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1. Introduction

Exciting applications of superconductivity are based on the macroscopic quantum state
which exists in a superconductor. In this chapter we investigate the behaviour of junctions
consisting of two weakly coupled superconductors. These junctions are nowadays called
Josephson junctions! (Josephson, 1962). The macroscopic quantum state results in an excep-
tional behaviour of these Josephson junctions. They are the basis for various applications in
superconductive electronics (cf. Anders et al, 2010), e.g. in the field of metrology for high-
precision measurements. The most significant representative of a metrological application is
the Josephson voltage standard. This quantum standard enables the reference of the unit of
voltage, the volt, just to physical constants. It is nowadays used in many laboratories world-
wide for high-precision voltage measurements. The main component of each modern
Josephson voltage standard is the highly integrated series array consisting of tens of
thousands of Josephson junctions fabricated in thin-film technology.

While Josephson junctions are conceptually simple, nearly 50 years of developments were
needed to progress from single junctions delivering a few millivolt at most to highly inte-
grated series arrays containing more than 10,000 or even 100,000 junctions. These large
series arrays enable the generation of dc and ac voltages at the 10 V level, which is relevant
for most applications. Conventional Josephson voltage standards based on underdamped
Josephson junctions are used for dc applications. The increasing interest in highly precise ac
voltages has stimulated different attempts to develop measurement tools on the basis of
Josephson arrays for ac applications, namely programmable Josephson voltage standards
containing binary-divided arrays and pulse-driven Josephson voltage standards both based
on overdamped Josephson junctions. This chapter describes the development of these
modern dc and ac Josephson voltage standards as well as their fundamentals and applica-
tions. The development and use of Josephson voltage standards have also been described
recently in several review papers (amongst others: Niemeyer, 1998; Hamilton, 2000;
Yoshida, 2000; Behr et al., 2002; Kohlmann et al., 2003; Benz & Hamilton, 2004; Jeanneret &
Benz, 2009).

1 When Brian D. Josephson was a 22-year-old graduate student at Trinity College in Cambridge, UK, he
theoretically derived equations for the current and voltage across a junction consisting of two weakly
coupled superconductors in 1962. His discovery won him a share of the 1973 Nobel Prize in Physics.
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2. Fundamentals - the Josephson effects

A superconductor as a macroscopic object is quantum mechanically described by a macro-
scopic wavefunction. This macroscopic wavefunction is an important aspect of the BCS
theory of superconductivity named after the authors Bardeen, Cooper, and Schrieffer?
(1957). Brian Josephson investigated the behaviour of two weakly coupled superconductors
on the basis of the BCS theory a few years after its publication (Josephson, 1962). He
predicted two effects due to the tunnelling of Cooper pairs across the connection, i.e. a
coupling of the macroscopic wavefunction of the two superconductors: (1) a dc super-
current I = I sin ¢ can flow across this junction (I. denotes the critical current and ¢ the
phase between the macroscopic wavefunction of the two superconductors); (2) an ac super-
current of frequency f; = (2¢/h)-V occurs if the junction is operated at a non-zero voltage V,
i.e. a Josephson junction is an oscillator (e is the elementary charge and & is Planck’s
constant). Irradiation of the junction by external microwaves of frequency f vice versa
produces constant-voltage steps due to the phase locking of the Josephson oscillator by the
external oscillator: V, = n-(h/2e)-f (n =1, 2, 3, ... denotes the integer step number). As an
illustration, the generation of constant-voltage steps can also be described as a specific
transfer of flux quanta @ =h/2e through the Josephson junction. The irradiation of the
Josephson junctions with external microwaves of frequency f effects this specific transfer
and produces constant-voltage steps Vy:

Va=n-a -f @

The Josephson effect thus reduces the reproduction of voltages to the determination of a
frequency, which can be finely controlled with high precision and accurately referenced to
atomic clocks. The constant-voltage steps were observed soon after by Shapiro (1963). A
single Josephson junction operated at the first-order constant-voltage step generates about
145 pV, when irradiated by 70 GHz microwaves. Highly integrated junction series arrays are
therefore needed to achieve practical output voltages up to1 V or 10 V.

The frequency range for the best operation of Josephson junctions is determined by their dy-
namic characteristics. The most important parameter is the characteristic voltage V. = I - R,
(Rn denotes the normal state resistance of the junctions). The characteristic voltage is related
to the characteristic frequency by equation (1): fc = (2e/h)-V. = (2¢/h)-I-Rn.

The dynamics of a Josephson junction is often investigated using the resistively-capacitively-
shunted-junction (RCSJ) model (Stewart, 1968; McCumber, 1968). Within this model, the real
Josephson junction is described as a parallel shunting of an ohmic resistance R, a capacitance
C, and an ideal Josephson element. In the linear approximation, the resonance frequency is
given by the plasma frequency f, = (e-jc/nh-Cs)1/2 (jo denotes the critical current density,
Cs = C/ A the specific junction capacitance, and A the junction area). Details of the behaviour
depend on the kind of junction, which can be characterized by the dimensionless
McCumber parameter £ = Q2 being equal to the square of the quality factor Q = 2n-f,-R-C of
the junction. Underdamped junctions with f. > 1 show a hysteretic current-voltage charac-
teristic, overdamped junctions with £ <1 a non-hysteretic one as schematically shown in
Fig. 1. Detailed descriptions of the Josephson effects and Josephson junctions have been

2 Bardeen, Cooper, and Schrieffer were awarded the 1972 Nobel Prize in Physics for their theory of
superconductivity.
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given in several reviews (e.g. Josephson, 1965; Kautz, 1992; Rogalla, 1998) and textbooks
(e.g. Barone & Paterno, 1982; Likharev, 1986; Kadin, 1999).

underdamped junction overdamped junction
] o
o o 1
8 = without
§ I ; I microwave
o ==n=45 o
o t o .
& - 5 with
© | =) microwave
> E s >

Current Current

Fig. 1. Schematic current-voltage characteristic of underdamped (left) and overdamped
(right) Josephson junctions without (top) and with (bottom) microwave irradiation. Some
constant-voltage steps are marked.

3. Realization of Josephson junctions and series arrays

A Josephson junction is composed of two weakly coupled superconductors. While Joseph-
son (1962) originally investigated the tunnelling of Cooper pairs through a barrier, i.e. an in-
sulator, he also mentioned that similar effects should occur when two superconductors are
separated by a thin normal region. These two junction types are nowadays indeed the most
important ones for Josephson junctions, namely the so-called SIS junctions and SNS
junctions, respectively (S: Superconductor, I: Insulator, N: Normal metal). SIS junctions are
typically underdamped junctions, while SNS junctions are overdamped ones. Moreover,
further possibilities for the realization of Josephson junctions exist such as e.g. SINIS junc-
tions, grain boundary junctions (especially for high-temperature superconductors), and
junctions consisting of two superconductors connected by a narrow constriction. As junc-
tions for Josephson voltage standards are mainly based on SIS, SNS, or SINIS junctions,
these types will be described in more detail in the following. The fabrication of the inte-
grated circuits containing these junctions is based on the same main steps; the fabrication
processes differ only in detail.

3.1 Fabrication process

The development of Josephson voltage standards is intimately connected with improve-
ments of the fabrication technology for series arrays. The fabrication process should be as
simple and reliable as possible, and must be realized in thin-film technology, in order to
enable the fabrication of highly integrated circuits containing thousands of junctions in a
similar way to in the semiconductor industry. Josephson junctions and the first series arrays
in the 1980s were fabricated in lead/lead alloy technology (cf. Niemeyer et al, 1984); but the
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main problem was the susceptibility to damage of the lead alloy circuits by humidity and
thermal cycling. The main important breakthrough in the development of a more robust
fabrication process was the invention of the Nb/Al-AlO; technology by Gurvitch et al
(1983). This technology 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 oxi-
dation. The adaptation of this process and several improvements made possible the fabrica-
tion of voltage standard arrays consisting of Nb/Al-Al,Os/Nb Josephson junctions in 1986
(Niemeyer et al, 1986). Nowadays, all Josephson arrays for voltage standard applications
are fabricated in processes fundamentally based on this invention.

Sputtered Nb is typically used at present for the superconducting layers and NbN in case of
operation at 10 K, respectively. Dielectric layers are realized by SiO,. Lithography is made
optically or by electron-beam depending on the dimensions of the structure and its com-
plexity. The different layers are patterned by adapted fluorine-based dry etching processes.
For a reliable process, the trilayer or multilayer defining the junctions are deposited as a
sandwich structure without breaking the vacuum. This process requires an additional wiring
layer for connecting neighbouring junctions by a window technology. The barrier material is
also sputtered; if the barrier includes an oxide, a metallic layer is thermally oxidized. SIS
junctions contain an Al;O; barrier realized by thermal oxidation of the Al layer. SINIS
junctions consist of a multilayer of Nb/Al,Os/Al/Al,Os3/Nb. SIS junctions are typically
operated at around 70 GHz. The characteristic voltage of SINIS junctions can be tuned over a
wide range enabling operation either at frequencies around 15 GHz or around 70 GHz.
Different materials have been investigated and used for the N layer of SNS junctions. As the
specific resistance of most metals is rather low, high-resistive materials are preferred in
order to increase the characteristic voltage. Most SNS junctions are therefore operated at
frequencies between 10 GHz and 20 GHz. The high resistivity for the N layer is reached by
binary alloys as PdAu (Benz et al, 1997), HfTi (Hagedorn et al, 2006), or MoSi> (Chong et al,
2005). Junctions containing an N layer of Ti (Schubert et al, 2001a) or TiN (Yamamori et al,
2008) have also been realized. Recently, a new type of junction has increasingly gained in
importance: its barrier consists of a semiconductor such as Si doped with a metal and being
near a metal insulator transition (Baek et al, 2006). Although these junctions behave like
SNS junctions, they are more their own class of junctions and sometimes called SI'S
junctions. A promising version of these SI'S junctions is realized by an amorphous Si barrier
doped by Nb. Nb and Si are co-sputtered from two sputter targets; the Nb content is varied
by adjusting the power for sputtering.

The thickness of the superconducting layers is typically above about 150 nm and therefore
roughly twice the superconducting penetration depth at least. The superconducting layers
are consequently both thick enough, to ensure appropriate microwave behaviour, and thin
enough, to allow reliable thin-film processes. The barrier is between 10 nm and 30 nm thick
depending on the details of the material. Stacked junctions have also been investigated in
order to increase the integration density of junctions. They contain multilayers of super-
conducting Nb and barrier material. Adapted etching processes guarantee vertical edges
and thus an identical size of each individual junction in order to yield homogeneous
electrical parameters of the junction stacks. Arrays of double- and triple-stacked junctions
have successfully been fabricated delivering output voltages between a few volts and even
10 V (Chong et al, 2005; Yamamori et al, 2008).
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Fig. 2. Cross section of a microstripline.

3.2 Designs - a brief survey

An important requirement for the design of the circuits is the uniform microwave power
distribution over all Josephson junctions in order to generate wide and stable constant-volt-
age steps. The step width of the constant-voltage steps depends on the applied microwave
power; in some cases, the dependence is given by a Bessel function (Kautz, 1992 & 1995). A
uniform power distribution is achieved by the integration of the Josephson junctions into
adapted microwave transmission lines. Most modern Josephson voltage standards are
based on one of three different microwave lines: a low-impedance microstrip line (cf. Fig. 2),
a 50 Q coplanar waveguide transmission line (CPW) (cf. Fig. 9), and a 50 Q coplanar stripline
(CPS). The microstrip line caused the breakthrough for the first version of modern voltage
standards, i.e. the conventional Josephson voltage standard (cf. Niemeyer et al, 1984), and is
mainly used to date for circuits operated in the frequency range around 73 GHz. Circuits
based on CPWs have been introduced for programmable Josephson voltage standards
operated in the frequency range from 10 GHz to 20 GHz (cf. Benz, 1995). Coplanar strip-
lines were first used for conventional voltage standards operated at 75 GHz (Schubert et al,
2001b). CPW and CPS offer the advantage of a rather simple required fabrication technol-
ogy compared to the microstrip line that needs an additional ground plane and a dielectric
layer. An advantage of the microstrip line is that it enables a rather simple possibility of
splitting a single high-frequency line in two parallel ones; this splitting can be performed
several times. Each microwave branch is terminated by a matched lossy microwave line
that serves as a load. Microwave reflections are therefore suppressed, which consequently
provides a uniform microwave distribution by avoiding standing waves.

Most conventional dc Josephson voltage standards are based on microstrip line designs.
The design of programmable Josephson voltage standards depends on the frequency range
for their operation. Most programmable standards operated around 73 GHz are also based
on microstrip line designs. Circuits for operation between 10 GHz and 20 GHz use CPWs
(cf. Benz et al, 1997; Dresselhaus et al, 2009). The design is determined in detail by the high-
frequency behaviour of the Josephson junctions.

Fig. 3 shows, as an example, the PTB design of a 10 V SNS array for operation at 70 GHz and
this is briefly described in the following. An antipodal finline taper serves as an antenna. It
connects the microstrip line, containing the Josephson junctions, to the E-band rectangular
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Fig. 3. Design of a 10 V SNS Josephson series array developed at PTB. The array consist of
69,632 junctions embedded into 128 parallel low-impedance microstriplines. The length and
width of a single junctions is 6 um x 20 um. The size of the total chip is 24 mm x 10 mm.

waveguide while simultaneously matching the impedance of the waveguide (about 520 Q)
to that of the microstrip line (about 5€). The microstrip line is split in several stages
forming parallel branches. The design of conventional 10 V circuits contains two stages
resulting in four parallel branches. The design of programmable 1 V (10 V) circuits consists
of 6 (7) stages forming 64 (128) parallel branches. The reason for these differences can be
understood by using the RCS] model (cf. section 2). For SIS junctions, the ohmic resistance
Ry is of the order of 50 Q, while the impedance of the capacitive branch Zq =1/ (2n-f-C) is of
the order of 50 mQ 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/1,000 junctions to 2 dB/1,000 junctions. Each branch can therefore contain a lot
of junctions (about 3,500 junctions in the real design) without loosing a uniform microwave
power distribution to each junction. The conditions are completely different for over-
damped SINIS junctions. Now, R, and Z4 are comparable (about 50 m< each) leading to the
significant dissipation of the microwave current and thus to a significant attenuation of the
microwave power of about 50 dB/1,000 junctions (Schulze et al, 1999). The high attenuation
is, however, compensated in part by an active contribution of the junctions; the junctions act
as oscillators. The single branches of programmable series arrays consist therefore of 128
junctions (1 V design) and up to 582 junctions (10 V design), respectively. Overdamped SNS
junctions integrated into a low-ohmic microstrip line show similar behaviour, as a signifi-
cant part of the microwave is dissipated resistively.

Another situation is found for overdamped SNS junctions embedded into the centre line of a
CPW. The ratio of the low junction impedance to the 50 Q impedance of the CPW leads to a
situation which is similar to that of the microstrip line for conventional SIS arrays: Atten-
uation of the microwave power is low, because the junctions are loosely linked to the CPW.
Each branch can therefore contain more junctions than in the microstrip line designs.
Typical numbers for 1V (10 V) arrays are 8 (32) branches with 4096 (8400) junctions each
(Benz et al, 1997; Burroughs et al, 2009a).
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4. DC measurements - conventional Josephson voltage standards

While at the beginning of Josephson voltage standards the voltage of a single junction in the
millivolt range was used as a reference (cf. Niemeyer, 1998; Hamilton, 2000), the chapter of
modern Josephson voltage standards was opened by two new ideas: First, Levinson et al
(1977) suggested the use of highly underdamped junctions with hysteretic current-voltage
characteristics producing constant-voltage steps whose current ranges overlap one another
for small bias currents. A single bias current source can consequently be used to bias all
junctions of a series array on the quantized constant-voltage steps. Secondly, the Josephson
junctions are embedded into an adapted microwave transmission line resulting in first 1 V
arrays realized by Niemeyer et al (1984). Because of this arrangement, the Josephson
junction series array is connected in series for the dc bias and acts as a microstrip line at rf
frequencies. As the microwave power is mainly capacitively coupled to the underdamped
junctions, the rf attenuation of the series array is very low, therefore, enabling uniform rf
bias of all junctions.

Since the mid 1980s Josephson voltage standards based on these concepts have been
available. Underdamped Josephson junctions are typically realized by SIS junctions (S:
Superconductor, I: Insulator). Large series arrays of Josephson junctions are needed to reach
the voltage level essential for real applications, namely 1 V or especially 10 V. A 10 V series
array typically contains between about 14,000 and 20,000 Josephson junctions depending on
the details of the specific design. The circuits developed and fabricated at PTB consist of
about 14,000 junctions distributed to four parallel low-impedance microstrip-lines. Typical
arrays show under 70 GHz microwave irradiation a step width above 20 pA, best arrays up
to 50 pA. This kind of so-called conventional Josephson voltage standard has been success-
fully operated to date for dc applications in many national, industrial, and military
standards labs around the world. They are now commercially offered by two companies.3
In spite of their very successful use for dc applications, conventional Josephson voltage
standards have two important drawbacks due to the ambiguity of the constant-voltage
steps: First, they do not enable switching rapidly and reliably between different specific
steps. Secondly, the constant-voltage steps are only metastable so that electromagnetic
interference can cause spontaneous switching between steps.

5. From DC to AC - programmable Josephson voltage standards

As described in the previous section, conventional Josephson voltage standards are operated
very successfully for dc applications. The increasing interest in rapidly switching arrays
and in highly precise ac voltages stimulated research activities in the mid 1990s to develop
measurement tools based on Josephson junctions to meet these requirements. Different
attempts have been suggested and partly realized. The main important ones are pro-
grammable voltage standards based on binary-divided arrays (cf. 5.1), pulse-driven arrays
(cf. 5.3), and a d/a converter based on the dynamic logic of processing single flux quanta
(SFQ) (cf. Semenov & Polyakov, 2001). In the following, the first two versions are described
in more detail, as most research activities are presently focused on these two, and promising
results have meanwhile been demonstrated. Both are intended to extend the use of high-
precision Josephson voltage standards from dc to ac.

% Hypres Inc., USA: www.hypres.com and Supracon AG, Germany: www.supracon.com.
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5.1 Programmable voltage standards based on binary-divided arrays

The limitations of conventional Josephson voltage standards are mainly due to the over-
lapping steps resulting from the hysteretic current-voltage characteristic of underdamped
Josephson junctions. Therefore, Josephson junctions showing a non-hysteretic current-
voltage characteristic have been investigated. Such behaviour is shown by an overdamped
Josephson junction. The current voltage-characteristic is non-hysteretic and remains single-
valued under microwave irradiation (cf. Fig. 1). The constant-voltage steps are
consequently inherently stable and can rapidly be selected by external biasing. All junctions
are operated on the same constant-voltage step (typically the first one) in contrast to those of
conventional standards, which are operated at the fourth to fifth step as average. The
number of junctions necessary to attain a given voltage must be increased correspondingly.
The series array of junctions must additionally be divided into segments in order to enable
the generation of different voltage levels. The Josephson array is hence operated as a multi-
bit digital-to-analogue (d/a) converter based on a series array of overdamped Josephson
junctions divided into segments containing numbers of junctions belonging e.g. to a binary
sequence of independently biased smaller arrays (cf. Fig. 4). Any integral number of
constant-voltage steps permitted by that sequence can consequently be generated by these
arrays, often called programmable Josephson voltage standards.

A programmable Josephson voltage standard was suggested and demonstrated for the first
time by Hamilton et al (1995). In that case 2,048 junctions of an array containing 8,192
externally shunted SIS junctions were operated at 75 GHz and delivered an output voltage
of about 300 mV. As the critical current and consequently the step width are limited to a
few hundred microamperes due to design restrictions of externally shunted SIS arrays, and
a design for these junctions is rather complex and challenging, other junction types have
subsequently been investigated. The final breakthrough of programmable voltage stand-
ards was enabled by the implementation of SNS junctions (Benz, 1995), whereupon calcu-
lations by Kautz (1995) had given important hints for their realization (S: Superconductor,
N: Normal metal).

The first practical 1V arrays were realized by Benz et al (1997). A total of 32,768 SNS
junctions containing PdAu as the normal metal were embedded into the middle of a
coplanar waveguide transmission line (CPW) with an impedance of 50 Q. The width of the
constant-voltage steps exceeds 1 mA under microwave operation around 16 GHz. This low
microwave frequency gives rise to a drawback of SNS junctions, namely the large number of
junctions needed to reach the 1V (32,000 junctions) or the 10 V level (300,000 junctions).

Computer controlled bias sources
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Fig. 4. Schematic design of a programmable Josephson voltage standard based on a binary-
divided series array of Josephson junctions shown as X. The array is operated as multi-bit
digital-to analogue converter.
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Fig. 5. Photo of a 10 V programmable Josephson junction series array.

This huge number of junctions causes enormous challenges for the microwave design and
for the fabrication technology. The use of stacked junctions was subsequently investigated
in order to handle this huge number of junctions. For example, arrays of double- and triple-
stacked junctions containing MoSi, barriers were developed generating voltages up to 3.9 V
(Chong et al, 2005).

Other kinds of junctions have therefore been investigated, in order to reach characteristic
voltages of about 150 pV which allows operation at 70 GHz. A successful development has
been SINIS junctions consisting of a multilayer superconductor-insulator-normal metal-in-
sulator-superconductor originally investigated for electronic applications (Maezawa & Shoji,
1997; Sugiyama et al, 1997). The first small series arrays and 1 V arrays were subsequently
fabricated (Schulze et al, 1998; Behr et al, 1999). The 1V arrays contain 8,192 junctions. The
first 10 V arrays consisting of 69,120 junctions were also developed shortly afterwards
(Schulze et al, 2000) and later significantly improved (Mueller et al, 2007).

In spite of their successful use, a serious drawback of SINIS junctions is their sensitivity to
particular steps during fabrication often resulting in a few shorted junctions of a SINIS
series array (typically between 0 and 10 of 10,000 junctions) probably due to the very thin in-
sulating oxide barriers (cf. Mueller et al, 2009). The search for more robust barrier materials
led to an amorphous silicon layer doped with a metal such as niobium (Baek et al, 2006).
The niobium content is tuned to a value near a metal-insulator transition observed at a
niobium concentration of about 11.5% (Hertel et al, 1983). This region combining a high
resistivity and a sufficient conductivity allows the fabrication of 1V and 10 V arrays for
operation at 70 GHz (Mueller et al, 2009). Fig. 5 shows a photo of a 10 V programmable
Josephson junction series array. Measurements showed that a few 10 V arrays consisting of
69,632 junctions had been realized without any shorted junction, which was never achieved
using SINIS junctions. Step widths above 1 mA have meanwhile been reached (cf. Fig. 6).
This junction type currently enables the most reliable fabrication process.

Series arrays of junctions with an amorphous Nb,Sii« barrier were originally used for
circuits operated around 15 GHz. Burroughs et al (2009a) developed 10 V arrays containing
three-junction stacks with 268,800 junctions arranged in 32 parallel branches. Constant-
voltage steps at 10 V were generated under microwave irradiation between about 18 GHz
and 20 GHz. Tapered CPWs have been used in order to assure a homogeneous microwave
power distribution along 8,400 junctions in each branch (Dresselhaus et al, 2009).

Some other kinds of junctions have also been investigated. While most Josephson arrays are
operated in liquid helium at 4.2 K, Yamamori et al (2006) developed arrays for operation at
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Fig. 6. Current-voltage characteristic of a 10 V programmable Josephson junction series
array without (red) and with (blue) 70 GHz microwave irradiation. The inset shows the
constant-voltage step at the 10 V level with high resolution.

temperatures around 10 K by using NbN for the superconducting layers and TiN for the
barrier. The arrays consisting of more than 500,000 junctions for operation at 16 GHz gen-
erate voltages up to 17 V (Yamamori et al, 2008). Another version for 70 GHz operation is
based on an improved design of 3315 externally shunted SIS junctions operated on the third-
order constant-voltage step (Hassel et al, 2005). Recently 1 V SNIS arrays were developed
by Lacquaniti et al (2011) using a slightly oxidized thick Al layer (up to 100 nm) as a barrier.

5.2 Applications using binary-divided programmable Josephson voltage standards
Conventional Josephson voltage standards are used for dc applications, namely to calibrate
voltage references e.g. Weston elements or Zener references, and to measure the linearity of
voltmeters. The Josephson voltage standards in many countries around the world have
been verified by international comparisons. The Bureau International des Poids et Mesures
(BIPM) developed a travelling Josephson voltage standard for performing direct com-
parisons, typically achieving uncertainties of 1 part in 10 (Wood & Solve, 2009). The
advantage of programmable Josephson voltage standards over conventional ones is given in
the speed required to adjust a precise voltage. In direct comparisons using a null-detector at
room temperature, the main uncertainty source is the type-A uncertainty from the null-
detector’s noise. In speeding up a comparison the uncertainty can be reduced by a factor \n
where n is the number of polarity reversals. Using two programmable 10 V Josephson
voltage standards, the polarity reversing procedure can be easily automated. This has been
demonstrated (Palafox et al, 2009) with a type-A uncertainty of 3 parts in 1012,
Binary-divided Josephson arrays were originally developed aiming at d/a converters with
fundamental accuracy as a source for ac calibrations. Fig. 7 shows a step-wise approximated
sine wave. It was tested to calibrate thermal transfer standards (Hamilton et al, 1995). The
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synthesized waveforms contain small parts of undefined voltages during transients between
well-defined quantized voltage levels. To improve achievable uncertainties, the transients
have been made faster and faster, from 1 ps (Hamilton et al, 1997) to below 100 ns (Williams
et al, 2007). Measurements on thermal transfer standards have shown possible uncertainties
better than 1 pV/V for frequencies below 200 Hz (Behr et al, 2005) but for higher frequencies
transients dominate uncertainties. Different error analyses (Lee et al, 2009; Burroughs et al,
2009b) confirm that transients will make it very difficult to further improve the pre-
dictability of these quantized voltage sources as the transients depend on too many para-
meters like applied bias current, microwave power or helium levels in the dewar. The only
way for further improvements seems to require specific assumptions for the device under
test (Séron et al, 2011).

Due to this fundamental limitation from transients the idea came up of combining the step-
wise approximated Josephson waveforms with sampling methods. In a first experiment, a
sampling voltmeter was calibrated by sampling the quantized voltage levels (Ihlenfeld et al,
2005). Later stepwise approximated waveforms and sampling were used to demonstrate an
ac quantum voltmeter measuring ac voltage differentially (Behr et al, 2007). Both methods
are used nowadays to link a power standard directly to a quantum basis (Palafox et al, 2007
& 2009; Riifenacht et al, 2009). By introducing faster sampling systems and pre-amplifiers
for a wide range of ac applications like ac-dc transfer calibrations, this idea has been further
improved. As here the Josephson system is acting as a voltage reference, it also allows com-
bining it with an external ac source traced back or locked to the Josephson voltage
(Riifenacht et al, 2011). For certain applications this is favourable as ac sources can drive a
current to low-impedance devices. Driving a current from a Josephson voltage standard is
very limited as typically step widths are not much larger than 1mA, accordingly the
impedance must be larger than 10 kQ for 10 V Josephson arrays.

Towards higher frequencies sampling methods are limited due to the bandwidth of a/d
converters which are affected by fast voltage edges in stepwise approximated waveforms
and a decreasing aperture time for raising frequencies. The frequency limit is determined
by the number of samples taken for a period. When using rectangular waveforms, i.e. the

20

Voltage / V

0 10 20 30 40 50
Time/ms —»

Fig. 7. Synthesis of a step-wise approximated 50 Hz sine wave using a 10 V Josephson
junction series array.
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minimum number of samples, frequencies up to 6 kHz have been used to calibrate
impedance ratios (Lee et al, 2011), while typically 16 to 256 samples reduce the bandwidth to
clearly below 1 kHz (Kim et al, 2010).

Another way to minimize the effect of transients is to use the rectangular waveforms and to
just look at the fundamental tone of the waveform. Practically this is easy when a lock-in
amplifier is used as a null-detector. Internally the lock-in amplifier multiplies the rectangu-
lar waveform with a sine wave heavily weighting the quantized plateaus and almost neg-
lecting the transients (Jeanneret et al, 2010). The influence of the transients is suppressed to
below parts in 108 which is being utilized fully for impedance ratio measurements (Lee et al,
2010).

However, the only way to completely avoid transients at all is to use the so-called pulse-
driven Josephson arbitrary waveform synthesizer. This method is described in detail in the
next paragraph.

5.3 Pulse-driven arrays

The interest in quantum-accurate ac waveform synthesis led to the development of another
version of Josephson voltage standards for ac applications (Benz & Hamilton, 1996). Those
Josephson voltage standards described so far are operated by sinusoidal microwaves in
order to effect the transfer of flux quanta through Josephson junctions. This works well, if
the operating frequency is close to the characteristic frequency of the junctions (cf. chapter 2
and equation (1); Kautz, 1992 & 1995). A modulation of the output voltage by changing the
frequency of the irradiated microwaves over a wide frequency range is therefore not possi-
ble. Nevertheless, a direct time-dependent manipulation of the flux quanta transfer seems
to be very promising for an ac voltage standard, in order to enable the synthesis of spectrally
pure waveforms and to avoid those drawbacks related to the multi-bit d/a converter
operation of binary-divided arrays.

Indeed, the limitations of sinusoidal operation do not appear, if Josephson junctions are
operated by a train of short current pulses as shown first by calculations (Monaco, 1990).
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 transferred through the Josephson
junctions at any time. The waveform to be generated is encoded in the pulse train. A high
pulse repetition rate generates high voltages; the voltage decreases with decreasing pulse
repetition rate. Fig. 8 schematically shows the principle of operation. Arbitrary output
waveforms can be synthesized by modulating the pulse train using a pulse pattern gen-
erator; sometimes this version of pulse-driven Josephson arrays is therefore also called
Josephson Arbitrary Waveform Synthesizer (JAWS).

The pulse train is typically created by the use of a second-order sigma-delta (SD) modula-
tion (cf. Benz et al, 1998; Kieler et al, 2009). This procedure shifts the quantization noise to
high frequencies; noise contributions are then removed by appropriate filtering. The
Josephson junctions act as a quantizer due to the transfer of flux quanta. Spectrally pure
waveforms are synthesized that way with higher harmonics suppressed by more than
100 dB (cf. Benz et al, 2009a; Kieler et al, 2009). The easiest way to prove perfect quanti-
zation of a synthesized signal is to generate and measure a sine wave, whose spectrum
should show a single tone without any additional harmonics.
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Fig. 8. Schematic of operation for pulse-driven arrays.

Pulse-driven arrays need overdamped Josephson junctions, which have predominantly been
realized by SNS junctions. Different materials have been used for the barrier such as e.g.
PdAu (Benz et al, 2001), HfTi (Hagedorn et al, 2006) or Nb,Sii.« (Benz et al, 2007). SINIS
junctions have also been investigated (Kohlmann et al, 2006).

Pulse-driven arrays were suggested and first demonstrated by Benz and Hamilton (1996).
An array of 512 junctions generated constant-voltage steps up to 265 1V under operation by
unipolar pulses with a repetition frequency up to 250 MHz. Continuous enhancements
gradually improved the spectra of the synthesized signals and increased the output volt-
ages. The first important steps ahead have been, amongst others: a code generator allowing
a pulse repetition frequency of about 10 GHz (Benz et al, 1998) and the use of a bipolar drive
signal (Benz et al, 1999). The overdamped Josephson junctions are embedded into the
middle of a coplanar waveguide transmission line (CPW). As the pulses consist of broad-
band frequency components ranging from dc to about 30 GHz, a complicated microwave
assembly is required in order to enable the transmission of these broadband signals.

The broadband pulse drive including dc and low-frequency components causes additional
requirements in operation compared to sinusoidal driven arrays. The dc component must
be delivered to the array, e.g. by a direct connection to the code generator. A resistive
microwave termination at the end of the CPW would produce an unwanted common mode
voltage; in order to avoid this common mode voltage, the initially used arrays were
designed as lumped elements, whose junction series array are directly grounded. Finally, a
simple splitting of the array in parallel microwave paths is not possible.

The configuration as lumped arrays, however, limits the length of the series array, which
must be short compared to the wavelength A of the highest significant frequency. A length
of typically 4/8 ensures a uniform distribution of the high-frequency power comprised in
the pulses to all junctions (1=12 mm for a frequency of 10 GHz within a CPW on a Si
wafer). The number of junctions is therefore restricted to about 2,000 at most using sub-um
junction technology (Hagedorn et al, 2006). A promising suggestion for increasing the
number of junctions is their arrangement within a meander-like structure as shown in Fig. 9
(Kieler et al, 2007a). Arrays containing more than 10,000 junctions were realized; the
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Fig. 9. Design of a Josephson junction series array for pulse drive (left). The scanning
electron microscope pictures (right) show a part of the middle of the CPW containing
Josephson junctions arranged in a meander-like structure.

synthesis of spectrally pure waveforms with low distortion has, however, been successful
only in part so far (Kieler et al, 2007b).

A way of avoiding the limitations related to lumped arrays and of solving the common
mode problem is the ac-coupling technique for the operation of Josephson arrays (Benz et al,
2001). Here, the broadband pulse drive is split into high-frequency and low-frequency
signals (split around 10 MHz). While the high-frequency signal is capacitively coupled to
the series array, the low-frequency part is separately applied by an additional compensation
bias. A resistive microwave termination can now be placed at the end of the array without
causing common-mode voltages. Therefore, extended series arrays can be used, which con-
sequently enables a significant increase in the number of junctions. Further improvements
resulted in output voltages up to 275 mV rms (Benz et al, 2009a). Two arrays containing
6,400 junctions each were simultaneously operated by using the data output and the com-
plementary data output of the code generator, respectively. Higher harmonics are sup-
pressed by more than 110 dB (Benz et al, 2007 & 2009a).

In spite of these very encouraging results the synthesis of voltages at 1 V or more remains very
challenging. It will probably require a parallel operation of several arrays using adapted
electronics (Benz et al, 1999 & 2009a) or the approach for the operation of multiple arrays that
has been suggested by Kohlmann et al (2006). It is based on balanced photodiodes arranged at
each array and operated by short optical pulses (Williams et al, 2004). The operation of
Josephson arrays by optical pulses has also been investigated by Urano et al (2010).

The pulse train is typically provided by a commercial pulse pattern generator (bitstream
generator). Fifteen years ago these generators just delivered unipolar pulses. As bipolar
signals are preferred for metrological applications, and the peak-to-peak voltage is simply
doubled, ways and means have been investigated to generate bipolar pulse trains even with
unipolar pulses. The initially used procedure for this purpose is the suitable superposition
of a high-frequency sine wave and a two-level digital signal as first proposed by Benz et al
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Fig. 10. Synthesized 1.25 kHz sine wave (top) and its frequency spectrum (bottom). Higher
harmonics are suppressed by 118 dBc. The small signal at about 8.8 kHz is not related to the
synthesized signal, as it is also present at the noise level when no waveform is synthesized.

(1999). Today the direct generation of bipolar pulses using a three-level code generator is
easy as corresponding instruments have recently been made available (van den Brom et al,
2008). Now the measurement setup is less complex (cf. Fig. 8) and more temporally stable
when this three-level code generator is used (van den Brom et al, 2007 & 2008). Different
waveforms were synthesized over a wide frequency range from about 150 Hz to above
100 kHz using arrays containing nearly 4,800 junctions; higher harmonics are suppressed up
to 118 dBc (Kieler et al, 2010). In addition, the operation margins of the arrays were signifi-
cantly improved, and 200 mV (rms) signals at 1 kHz were synthesized by simultaneously
operating two arrays containing 5120 junctions each (Houtzager et al, 2009).

A comparison between the output voltages of a pulse-driven and a binary divided Joseph-
son voltage standard at 8 mV showed an excellent agreement of both systems within a
relative deviation of 5 - 107 (Kohlmann et al, 2009).

The arbitrary perfect waveforms synthesized by pulse-driven arrays are useful for different
metrological applications. First of all, pulse-driven arrays were used as synthesizers for
arbitrary waveforms up to 100 kHz with very pure frequency spectra and quantum-accurate
voltages (cf. Benz et al, 2009a; Houtzager et al, 2009; Kieler et al, 2009). Then, pulse-driven
arrays were utilized for calibrations of thermal converters and transfer standards, which are
well-established devices in ac metrology (cf. Lipe et al, 2008; Benz et al, 2009a). Single- or
multi-tone signals were, in addition, used for the characterization of electronic components
like filters or a/d converters (cf. Toonen and Benz, 2009). The use of pulse-driven arrays
was also suggested in combination with a binary-divided array; the spectrum of the pulse-
driven array is adjusted to modify the spectrum of the 1V or 10 V signal generated by the
binary divided array (Kohlmann et al, 2007). In addition, pulse-driven arrays provide the
opportunity for synthesizing a calculable pseudo-noise waveform consisting of a comb of
random-phase harmonics each having identical voltage amplitude. A low-voltage version
of this noise source is used in a quantum-based Johnson noise thermometry system to
measure the voltage noise of the resistor, and thus its temperature (Benz et al, 2009b).
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6. Conclusions

100 years after the discovery of superconductivity and nearly 50 years after the discovery of
the Josephson effect, Josephson voltage standards play an essential role in electrical metro-
logy and high-precision voltage measurements. The significant progress of the fabrication
technology has been a major prerequisite for the development of large series arrays for
Josephson voltage standards containing tens of thousands Josephson junctions. Conven-
tional 10 V Josephson voltage standards are well established for dc measurements and com-
mercially available. Programmable voltage standards opened up the world of ac applica-
tions and have, hence, been the next step in the exciting story of the applications of the
Josephson effect in metrology. While 1 V arrays are meanwhile fabricated routinely, the first
10 V arrays containing tens or even hundreds of thousands of Josephson junctions are now
available. Conventional Josephson voltage standards will be replaced in the future more
and more by these programmable Josephson voltage standards, as they are easier to operate
and provide exciting additional possibilities and applications. The synthesis of real quan-
tum-based ac voltages is enabled by pulse-driven arrays. Very promising results have been
achieved; output voltages of about 275 mV were synthesized with higher harmonics sup-
pressed by about 120 dBc. However, the aim to generate 1 V ac voltages is very challenging
due to the complex operation by short current pulses. The value of ac Josephson voltage
standards has successfully been demonstrated in initial experiments. Further developments
will establish these Josephson voltage standards as a quantum basis for ac metrology.
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