from about 1 dB per 1000 junctions
to 2 dB per 1000 junctions. Each branch of the microstrip line can, therefore, con-
tain a lot of junctions (about 3500 junctions in the real PTB design) without losing
a uniform microwave power distribution to each junction. Another microwave
line was recently suggested by Schubert et al. [49], who integrated the SIS junc-
tions into a coplanar stripline (CPS) with an impedance of 50Ω. More details of
microwave circuits are discussed in Section 7.1.4.1.1.

In the 1980s, JJs and first series arrays were fabricated in lead/lead alloy
technology (cf. [39]); but the crucial problem was the susceptibility to damage
of the lead alloy circuits by humidity and thermal cycling. Another technology at
that time was based on JJs made of Nb/Nb2O5/PbBi [40]. The main breakthrough
in the development of a robust fabrication process was the invention of the
Nb/Al–Al2O3 technology by Gurvitch et al. in 1983 [50]. This technology
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combines the use of the durable and chemically stable metal Nb with the high
critical temperature of about 9.2 K, the outstanding covering of thin Al layers
on Nb, and the formation of a very homogeneous and stable oxide of Al by
thermal oxidation. The thickness of the oxide barrier is about 1 nm, and that
one of the superconductive layers more than 150 nm and therefore roughly
twice the superconducting penetration depth at least. For a reliable process,
the trilayer defining the junctions is deposited as a sandwich structure without
breaking the vacuum. The adaptation of this process made possible the fabrication
of JVS arrays consisting of Nb/Al–Al2O3/Nb JJs in 1986 [51]. Nowadays, all
series arrays for JVSs are fabricated in processes fundamentally based on this
invention.

Dielectric layers are made of SiO2. Optical or electron-beam lithography is used.
The different layers are patterned by adapted fluorine-based dry etching processes.
The size of the JJs is limited to about 20 μm in length and 50 μm in width because
of some restrictions to assure stable operation [4]. A critical current density of
<40 A cm−2 results in critical currents of a few hundreds of microamperes at most
and up to 50𝜇A width of the constant-voltage steps (cf. [5]). More than 50 conven-
tional JVSs are presently in operation at NMIs, calibration laboratories [52], and
instrumentation manufactures (cf. [53]). Typical 10 V systems provide a combined
uncertainty of between a few parts in 1010 and a few parts in 1011 (cf. [52, 54]).
Their widespread use was significantly supported by the commercial availability
of turn-key systems as that shown in Figure 7.1.2 as an example.

Figure 7.1.2 Photograph of a commercial cryocooler-based Josephson voltage standard
system. (Courtesy of Supracon AG.)
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7.1.4
From DC to AC Josephson Voltage Standards

In the mid-1990s, the increasing interest in rapidly switching arrays and in highly
precise AC voltages stimulated the development of series arrays based on JJs
showing a nonhysteretic I–V characteristic, as conventional JVSs do not allow
rapid switching between different constant-voltage steps. The I–V characteristic
of these overdamped JJs remains single valued under microwave irradiation (cf.
Figure 7.1.1). Consequently, the constant-voltage steps are inherently stable and
can be rapidly selected by external biasing.

Different versions of AC quantum voltage standards were suggested and partly
realized since the mid-1990s. The most important ones are JVSs based on binary-
divided arrays (cf. Section 7.1.4.1) and pulse-driven arrays (cf. Section 7.1.4.2).
Moreover, digital-to-analog converters based on the dynamic logic of processing
single-flux quanta (SFQ) were investigated (cf. [55]). This SFQ version was realized
only for small output voltages because of the enormous complexity of the required
circuits. In the following, the first two versions are described in more detail, as
most research activities are presently focused on these two.

7.1.4.1 Binary-Divided Arrays

PJVSs are based on binary-divided series arrays of JJs and are operated as
multibit D/A converters with fundamental accuracy [42]. The series array of
M total junctions is divided into smaller independently biased segments (cf.
Figure 7.1.3). The number of junctions per segment often follows a binary
sequence. The output voltage Vn = n ⋅M ⋅Φ0 ⋅ f is given by digitally program-
ming the step number n for the junctions in each segment (typically n=−1,
0, +1). Each constant-voltage step between −M and +M can be selected by
suitable programming of the different segments using a fast bias electronics.
Binary-divided arrays have further enlarged the requirements for the fabrica-
tion technology because of the increased number of JJs, as PJVSs are typically
operated on the first-order constant-voltage step instead of the fifth one for
SIS arrays, and because the constant-voltage steps appear at finite bias currents
so that parameter deviations of the JJs result in reduced step widths for series
arrays.

frf V1 2V1 4V1 8V1

Computer-controlled bias sources

Load>

~~~~

Output voltage

•   •   •

•   •   •

Figure 7.1.3 Schematic of a programmable JVSs based on a binary-divided series array of
Josephson junctions shown as X. The array is operated as a multibit D/A converter.
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7.1.4.1.1 Design of Binary-Divided Arrays
The microwave circuit designs of modern JVSs are based on one of three different
microwave lines: low-impedance microstrip line, 50Ω coplanar waveguide trans-
mission line (CPW), and 50Ω CPS. PJVSs operated in the frequency range from
10 to 20 GHz are mainly based on CPWs (cf. [56–58]). CPW and CPS offer the
advantage of a simpler fabrication technology compared to the microstrip line
that needs an additional ground plane and a dielectric layer. Besides excellent
transmission characteristics around 70 GHz, the microstrip line makes a rather
simple splitting of a single high-frequency line in two parallel ones possible; by
making use of DC blocks, this splitting can be performed several times. Therefore,
the junctions are distributed over a certain number of short parallel microwave
paths instead of over one very long path. Each microwave branch is terminated
by a matched lossy microwave line that serves as a load, which provides a uni-
form microwave distribution by suppressing microwave reflections with standing
waves.

As an example, the PTB design of a 10 V SNS array for operation at 70 GHz
is shown in Figure 7.1.4. An antipodal finline taper serves as an antenna. It con-
nects the microstrip line with the JJs to the E-band rectangular waveguide of the
cryoprobe by matching the impedance of the waveguide (about 520Ω) to that of
the microstrip line (about 5Ω). Details of the design are determined by the high-
frequency behavior of the JJs.

In comparison with underdamped JJs of conventional JVSs, the microwave
conditions are completely different for overdamped junctions embedded into
a microstrip line. Now, Rn and Zd are comparable (about 50 mΩ each) leading
to the significant dissipation of the microwave current and thus to a significant
attenuation of the microwave power of about 50 dB per 1000 junctions (cf. [59]).
The high attenuation, however, is partly compensated by an active contribution

Minimum 136 JJs

Maximum 582 JJs per stripline

Array field
Au Pd ground

as load

Bonding pads
for 19 array
segments
(16 bits)

Nb ground
(floating)

MW

Figure 7.1.4 Design of a 10 V SNS Joseph-
son series array developed at PTB. The array
consists of 69 632 junctions embedded into
128 parallel low-impedance microstrip lines.

The length and width of a single junction
is 6 μm× 20 μm. The size of the total chip is
24 mm× 10 mm.
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of the junctions; the junctions act as oscillators. The single microwave paths of
programmable series arrays consist of 128 junctions (1 V design) and up to 582
junctions (10 V design). Therefore, the microwave circuit of a 1 V array consists
of 64 parallel paths, and that of a 10 V array consists of 128 paths.

A contrary situation is found for overdamped SNS junctions embedded into the
middle of a CPW as realized at NIST. The large ratio of the low junction impedance
to the 50Ω impedance of the CPW leads to a situation that is similar to that of
the microstrip line for conventional SIS arrays: the attenuation of the microwave
power is low, because the junctions are loosely linked to the CPW. The integration
of much more junctions in a single microwave path is therefore possible than in
the case of microstrip line designs. Typical numbers for 1 V (10 V) arrays are 8 (32)
branches containing 4096 (8400) junctions each [57, 60].

As chaos is suppressed in overdamped junctions, the limitations for their sizes
are less strict. Typical sizes of the JJs are between a few micrometers and some tens
of micrometers. Critical current densities between some kiloampere per square
centimeter and some 10 kA cm−2 result in critical currents up to about 10 mA and
step widths of several milliamperes (cf. [15]).

7.1.4.1.2 Realization of Binary-Divided Arrays
The PJVS was suggested and first demonstrated by Hamilton et al. at NIST in 1995
[42]. In this proof-of-concept experiment, 2048 junctions of an array containing
8192 externally shunted SIS junctions were operated at 75 GHz and delivered a
maximum DC voltage of about 300 mV. They also presented first AC voltages
in the kilohertz range at ±77 mV with 150𝜇V resolution. As design restrictions
of externally shunted SIS junctions limited the critical current and consequently
the step width to a few hundred microamperes, other junction types have subse-
quently been investigated. The final breakthrough of programmable voltage stan-
dards was enabled by the implementation of SNS junctions by Benz [56] based on
calculations by Kautz [15].

The first practical 1 V arrays were realized by Benz et al. in 1997 [57]. A total of
32 768 SNS junctions containing PdAu as the normal metal were embedded into
the middle of a CPW with an impedance of 50Ω. Under microwave operation
around 16 GHz, the width of the constant-voltage steps exceeds 1 mA. The low
microwave frequency is determined by the low characteristic voltage of typical
SNS junctions because of the low resistivity of the normal metal.

Different materials for the normal metal were investigated as Ti [61], MoSi2 [62],
or TiN [63]. In search of other materials showing a high resistivity, a new type
of junction has increasingly gained importance recently: its barrier consists of a
semiconductor such as Si doped with a metal and being near a metal–insulator
transition [64]. Although these junctions mainly behave like SNS junctions, their
characteristics are more determined by the semiconductor and the interfaces to
the superconductors. A promising version of these junctions was first realized by
an amorphous Si barrier doped by Nb at NIST in 2006 [64]. Nb and Si are cosput-
tered from two sputter targets; the Nb content is varied by adjusting the power
for sputtering. If the niobium content is tuned to a value near the metal–insulator
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transition around 11.5% [65], NbxSi1−x barriers with a thickness between 10 and
30 nm combine a high resistivity and a sufficient conductivity.

The low drive frequency around 16 GHz requires 32 000 JJs to reach 1 V and even
about 300 000 JJs for 10 V. These huge numbers of junctions cause enormous chal-
lenges for the microwave design and the fabrication technology. To reduce the size
of these circuits, the use of double- and triple-stacked junctions was subsequently
investigated [62, 63, 66]. Burroughs et al. [66] demonstrated 10 V arrays containing
three-junction stacks with 268 800 NbxSi1−x barrier junctions arranged in 32 par-
allel branches in 2009. To assure a homogeneous microwave power distribution
along 8400 junctions in each branch, the microwave design was further improved
including tapered CPWs and modified power dividers at the splitter stages [58, 67].
Step widths above 1 mA at 10 V were generated under microwave irradiation near
20 GHz [66, 68]. Recently, Fox et al. [69] analyzed the junction yield of these series
arrays: the average number of defects per million junctions was 32.5 considering
series arrays from nine wafers with a total of 25 346 652 junctions corresponding
to a total average junction yield of 99.9967%.

The PTB group took a different path. In order to decrease the number of
junctions necessary to reach a given voltage, the operation frequency must
be increased, which requires junctions with a larger characteristic voltage. A
promising approach for operation at 70 GHz like the conventional JVSs was the
development of SINIS junctions (Nb/Al2O3/Al/Al2O3/Nb) originally investigated
for electronic applications in Japan in 1997 [70, 71]. The fabrication is comparable
to that of conventional SIS arrays. Small series arrays and 1 V arrays containing
8192 junctions were subsequently fabricated at PTB by Schulze et al. [72] and
Behr et al. [73]. The first 10 V arrays consisting of 69 120 junctions were developed
shortly after by Schulze et al. in 2000 [74] and later significantly improved for AC
applications by Müller et al. [75].

However, a serious drawback of SINIS junctions is their sensitivity to partic-
ular fabrication processes often resulting in a few shorted junctions of a SINIS
series array (typically between 0 and 2 of 10 000 junctions) probably caused by the
very thin insulating oxide barriers (cf. [76]). While pure metallic SNS junctions
are not really suitable for operation at 70 GHz, NbxSi1−x barrier junctions allowed
the fabrication of 1 and 10 V arrays for operation at 70 GHz, as first demonstrated
by Mueller et al. in 2008 [76] within a cooperation between NIST and PTB. Some
10 V arrays consisting of 69 632 junctions were realized without any shorted junc-
tion, an array quality that had never been achieved using SINIS junctions. Step
widths above 1 mA for 10 V arrays have meanwhile been reached as shown in
Figure 7.1.5. Using double-stacked junctions, first arrays delivering output volt-
ages of 20 V have also been realized [77].

While NbxSi1−x barrier junctions currently enable the most reliable fabrica-
tion process for 1 and 10 V arrays, some other kinds of junctions have also been
investigated in recent years. With the aim of constructing compact and low-cost
PJVSs, Yamamori et al. [78] developed arrays that can be operated in a compact
cryocooler at temperatures around 10 K using NbN for the superconducting lay-
ers and TiN for the barrier. The arrays consisting of more than 500 000 junctions
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Figure 7.1.5 I–V characteristic of a 10 V PJVS of PTB without (red) and with (blue) 70 GHz
microwave irradiation. The inset shows the constant-voltage step at the 10 V level with high
resolution.

for operation at 16 GHz generate voltages up to 17 V [63]. Another version for
70 GHz operation realized by Hassel et al. [79] is based on an improved design
of 3315 externally shunted SIS junctions operated on the third-order constant-
voltage step. Recently, 1 V SNIS arrays were developed by Lacquaniti et al. [80]
using a slightly oxidized thick Al layer (up to 100 nm) as the barrier.

7.1.4.1.3 Applications of Binary-Divided Arrays
Different applications of PJVSs in metrology have successfully been demonstrated.
As these developments proceed very rapidly at present, only some basic ideas are
briefly described. At first, PJVSs are also superior to conventional arrays for DC
measurements, as they allow easier automation, faster polarity reversing, and thus
lower uncertainties within a given measurement time [81–84].

PJVSs were originally intended for synthesizing AC voltages. However, first
measurements soon revealed the difficulties in generating AC waveforms with
low uncertainties as required for metrological purposes [85]. Major problems
result from the transients between different constant-voltage steps. The voltage
is not determined with sufficient accuracy during the switching between the
steps (the voltage is not given by the Josephson equation here) [86]. Although
improvements of the bias electronics significantly reduced the transients from
about 1 μs in 1997 [85] to below 100 ns in 2007 [87], measurements with thermal
transfer standards demonstrated that metrological relevant uncertainties better
than 10−6 are possible only for frequencies below about 200 Hz. As the transients
sensitively depend on many external data, further improvements will be very
difficult as error analyses indicated [88, 89].

An idea for overcoming these limitations is the combination of PJVSs and sam-
pling methods first introduced by Behr et al. in 2007 [90]. The combination of a
PJVS and a sampling voltmeter results in an “AC quantum voltmeter” that enables
the measurement of periodic waveforms up to audio frequencies. The sampling
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voltmeter is used to measure the small difference between the AC signal and the
reference voltage of the PJVS. Proper triggering is required to ensure sampling
while the PJVS is on a constant-voltage step. Successful measurements have been
demonstrated by several groups (cf. [91–95]) including the use of an automated
10 V AC quantum voltmeter in a calibration laboratory [96].

Further applications are impedance measurements by Josephson bridges [97],
electrical power standards [84, 92, 98], and characterizations of A/D converters
[99] among others. In addition, PJVSs have been successfully operated in cry-
ocoolers (cf. [100, 101]).

7.1.4.2 Pulse-Driven Arrays
The JVSs described so far are operated by sinusoidal microwaves. This works well,
if the operating frequency is close to the characteristic frequency of the junctions
(cf. Section 7.1.2.2; [4, 7, 15]). A modulation of the output voltage by changing
the frequency of the irradiated microwaves over a wide frequency range is there-
fore not possible. Nevertheless, a direct time-dependent manipulation of the flux
quanta transfer seems to be very promising for an AC JVS, in order to enable the
synthesis of spectrally pure waveforms and to avoid those drawbacks related to
the D/A converter operation of binary-divided arrays.

The limitations of sinusoidal operation do not appear, if the JJs are operated by
a train of short current pulses as first shown by simulations [102, 103]. The width
of the constant-voltage steps is nearly independent of the pulse repetition fre-
quency between zero and the characteristic frequency, if rise and fall time of the
pulses are short compared to the characteristic frequency (10 GHz corresponds
to 100 ps). The train of pulses then determines the number of flux quanta trans-
ferred across the JJs at any time, that is, the waveform to be generated is encoded
in the pulse train [43]. A high-pulse repetition rate generates high voltages; the
voltage decreases with a decreasing pulse repetition rate. Arbitrary waveforms
can be synthesized by modulating the pulse train using a pulse pattern genera-
tor; sometimes this version of pulse-driven Josephson arrays is therefore called
JAWS.

The pulse train is typically created by the use of a first- or second-order sigma-
delta modulation [104, 105]. This procedure shifts the quantization noise to high
frequencies; noise contributions are then removed by appropriate filtering. The
JJs act as a perfect quantizer due to the transfer of flux quanta. Spectrally pure
waveforms with higher harmonics suppressed by more than 100 dB are synthe-
sized that way (cf. [105, 106] achieving root mean square (rms) output voltages of
1 V recently [107, 108].

7.1.4.2.1 Design of Pulse-Driven Arrays
As the pulses consist of broadband frequency components ranging from DC to
about 30 GHz, a complex microwave assembly is required in order to enable the
transmission of these signals. Because of the difficulties to homogeneously propa-
gate the pulse train, the circuits should be as small as possible. As a consequence,
the size of the single junction lies in the range from 1 to 10 μm2, which is smaller
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than that for conventional and PJVSs. The junctions often realized as double- or
triple-stacked junctions are embedded into the middle of a CPW (cf. [105–108]).

7.1.4.2.2 Realization of Pulse-Driven Arrays
Pulse-driven arrays were suggested and first demonstrated by Benz and Hamilton
at NIST in 1996 [43]. An array of 512 SNS AuPd JJs operated by unipolar pulses
with a repetition frequency up to 250 MHz generated constant-voltage steps up
to 265𝜇V. Continuous enhancements gradually improved the spectra of the syn-
thesized signals and increased the output voltages. The first important steps of
improvements were also suggested by Benz et al.: a code generator allowing a pulse
repetition frequency of about 10 GHz in 1998 [104], the use of a bipolar drive sig-
nal in 1999 [109], and the AC coupling technique for operation of extended arrays
in 2001 [110]. Further improvements resulted in rms voltages up to 275 mV gen-
erated by simultaneous operation of two arrays containing 6400 NbxSi1−x JJs each
[106].

The overdamped JJs required for pulse-driven arrays are predominately realized
by SNS junctions nowadays. Different materials have been used for the barrier
such as PdAu [110], HfTi [111], or NbxSi1−x [112, 113]. Besides, SINIS JJs have
been investigated [114, 115]. While the superconductive layers of the JJs for pulse-
driven arrays are typically made from Nb, JJs based on NbN/TiN have also been
used [115].

The pulse train is typically provided by a commercial pulse pattern generator
(bitstream generator). As bipolar signals are preferred for metrological applica-
tions, ways and means have been investigated to generate bipolar pulse trains even
with unipolar pulse generators initially available. Benz et al. [109] suggested the
appropriate superposition of a high-frequency sine wave and a two-level digital
signal of a generator delivering unipolar pulses for this purpose in 1999. Improved
and modified pulse-bias electronics based on this superposition are used at NIST
to date [116]. Three-level code generators being commercially available today are
alternatives (cf. [117]); they make the direct generation of bipolar pulses possible
additionally resulting in less complex measurement setups. Improved pulse-bias
techniques have also been suggested and investigated (cf. [116, 118]).

Because of the complex pulse operation, each single array presently requires
the drive by one pulse source; a simple splitting of a large series array into sev-
eral parallel microwave branches is not possible for pulse-driven arrays. As most
commercial pulse pattern generators contain only two output channels, only two
series arrays could be operated simultaneously, which limited for a long time the
maximum output voltage to about 275 mV (rms) by operation of two arrays con-
taining 6400 NbxSi1−x barrier junctions each [106]. A major breakthrough was
the demonstration of 1 V waveforms by the groups at NIST and at PTB in 2014
[107, 108]. Novel pulse pattern generators with four or even eight output chan-
nels allowed the simultaneous operation of four or eight arrays containing a total
of 51 200 or 63 000 NbxSi1−x barrier JJs, respectively. Figure 7.1.6 shows a synthe-
sized sine wave with an rms output voltage of 1 V and the corresponding frequency
spectrum.
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Figure 7.1.6 Frequency spectrum of a syn-
thesized sine wave (inset) with an rms out-
put voltage of 1 V (peak-to-peak voltage of
2.828 V) at a frequency of 250 Hz. Higher

harmonics are suppressed by more than
120 dB. Eight Josephson arrays containing
a total of 63 000 NbxSi1−x barrier JJs were
simultaneously operated at PTB (cf. [119]).

Using pulse-driven arrays, different waveforms have been synthesized over a
wide frequency range from about 10 Hz to 1 MHz; higher harmonics are typically
suppressed by more than 120 dBc (cf. [106, 107, 119–121]). The operation margins
of the arrays have been significantly improved to more than 2 mA at 1 V (cf. [107]).
The operation of pulse-driven Josephson arrays in a cryocooler (cf. [113, 122])
enables shorter wires for the output signals, which reduces the problems when
synthesizing waveforms above about 100 kHz (cf. [123]).

Comparisons between the output voltages of a pulse-driven and a binary-
divided JVS showed an excellent agreement of both systems; the relative
uncertainties have been improved with increasing voltages of the comparisons
from 5× 10−7 at 8 mV [124] to 2.6× 10−7 at 104 mV [125] and 2.4× 10−8 at 1 V
[119] (k = 2). In addition, Kieler et al. [113] performed a direct comparison of two
sine waves synthesized by two pulse-driven arrays demonstrating an excellent
agreement of both voltages of (1.6± 5.8)× 10−8 (k = 2).

7.1.4.2.3 Applications of Pulse-Driven Arrays

The arbitrary perfect waveforms synthesized by pulse-driven arrays are very useful
for different metrological applications, some of which are briefly described here.
First of all, pulse-driven arrays were used as synthesizers for arbitrary waveforms
up to 1 MHz with very pure frequency spectra and quantum-accurate voltages
(cf. [105–108, 121]). Moreover, pulse-driven arrays were utilized for calibrations
of thermal converters and transfer standards (cf. [106, 126]). Single- or multitone
signals were also used for the characterization of electronic components such
as filters or A/D converters (cf. [127]). To reach higher voltages at least for low
frequencies, PTB suggested and realized the use of pulse-driven arrays in com-
bination with a binary-divided array [128, 129]; the spectrum of the pulse-driven
array is adjusted to suppress the higher harmonics in the spectrum of the 1 or
10 V signal generated by the binary-divided array [129]. The use of the pulse-
driven 1 V system is at the beginning [107, 108]; several applications are expected
here. In addition, pulse-driven arrays provide the opportunity for synthesizing a
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calculable pseudonoise waveform consisting of a comb of random-phase harmon-
ics, each having identical voltage amplitude. A low-voltage version of this noise
source is used for high-precision measurements of the Boltzmann constant with
a quantum-based Johnson noise thermometry system measuring the voltage noise
of the resistor and thus its temperature [130, 131].

Most of these very encouraging results have been achieved using pulse pat-
tern generators, which are based on semiconductor electronics and are mostly
commercially available. The high-frequency pulses are transmitted by semirigid
coax cables to the JJs at 4.2 K. Operation of JJs by optical pulses has been also
investigated; transmission of the pulses through optical fibers might simplify the
operation of multiple Josephson arrays. The approach of Kohlmann et al. [114]
is based on balanced photodiodes arranged at each array and operated by short
optical pulses [132]. The operation of Josephson arrays by optical pulses has also
been investigated by Urano et al. [115, 133].

7.1.5
Conclusions

About 50 years after the discovery of the Josephson effects, JVSs are nowadays
well established as famous application of superconductive electronics in electri-
cal metrology. This long time of developments was needed to progress from sin-
gle junctions delivering a few millivolts at most to highly integrated series arrays
containing thousands of JJs that generate voltages of more than 10 V. Advanced
fabrication technologies are an essential precondition for these remarkable devel-
opments. In 1990, JVSs were adopted for the representation of the unit of voltage,
the volt.

Conventional 10 V JVSs are well established for DC measurements and are
commercially available. PJVSs opened up the world of AC applications and have,
hence, been the next step in the exciting story of the applications of the Josephson
effect in metrology. 10 V arrays containing tens or even hundreds of thousands
of JJs are meanwhile fabricated routinely. In future, conventional JVSs will be
replaced more and more by PJVSs, as they are easier to operate and provide
additional exciting possibilities and applications. Pulse-driven arrays enable the
synthesis of real quantum-based AC voltages. While their output voltages were
limited to 275 mV for several years, a major breakthrough was achieved in 2014
by synthesizing waveforms with rms output voltages of 1 V. Initial applications
have impressively demonstrated the potential of binary-divided and pulse-driven
JVSs. Further developments will establish these JVSs as a quantum basis for AC
metrology.
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