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The extraordinary performance of Josephson-junction circuits
for scientific measurements, and the suitability of similar circuits for large
scale integrated electronics, presage the emergence of a new technology.

Donald G. McDonald

The pioneers of superconducting elec-
tronics are accumulating an impressive
record of achievement. For example,
they have now gained the high-perfor-
mance lead in the important field of
digital electronics. Logic delays of 13
picoseconds and switching times of 9
picoseconds have been experimentally
demonstrated." The same basic de-
vices, Josephson junctions, also make
the most sensitive microwave detec-
tors, the most sensitive magnetometers
(or current sensors) and the most stable
voltage sources. Although each of
these developments is an important
independent accomplishment, the com-
bination of these developments in a
single technology merits special atten-
tion.

To gain a perspective of research in
superconducting electronics during the
past fifteen years, consider the variety
of accomplishments beyond those men-
tioned above. In the lowest frequency
band of the electromagnetic spectrum
this research has centered on the devel-
opment of current comparators of very
high accuracy, on the extension of accu-
rate thermometry to very low tempera-
tures, on new techniques for gravita-
tional, geomagnetic and biomagnetic
measurements, and most recently, on
gravitational-wave detection. In the
midrange of frequencies, from the radio
band through the microwave band, em-
phasis has been given to accurate mea-
surements of power and attenuation, to
the development of superconducting-
cavity stabilized oscillators, to para-
metric amplifiers, to accurate wave-
form measurements of fast transient
signals, to microwave frequency ana-
log-to-digital converters, and (with par-
ticularly heavy emphasis) to integrated

A highly sensitive SQUID, shown in the
center, surrounded by its external coupling
coils. This computer-enhanced color
illustration is an artist's impression of a
device made by Michael Cromer and
Pasquale Carelli at the National Bureau of
Standards. Figure1

circuits for logic and memory. In the
highest frequency band for which su-
perconductivity is useful, from millime-
ter waves to the infrared, advances
have been made in the sensitivity of
millimeter-wave heterodyne detectors
for astrophysical measurements, in
broad-band frequency synthesis, and in
the measurement of molecular con-
stants at CO,-laser frequencies. When
these developments are compared with
the best techniques at ambient tem-
peratures, improvements in sensitivity,
accuracy, speed, or resolution of factors
of 10 to 100 have been common. Two
devices, each an excellent example of
modern superconducting electronics,
are illustrated in figures 1 and 2.

What needs to be recognized from the
foregoing is the broad significance of
low-temperature electronics. Al-
though it is not entirely evident from
the discussion thus far, we will see that
all of the most basic components of a
general-purpose electronic technology
have been developed in the supercon-
ducting realm. Thus, with some reser-
vations, we can begin to think about
making almost any critical electronic
instrument or system with supercon-
ducting integrated circuits.

The availability of an accurate model
for a Josephson junction, and the accu-
rate control of circuit parameters re-
sulting from the development of inte-
grated circuit fabrication methods for
superconductors,” together mean that
basic circuits can be accurately mod-
eled and, therefore, optimized, In a
practical sense it is this last develop-
ment (fabrication methods) that brings
superconducting electronics within
striking distance of the fundamental
physical limits to measurements in two
areas: energy sensitivity and single
photon detection.

In speculating on the future of super-
conducting electronics one cannot ig-
nore the fact that no liquid-helium-
temperature technology, for any appli-
cation whatever, has succeeded in a
major way by emerging from the re-

search environment for broader use.
No one can say whether or not super-
conducting electronics will succeed, but
we will show how this technology over-
comes an important practical barrier to
the continuation of long-term trends of
electronics toward higher speed and
increased miniaturization. Thus we
see superconducting electronics becom-
ing a significant challenge to estab-
lished semiconductor electronics.

My main purpose here is to sketch
the conceptual basis for superconduct-
ing electronics and to discuss the status
and implications of current research.
Instead of describing complex circuits I
will emphasize fundamental ideas and
relationships to more familiar phenom-
ena. At the practical level supercon-
ducting electronics has a simple and
elegant theory; however, it is theory
unlike anything that preceded it. Tes-
timony to its originality comes from the
Nobel prizes bestowed on its creators:
John Bardeen, Leon Cooper, J. Robert
Schrieffer, Ivar Giaever and Brian Jo-
sephson. All but Giaever are theoreti-
cal physicists.

Superconductors

The abrupt transitions of some met-
als (lead, tin, and niobium, for example)
from a normally conducting state to a
state of zero electrical resistance, or
superconductivity, below a critical
transition temperature 7. is basic to
any discussion of superconductivity. A
second elementary property is the ex-
clusion of electrical currents and mag-
netic flux from the interior of supercon-
ductors; they are both largely confined
to a surface layer 10~ ° em thick, called
the penetration depth.

In normal metals the current density
Jjisrelated to the applied electric field E
by Ohm’s Law, j = ¢E, where ¢ is the
conductivity. The conductivity is a
real number for frequencies up to the

Don McDonald s a staff scientist in the
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A six-bit analog-to-digital converter that uses six identical SQUIDs
as current comparators. This device, developed by C. A. Hamilton and
Frances L. Lloyd of NBS, operates at a conversion rate of 2 x 107

order of 10'* Hz. Thus for an alternat-
ing E field of modest frequency the
current and voltage are in phase and,
as a result, power is dissipated in the
metal. For a superconductor similar
logic leads to the conclusion that if the
power dissipation is to be zero, the
current and voltage must be out of
phase by 90°, which means that ¢ must
be an imaginary number.

But if high-frequency currents are
imposed on superconductors, small
amounts of power are dissipated. So
the general case requires a complex
conductivity

og=0,+ 10,

where o, is characteristically much less
than ;. The two terms for the conduc-
tivity naturally give rise to the two-
fluid model of a superconductor in
which o, is the conductivity of a nor-
mally conducting fluid and o, is the
conductivity of a dissipationless fluid,
or superfluid.

For normal conductors the conduc-
tivity can be used to calculate the
resistance of a wire:

R, =(1/a)l/A)

where [ is the length of the wire and A
is its cross-sectional area. If a complex
conductivity is used in a similar fash-
ion, one obtains both a resistance and a
reactance. For a superconductor the
phase of the reactance indicates that it
is inductive in character with induc-
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conductor devices.

tance L, given by
L=1_J= (2 )
w 0,,°+0,,° \A
where w is the angular frequency. The
o subscript on o, and o, implies a
frequency dependence of these quanti-
ties. Equation 1 is applicable only if
the transverse dimensions of the super-
conducting wire are small enough to
ensure a uniform current density—in
other words, for transverse dimensions
less than the penetration depth men-
tioned earlier.

To gain physical understanding of
this inductance we consider a simple
model of the superfluid component of
superconductors. The charge carriers
are “superconducting electrons” with
mass m, charge e, and number density
n, all moving with velocity v,. They
have a kinetic energy (1/2)
nmv %1/A). Equating the inductive
energy (1/2)L,i* to the kinetic energy
and using the usual expression for the
current, | = nev A, we obtain:

I

G PR
=22 (2)
Detailed analysis shows that this ex-
pression for L, is the low-frequency
limit of the more general expression in
equation 1. From this simple deriva-
tion, however, we see that energy is
stored in a superconductor in the form
of kinetic energy of superconducting
electrons. The inductance L., which
we now call the kinetic inductance, is a
manifestation of this energy storage.
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samples per second and an output data rate of 12x10% bits per
second—nearly an order of magnitude faster than the fastest semi-

Figure 2

Thus superconductivity does not sim-
ply refer to a large conductivity; it
refers to a large imaginary conductiv-
ity, which may be alternatively de-
scribed as a kinetic inductance. Of
course, any superconductor will also
have magnetic inductance (determined
by the detailed geometry), which must
be added to L,.

A piece of superconducting wire in a
circuit can usually be described as hav-
ing no resistance but finite magnetic
and kinetic inductances. In fact the
magnetic inductance numerically
dominates the kinetic inductance in
most situations. The kinetic induc-
tance dominates only in conductors of
very small cross-sectional area (it 1§
proportional to 1/A) and in Josephson
Junctions, both of which are important
in microelectronics.

Before turning to the subject of Jo-
sephson junctions we will extend our
description of superconductivity by dis
cussing magnetic flux quantization
From a conceptual point of view the
original flux quantization experiments
and their interpretation are the critical
link between the classical superconduc
tivity of Kamerlingh Onnes (1911) and
the modern superconductivity epito-
mized by Josephson’s theory (1962).

Magnetic flux quantization

Imagine taking a circular ring of
superconductor, initiz!!; at a tempera:
ture above its transition temperature
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T., and applying a magnetic field per-
pendicular to the plane of the ring.
Then cool the ring below 7, and re-
move the externally applied field. Be-
cause of Faraday’s Law and the perfect
conductivity of the ring, a permanently
“trapped” magnetic field will exist in
the hole of the superconductor. This
field is produced by a permanently
circulating supercurrent around the
ring.

The classical (pre-quantum) analysis

of this experiment predicts that the
magnitude of the trapped flux should
be proportional to the strength of the
applied magnetic field; however, in
1950 Fritz London predicted a different
result, based on quantum theory. Be-
cause the microscopic theory of super-
conductivity had not been developed at
that time, his argument was heuristic
in nature.
He postulated that superconductivi-
ty was the result of a “condensation” in
momentum space such that the motion
of the superfluid could be described by
a single mean-value momentum vec-
tor. With this simplification the prop-
erties of the superfluid were then as-
sumed to be the same as those of a
typical single particle of mass m,
charge g, and velocity v.. The momen-
tum of this particle in a magnetic field
of vector potential A is

fik = mv, +gA (3)

in SI units. The wave function of the
superfluid was taken to be of constant
amplitude throughout the supercon-
ductor but of variable phase. We de-
note the wave function as W = [¥|e‘*”
with the phase &(r)= kr.

London noted that if one considers
the phase of the wave function at points
along a circular path P inside a ring, as
in figure 3a, then the basic require-
ment that the wave function must be
single valued at each point along Pis a
significant constraint. In particular
the change in phase for a complete trip
around P must be an integral multiple
of 2m

$pkdr=2m, n=012,. (4)

(This equation is also used in the Bohr-
Sommerfeld theory of the hydrogen
atom.) If the path P is chosen well
inside the superconductor, then v, is
zero everywhere along P, because su-
percurrent exists only in a thin surface
layer of the ring, as mentioned earlier.
Consequently, equations 3 and 4 to-
gether give

fi-'$pgA-dr =2mn (5)

Using the general result that the inte-
gral of A around a closed path is the
flux @ through the path, we finally
obtain

® =nh/qg=nd, (6)
This result predicts that flux through

Microscopic theory

The curreni-voltage characteristic of a
Josephson junction is a plot of the average
current in a junction versus the applied
voltage. It has two branches, which are
conceptually separable and are derived
from the components of the two-fluid mod-
el of a superconductor. Inthe microscopic
theory of superconductivity, by John Bar-
deen, Leon Cooper and Robert Schrieffer,
a superfluid current is described by paired
electron states, or the flow of so-called
“Cooper pairs." A normal fluid current is
described by unpaired electrons, the so-
called "quasiparticles.” At T=0 K all
electrons are paired and there are no
quasiparticles, if the superconductor is in
thermodynamic equilibrium,

In the current-voltage characteristic
shown above right we first consider the
supercurrent, which is the current ranging
from zero to a maximum value of /_, all at
zero voltage. For voltages greater than
zero, but less than the energy-gap voltage
V,, the amplitude of the supercurrent is
unchanged but it is rapidly oscillating, at
484 MHz/microvolt, and averages to zero.
Thus the supercurrent does not contribute
to the current-voltage characteristic for
V> 0.

The remainder of the characteristic re-
sults from entirely different processes. Be-
tween V=0 and V, there is no mecha-

CURRENT
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nism for transporting direct current at
T=0 K, so the device behaves as an
insulator. When the applied voltage
reaches the energy-gap voltage, sufficient
energy is available from the electric field to
break pairs of electrons and produce a
quasiparticle current. Thus the righthand
portion of the characteristic is referred to
as the "quasiparticle branch.”

A number of complicating features are
omitted from this brief discussion in order
to emphasize the most important con-
cepts. An actual current-voltage charac-
teristic at 7= 4 K is illustrated in figure 6a.

the ring will be quantized in units of
h/q. It was later shown that g = 2e for
a superconductor, rather than just e as
London thought, so the guantum of
magnetic flux is d¢,=h/2e=
2.07x10~'5 Wh.

The wave function for the supercon-
ductor with ten flux quanta through
the ring is illustrated in figure 3b. It is
a ten-turn helix on the surface of a
torus. For a change of one flux quan-
tum through the ring the number of
turns of the helix must change by one.

In 1961, Bascom S. Deaver and Wil-
liam M, Fairbank, and R. Doll and M.
Nabauer, showed experimentally that
magnetic flux through superconduct-
ing rings was indeed quantized as dis-
cussed above. These experiments,
combined with London’s insightful the-
ory, endowed superconductors with a
new characteristic, a quantum phase
factor for the macroscopic system. This
abstract quality might well have fallen
into obscurity had it not been for Jo-
sephson’s discovery of the phase depen-
dence of tunneling currents between
superconductors. This discovery oc-
curred about one year after the success-
ful flux-quantization experiments, but
apparently it was not stimulated by
those experiments.” However, Joseph-
son’s ideas, in the hands of other physi-
cists, rather quickly transformed the
concept of magnetic flux quantization
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to one of practical importance.

Josephson junctions

Without Josephson junctions super-
conducting electronics would be of lit-
tle interest. These junctions are the
essential superconducting elements for
producing power gain at high speed, a
vital function in electronics.

Josephson junctions most commonly
take the form of two thin films of
superconducting metals separated by a
very thin layer of insulator, as illustrat-
ed in figure 4a. Experimentally it is
found that such devices will conduct
electrical current with zero voltage
drop across their terminals, as was first
reported by Philip W. Anderson and
John M. Rowell. Above some maxi-
mum level of current, called the critical
current I, (typically about 1 mA), volt-
age does appear across the terminals of
the device.

The physical basis for this behavior
derives from the fact that the wave
function, which describes the proper-
ties of the superconductor, extends
slightly beyond the surface of the met-
al. Thus, if the insulating layer sepa-
rating the two superconductors of fig-
ure 4 is thin enough (about 1 nm), the
wave functions of the two superconduc-
tors can overlap in space, and thereby
physically couple the two systems. Un-
der these circumstances an electrical
current can pass through the insulator,
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Superconducting ring (part a), with the path of integration (called P in the text) shown in color.
Part b shows the wave function describing the system when ten flux quanta are trapped in the

ring. Allowed states must have an integral number of wavelengths around P.

by the mechanism of quantum-
mechanical tunneling, even though the
insulator is not a conductor in the
classical sense.

Josephson’s discovery was not the
discovery of tunneling between super-
conductors, which had already been
observed by Giaever, but rather the
theoretical prediction that a supercur-
rent could tunnel through an insulat-
ing barrier. According to the theory of
superconductivity a supercurrent is a
flow of paired electrons. The conven-
tional wisdom prior to Josephson was
that the correlated tunneling of a pair
of electrons would be a process of very
low statistical probability and, there-
fore, unobservable. Josephson showed
that due to the special properties of the
superconducting state, pair tunneling
has essentially the same probability as
single-particle tunneling.

The practical description of the tun-
neling supercurrent is in terms of two
simple equations. These equations
both involve &', the difference in phase
from one side of the tunneling barrier
to the other, of the macroscopic wave-
function first introduced in the discus-
sion of magnetic flux quantization. The
equations are:

49 =2 @)
dt fi

Figure 3

and
I. =1 sin® (8)

Equation 7 says that the time rate of
change of @ is proportional to the
instantaneous voltage across the tun-
neling barrier, with the proportionality
constant being 484 MHz/microvolt.
Equation 8 says that the tunneling
supercurrent I, is zero if ' is zero and
reaches a maximum value of I_ for
8 =xn/2.

In particular we note that these
equations permit non-zero current with
zero applied voltage. We also note that
if V(t) is a constant, other than zero,
then @' increases linearly in time and
produces a sinusoidally oscillating cur-
rent I.. Further discussion of Joseph-
son junctions is given in the box on
page 39.

Just as we described superconductors
in terms of an effective inductance, we
find a similar description for Josephson
junctions. Combining the elementary
relationship V=L dI_/dt (where L; is
the inductance of a Josephson junction)
with equations 7 and 8, we obtain

e ©)

27l cos &'
We recognize that this is not a magnet-
ic inductance, because it does not de-
pend on geometry; it is the kinetic

inductance of the superfluid in the
Josephson junction.

From [1, V dt the energy stored in L;
is found to be

E, = — $ole cos &' (10)

1

Equation 10 tells us that as the phase ¢
changes, the energy stored in the Jo-
sephson junction is modulated between
+ ¢ I./2m. For a typical junction the
modulated energy is approximately
10~ '#J. From this property we should
expect that superconducting electron-
ics will be useful only if we are dealing
with quantities of energy comparable
to or smaller than this characteristic
Josephson energy. Thus, supercon-
ducting electronics is intrinsically
“low-power” electronics, but not im-
practically low.

For example, the thermodynamic
fluctuation energy at room tempera-
ture is kT~4 x 10~ *' J, which is consid-
erably smaller than the Josephson en-
ergy, and therefore not generally
disruptive to superconducting electron-
ic systems.

The Josephson inductance is impor-
tant in determining the maximum
speed of response of Josephson junc-
tions. At very high frequencies the
shunt capacitance of a junction electri-
cally shorts L;, which makes the junc-
tion ineffective in the circuit. The
small size of L; (about 0.3 pH), howey-
er, gives a sufficiently low impedance
compared with the capacitive reac-
tance that full Josephson responses'
can occur on time scales as short as 2
picoseconds.

SQUIDs

In the experiments on magnetic flux
quantization described earlier, the
quantized state of the superconducting
ring could be changed only by raising
the temperature of the superconductor
above its transition temperature,
which is a time-consuming process. The
invention of the superconducting quan-
tum interference device (or “SQUID"
by Robert C. Jaklevic, John Lambe,
Arnold H. Silver, and James E. Mercer-
eau in 1964 eliminated this require

a Insulator b
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MAGNETIC FLUX @

Josephson junction (a) and SQUID (b), shown very schematically.
The SQUID consists of two Josephson junctions connected in parallel

in a superconducting loop.

Figured

The maximum current |, that a SQUID will conduct, shown asa
function of magnetic flux ¢ through the SQUID lcop, in the limit of

small loop inductance. /.., = 2/.cos|7®/d,|. Figure5
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ment and also eliminated the need for a
: conventional magnetometer to sense
the quantized state of the ring. In
SQUIDs the quantized states are ob-
served through a periodic dependence
u of their critical current on applied mag-
. netic field, as we will discuss shortly.
% The significance of SQUIDs resides
» primarily in the fact that they provide
» a practical means for utilizing magnet-
+ ic flux quantization in a variety of
« applications. SQUID magnetometers,
. based on the theory and design of
- James E. Zimmerman and Silver, have
~ been made with extremely high sensi-
» tivity—around 10~ '* T. Although ear-
« ly work focused on this unique sensitiv-
v ity, more recent developments for
integrated circuit applications of
{y SQUIDs, pioneered by Hans H. Zappe,
» emphasize high-speed operation of
1 these devices—operation on a time
wscale of 10 to 100 ps.
» A simple SQUID is illustrated in
. figure 4b. It consists of a supercon-
ducting loop interrupted by two Jo-
.. sephson junctions. Inthese devices the
.. kinetic inductance of the junctions is
_ made comparable to the magnetic in-
ductance of the loop, so that the junc-
_ tions have a major effect on the dyna-
. mics of the circuit.
~ If the junctions were not in the loop,
. that is, if the loop were just a continu-
“_ ous film of superconductor, then the
~ magnetic flux inside the loop would be
® = nd,, as in equation 6. The corre-
spondmg phase shift of the wavefunc-
* tion around the loop in this case is

2mn = 2m(®/ ) (11)

_ With Josephson junctions in the loop
b tl'us last equation becomes

o 2mn =2m{(®/dy) + 0", — ', (12)

where ¢, and £', are the phase shifts

mross the respective Josephson junc-

“ions. The transport current I through
“*he SQUID is given by the sum of the
“urrents in the two junctions:

", I=1I_(sin€'; + sinf',) (13)

{The maximum value that 7 can have
under any circumstances is 2/_, corre-
sponding to equal phase shifts of 7/2 in
jachjunction. This situation occurs for
bP=n=0, for example. With flux
hrough the loop one junction will reach
ts critical current before the other if
ihe external current is increased. The
‘naximum current through the SQUID
wvith zero voltage drop, I, occurs
-vhen either junction reaches its critical
wurrent. Combining equations 12 and
3andsolving for 7, yields the form of
he essential character of SQUID re-
ponse. The resulting pattern, shown
raphically in figure 5, is often referred
~nas an “interference’ pattern because
rwf its similarity to optical interference
_vatterns, The important result is that
Fmux 18 8 periodic function of the flux

through the SQUID, with a periodicity
of .

The high sensitivity of SQUID mag-
netometers comes in part from the
small value of ¢,, which means that the
interference pattern provides a finely
graded measuring scale for magnetic
flux. Also important is the low noise
level of the device, which allows a
sensitivity many orders of magnitude
greater than d¢,.

A fundamental way of analyzing the
noise performance of a magnetometer
is in terms of its energy sensitivity. The
relevant quantity is S, /2L, where S,
is the spectral density of the square of
the magnetic flux noise in the loop of
the SQUID at low frequencies, and L is
the inductance of the loop. In 1977,
Claudia D. Tesche and John Clarke’
predicted theoretically that a SQUID
should achieve an energy sensitivity of
approximately A/2 = 3.3 x10-* J/Hz.
This value is very close to #i, which is
the maximum energy sensitivity per
Hz obtainable in any quantum-me-
chanical system, according to the Hei-
senberg uncertainty principle.

This theoretical prediction stimulat-
ed experiments in several laboratories
beginning with a major advance to a
sensitivity of 145 h by E. L. Hu et al. in
1978, a further advance by Mark B.
Ketchen and Richard F. Voss to 54 in
1979, and culminating in two experi-
ments® reaching very near & in 1980.
The swiftness of these advances attests
to the skill of the researchers and the
innate qualities of superconducting
methods. We believe that no other
technology has produced a device of
comparable sensitivity.

These impressive results should
stimulate further refinement of the
theory regarding ultimate practical
limitations. In particular a theory is
needed for the rising spectrum of 1/f
noise, which dominates at frequencies
below the tens of kHz range, where the
maximum sensitivity is obtained.

Circuits

In the foregoing discussion we have
described the elementary properties of
the unique components of supercon-
ducting electronics: Josephson junc-
tions and SQUIDs. The first applica-
tions of these devices were to
magnetometers, radiation detectors
and voltage standards. Very early
however, in fact less than two years
after Josephson's original publication,
Rowell’s patent application on logic
and switching recognized the broader
potential applications of Josephson
junctions. In 1966 Juri Matisoo pub-
lished the first experimental results
with an emphasis on digital electron-
ics. He reported measurements of the
switching speed from the pure super-
current branch to the quasiparticle
branch of the current-voltage curve
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(see figure 6a). The high-speed switch-
ing that he observed (faster than 800
ps) stimulated a more extensive re-
search effort, which has greatly en-
larged the potential arena for applica-
tions of superconducting electronics.

We might reasonably ask what the
ultimate functional scope of supercon-
ducting technology could be? In digital
logic systems it is relatively easy to
answer this question because a suffi-
cient requirement for performing logic
is the availability of the three functions
of Boolean algebra—AND, OR and
NOT—all of which have been imple-
mented in superconducting technol-
ogy. Extending this line of thought we
might ask if all of the functional oper-
ations normally performed by electron-
ics can also be performed by supercon-
ducting devices? Unfortunately we
know of no rigorous way of answering
this question but an intuitive and prac-
tical answer is that if components are
available for detection, amplification,
logic, and memory, then most general
purpose circuits, both analog and digi-
tal, can be built.

In the table on page 42 we summarize
the highlights of such basic develop-
ments. For each of the functional
areas there has been a variety of devel-
opments but, for brevity, we describe
only a single device or circuit in each
area.

For detection we note that the device
most widely used for this purpose in
conventional electronics is the diode
rectifier. The equivalent device in su-
perconducting electronics is a detector
biased on the quasiparticle nonlinear-
ity of a tunnel junction’s current-volt-
age characteristic (see the box on page
39). This device has reached its high-
est development in the reference given
in the table. The quoted responsivity
corresponds to 0.52 electrons in the
output of the device for each incident
photon. Thus the practical device is
within a factor of two of the so-called
quantum limit of one electron per pho-
ton. (One electron per photon is be-
lieved to be the maximum output a
tunneling device can have.) In addi-
tion to a good quantum efficiency, the
noise-equivalent power given in the
table is the lowest ever published for a
microwave video detector. Thus, mea-
sured against other practical devices,
the performance is excellent. It is
nevertheless clear that the noise per-
formance can still be considerably im-
proved with already developed fabrica-
tion methods that reduce the leakage
current.

Although the research efforts for de-
tectors are at microwave frequencies
and above, in general electronics one is
usually interested in lower-frequency
detectors. Device theory says that the
responsivity will be essentially the
same at audio frequencies, for example,
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so we view this video detector as a
general-purpose device.

Moving on to amplification, we ask
what superconducting device is most
nearly equivalent to the conventional
transistor? A SQUID amplifier, shown
schematically in the table, plays this
role. This is the same basic circuitas a
SQUID magnetometer. As discussed
earlier the recent trend in research on
SQUID magnetometers has focused on
their energy sensitivity, which implicit-
ly recognizes that they have power
gain, although they have not generally
been viewed in this light. The SQUIDs
designed for maximum energy sensitiv-
ity, which we discussed as magneto-
meters, have not had an efficiently
coupled input coil. In Michael Cromar

Highlights of developments in superconducting electronics

FUNCTION SCHEMATIC

and Pasquale Carelli's work cited in the
table, however, a highly sensitive
SQUID was tightly coupled to a rela-
tively large-size but low-inductance in-
put coil, giving an energy sensitivity of
around 71h and a power gain as listed
in the table. This was an important
step forward, but considerably more
development is needed (related primar-
ily to bandwidth and dynamic range of
operation) before SQUIDs can routine-
ly be used as amplifiers.

The next function of interest is log-
ic. Logic and memory circuits are the
main products of the commercial inte-
grated circuit industry, so it is not
surprising that these functions have
received far more study and develop-

-

Josephson junctions in binary
circuits act as threshold detectors. The
threshold condition for switching the
circuit is that the sum of the two in
currents must exceed the Josephsyy
junction critical current. Figure § i,
lustrates the simplest implementatig,
of a logic function. As might be expect.
ed the more sophisticated implements.
tion of superconducting logic involye
more complex circuits, but the bhag
threshold switching idea remains,

The leading developments in this
field have been by the groups at [BM
Research Laboratories and at Bell Tele
phone Laboratories. Through the
years these groups have devised a nup.
ber of distinct approaches to logic cir.

ment than the preceding two functions.

PHYSICAL MECHANISM

cuits. However, at the present time

NOTES

Detection

Rectification by the
quasiparticle nonlinearity.

Measured current responsivity * of 3500 amps of
output current per watt of input power at 36 GHz
Noise equivalent power — 2.6+08x10°"
W/Hz'/?

Amplification

'II—:: —< |l

Magnetic modulation of the
SQUID critical current by the
input signal.

The energy sensitivities per unit bandwidth of
SQUID amplifiers are approaching the gquantum-
mechanical limit for this quantity (at audio frequen:
cies). Power gains of the order of 6 10° have
been achieved in single devices."

Logic

Switching produced by drive
currents exceeding the
junction critical current.

The fastest superconducting logic produced so far
is a two-input OR gate with a switching delay of 13
ps when fabricated with 2.5-micron linewidth lithe-
graphy.© Designs emphasizing simplicity of fabt-
cation and improved miniaturization properties yi

an estimated 40 ps switching delay for fully loaded
circuits. °¢ The power dissipation per gate is about
3 microwatts. These circuits provide a basis faré
computer with a 2 nanosec logic cycle time."

Memory ?

X
4

L=T
H—EE]] are:

Information stored by flux
trapping in the large
superconducting loop.

Symbols used in the schematics

O input terminal
 bias terminal

O output terminal

X Josephson junction

Memory compatible with the above htghw .
logic utilizes the quantized flux state of a supemﬁ
ductor. Two flux quanta are inserted fora 1 anﬁm
quanta for a 0. In present design work a
memory cell is expected to have a current transfet

time of about 35 ps (time to go from a to bi

7) when fabricated with 2.5-micron rrl
linewidths. Overall memory access time for

ing one bit is no more than about 500 ps on aﬂ
chip having 6 mW of dissipation per chip.®
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there is a convergence of approaches
that have considerable similarity. The
latest results are summarized in the
table. The schematic shown there for
logic (and also for memory) is a simplifi-
cation of the actual circuit.

Finally we turn to the memory func-
tion. We will briefly discuss only the
present form of the highest speed ran-
dom-access memory (cache memory)
that is being developed as large-scale
integrated circuits. The storage of bi-
nary information is conveniently ac-
complished with the flux-trapping phe-
nomena discussed earlier. Two
features of this form of information
storage are the zero power dissipation
in memory when no reading or writing
is occurring and the fact that it is
“nonvolatile,” which means that the
stored information is not lost if the
computer is turned off. In addition it
operates at sufficient speed to be com-
patible with the very high-speed Jo-
sephson logic circuits. Some details of
memory-cell operation are described in
figure 7.

In the table we have identified the
unique physical mechanism used in
each of the functional areas. Because
the mechanisms are different in each
case we begin to get a feeling for the
richness of phenomena available in
superconductivity. The practical im-
portance of these effects becomes clear
when we note that in all four functional
areas superconducting electronics has
extraordinary performance, in fact per-
formance beyond that of any other
technology.

To appreciate the broader picture
more fully, however, we must briefly
take up one additional topic: miniatur-
ization in electronics. This topic is put
in perspectiveby the presentsituationin
commercial electronics, in which circuit
power dissipation is seen to be of major
importance. The highest-speed large-
scalecomputerof today has400 0001ogic
gates. To avoid overheating in this
system there are only two gates in each
integrated circuit package; so there are
200 000 separate integrated circuits for
logie. Compare this situation with the
otherextreme of miniaturization, which
is a microprocessor with about 20000
logic gates in a single miniature pack-
age. To make a microprocessor system
roughly comparablein complexity tothe
high-performance logic unit would re-
quire 20 microprocessors or just 20
~ integratedcircuits. (Theemphasishere
is on a crude comparison of levels of
integration; no suggestion is intended
that it is practical to interconnect 20
microprocessors for the required logic of
thelargecomputer.) Thecostofthese 20
circuits is only a few thousand dollars,
whereas the cost of the higher-perfor-
mance logic system is on the scale of
millions of dollars. To a significant
degree this difference comes from differ-

o 0mv o

amv

CURRENT

0 Vv,
VOLTAGE

{2 i

L

Switching of a simple AND gate. Initially only one current /, is present. It has a magnilude
less than /_; also the Josephson junction is a state A of the current-voltage characteristic
shown in part a. The path of this current in the AND circuit, shown in color in part b, is entirely
through the junction, and the result is a zero voltage output. If a second current, /,, of
comparable magnitude is also applied, the critical current of the junction is exceeded and it
switches to the energy gap voltage V. In this situation the current in the junction after
switching depends on the value of the load resistance. If the resistance is properly selected
the junction will switch to point B of the characteristic (a), where the junction current is much
less than in the zero voltage state. Thus, to a good apporximation, both input currents are
directed to the load resistance, as in part ¢, resulting in a 3-mV output. The circuit is reset to

zero volltage by reducing /, and /., to zero,

ences in costs of packaging and assem-
bling a miniaturized system as com-
pared with one that could not be
miniaturized because of high power
dissipation. Part of the cost difference
also arises from the volume of produc-
tion, which favors microprocessor tech-
nology over that for high-speed logic
systems. It is fully expected that there
will be reductions in the power require-
ments for semiconductor logic in the
future. On the other hand, as comput-
ers get faster there is a natural need for
increased memory size, which produces
increasing problems of power dissipa-
tion.

One of the virtues of superconduct-
ing technology is that it achieves high
speed without high power dissipation
in either logic or memory. In fact, the
speed of superconducting technology
exceeds the speed of the fastest conven-
tional technology and simultaneously
dissipates orders of magnitudes less
power.® Thus the principal barrier to
miniaturization of high-speed electron-
ics is eliminated in this technology. In
what follows we will consider the phys-
ical reasons for this performance.

Basis for performance

Is it simply an accident that super-
conducting electronics has outstanding
performance in all four of the function-
al areas of electronics, or is there a
basic reason why this should be so? We
might say that superconductivity is the
reason for the good performance, but
that would be a rather nebulous re-
sponse because superconductivity has
many facets. The role of superconduc-
tivity in superconducting electronics is
to provide the physical mechanism for
making things happen. The specific
question we will address is why does it
work so well? To discuss this question
we will examine the features of the
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Figure 6

technology that are of the greatest
practical importance, namely the low
power dissipation, the high speed, the
high sensitivity and the low noise.

Detection, amplification, logic and
memory all utilize nonlinearities for
their practical realization. By nonlin-
earity we mean a nonlinear relation
between an input parameter and an
output parameter. The simplest case
is for a two-terminal device in which
there is a nonlinear relation between
the input current and the resulting
voltage, as in a Josephson junction.

The fact that the nonlinearities of
superconducting devices occur at very
low energy, generally below 5 meV, is
of fundamental practical importance,
producing both low power dissipation
and, to a substantial extent, the high
speed of these devices. It is important
to recognize that such low-energy non-
linearities are effective only at low
temperatures.

Electrons in solids have fluctuations
in their energies of the order of a few
kT. If this fluctuation energy is sub-
stantially greater than the range of
energy over which a nonlinearity ex-
ists, then the nonlinearity will in effect
be averaged out by the fluctuations. A
basic requirement for a nonlinearity to
be physically effective with a change in
terminal voltage from zero to V is that
eV should not be less than k7. (As an
example note that the large quasiparti-
cle nonlinearity in a Josephson junc-
tion occurs over an energy range
around 8 kT for T=4K). This rela-
tionship is a restriction on the mini-
mum voltage at which an electronic
technology can operate and, conse-
quently, sets the scale for power dissi-
pation.” For devices with the same
impedance but operating at different
temperatures T, and 7, the ratio of the
mintmum power dissipations is
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Operation of a memory cell consisting of a superconducting loop with an inserted SQUID. If

flux is trapped in the loop it is interpreted as

1," and the absence of trapped flux is a "0."

Consider the writing of a 1 in a cell initially in the 0 state. The writing sequence begins with the
application of a Y current as shown in part a. This current naturally divides itself between the two
sides of the superconducting loop according to their relative inductances. The current in the
SQUID in the left-hand branch of the main loop is arranged to be less than the SQUID critical
current. Next, an X current is applied, It is inductively coupled to the SQUID and reduces the
SQUID's critical current below the level of the applied Y current. This causes the SQUID to
switch temporarily to the voltage state, which diverts its current to the other side of the loop, asin
b. if the X and Y currents are now turned off, a persistent current is established in the loop as
shown in ¢, resulting in a 1 state. Reading of the 0 or 1 states is done with a nearby second
SQUID on the right-hand side of the memory cell (see table, page 42), which simply detects

whether or not there is flux in the loop.

P,/P,=(V,/ Vo) =(T,/T,? Accord-
ing to this formula a reduction in power
dissipation by a factor of about 5000 is
achievable on going from 300K to 4 K,
if optimal devices are used in both
cases.

Lower power dissipation implies less
heating of the substrate, the impor-
tance of which has already been em-
phasized. To complete this argument
one must also consider heat transfer
from the substrate to the surrounding
medium as Robert Keyes’ has done.
This process is about a factor of 20 less
favorable at low temperatures, so the
effective decrease in power dissipation
is about a factor of 250 rather than
5000. Nevertheless it remains an im-
portant factor for electronics, and it
illustrates the importance of a low-
temperature environment.

A primitive model for the speed of
typical electronic devices reveals how
low-energy nonlinearities also contrib-
ute to higher-speed operation. Consid-
er a model in which the terminals of a
device must make an excursion in volt-
age across its intrinsic nonlinearity.
The time that this will take is given
approximately by CV/i, where C is the
capacitance between the output termi-
nals, Vis the necessary voltage change,
and i is the current available to drive
the change in voltage.

In superconducting devices the volt-
age change is typically 3 mV. For
contrast we note that for room-tem-
perature devices, even in unsaturated
semiconductor logic, the corresponding
voltage is about 600 mV. Thus, low-
voltage operation gives an intrinsic
speed advantage to superconducting
devices. Such operation is possible
only at low temperatures.

The high sensitivity of SQUID mag-
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Figure 7

netometers depends upon the small size
of the flux quantum. As we have
already discussed, flux quantization is
a manifestation of a coherent quantum-
mechanical state extending over mac-
roscopic distances. Superconductivity
is not the only such state. The coher-
ence of lasers and the long-range order
of magnetic materials may be similarly
described. Thuswe cannot assert that
a low-temperature environment is re-
quired for a macroscopic quantum
state. What we can assert is that a low
temperature is required for the obser-
vation and use of macroscopic quantum
states with small spacings between en-
ergy levels. It is the small energy
spacing between the quantized flux
states (or actually the small barrier
between states) that produces the high
sensitivity of SQUIDs. An additional
factor is the low noise level of Joseph-
son junctions. There is nothing con-
ceptually extraordinary about the
noise in Josephson junctions; both the
usual Johnson noise and electronic
shot noise are present as in other de-
vices. But of course the low-tempera-
ture environment reduces the Johnson
noise by a factor of 100 below that of
ambient temperature devices. Thus
we find that both factors responsible
for the high sensitivity of SQUIDs are
in fact made possible by the low-tem-
perature environment in which they
operate.

We conclude that the basis for the
good performance of superconducting
electronics in the four functional areas
is primarily the low temperature of
operation.

Future prospects

Superconducting electronies should
be viewed as a technology potentially

-

applicable to any critical instrumentg.
tion problem that requires the highest
possible performance in either speed or
sensitivity. Considering the sophisti.
cated and relatively mature develop.
ment of conventional electronics, we
should all be impressed with the resulf
that superconducting technology, even
in its present immature form, has the
best performance in the most funda-
mental areas of both analog and digital
electronics. '

We have attributed the good perfor-
mance of this technology to its low-
temperature operation. On this basig
it seems likely that if superconduct:‘ 5’
electronics is optimally implemented
then no ambient temperature techngl-
ogy will give comparable perfor-
mance. A critical question, however,
is: How closely can ambient tempera-
ture circuits approach the performance
of superconducting circuits? No one
knows what the ultimate answer will
be because both technologies are still
advancing. A related questionis: Can
the performance of other electronic
technologies be greatly improved by
cooling? This is a complex issue to
discuss, but Keyes’ has addressed the
question for electronics based on semi-
conductors and on magnetic and optical
materials, His general conclusion is
that reduced operating temperatures
are beneficial in many ways. Whether
the performance of these systems can
be made comparable to that of super
conducting electronics remains an
open question.

Perhaps foremost among the practi-
cal questions about superconducting
integrated circuits are those relating to
reliability of fabrication processes and
durability of the devices after fabrica-
tion. There is a tendency for the very
thin tunneling barriers in Josephson
junctions to change with time when
stored at room temperature and a ten-
dency for the mechanical stresses of
temperature cycling to 4 K to cause
electrical changes in junctions. Most
of the circuits discussed here were
made of lead-alloy superconductors.
The successful fabrication and oper
ation of a 2048-bit main memory
opment chip was the most severe testof
these methods thus far.® Competing
with lead-alloy circuits are more recent
developments with niobium. A report
on junctions with niobium base elet
trodes and lead-alloy counter elec
trodes'® gives failure probabilities of
less than 2 10~* failures per Joseph
son junction per thermal cycle to 4 K
Advances in this area look promising

Another problem, unique to this
technology, is magnetic flux trapping
at inhomogeneities in the supercon
ducting films. Such flux can greatly
alter the performa ce of superconduct
ing circuits. Flus frapping occurs
spontaneously as superconductors 8re

o
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cooled in a magnetic field, even in very
small fields. It can also be produced by
thermal gradients that develop as the
circuits are being cooled to 4 K. Efforts
are underway to solve this problem.

Miniaturization, which is of great
importance for integrated circuits,
poses interesting questions, Supercon-
ducting circuits are presently being
developed mostly with 2,5-micron mini-
mum linewidth lithography, much the
same as commercial semiconductor cir-
cuits. As the linewidth is reduced,
performance is expected to improve
significantly''. However, as the geom-
etry becomes sufficiently small (films
about a tenth of a micron thick), new
effects become significant. The basic
description of Josephson tunnel junc-
tions is not expected to change but the
kinetic inductance of the circuit exter-
nal to the junctions will become in-
creasingly significant—both in trans-
mission lines and in SQUIDs.
Physically this means that energy stor-
age in SQUIDs, for example, shifts
away from magnetic energy toward
kinetic energy of the electrons. How
important this will be has not been
worked out.

When devices are made smaller
there will be a tendency to want an
increase in the junction critical current
density so as to maintain the Josephson
coupling energy and ensure stability
against thermal fluctuations. In-
creased current density increases the
importance of nonequilibrium between
the quasiparticle and pair distribu-
tions. The effect of nonequilibrium on
device performance has not been quan-
titatively explored. It is perhaps most
interesting for noise performance.

Of course semiconductor technology
also encounters new problems with in-
creased miniaturization. A specific
area where miniaturization decidedly
favors superconductivity is in the prop-
erties of the microstrip transmission
lines that interconnect high-speed de-
vices. Richard L. Kautz'* has shown
that, within the context of high-density
integrated circuits, further miniatur-
ization of normal metal lines will pro-
duce poor transmission properties for
pulses having widths of 100 ps or less.
The superior properties of supercon-
ducting transmission lines may be of
decisive importance in the competition
between very high speed technologies.

For large-scale integrated circuits
the prospects for superconductivity are
sufficiently promising that the design
of prototype superconducting comput-
ers is underway. Matisoo has recently
summarized this work.'"® There are
reasonable prospects for a supercon-
ducting machime about fifty times fas-
ter than the general-purpose machines
of today.

Many opportunities for further de-
velopments exist in analog supercon-
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ducting electronics, but the importance
of these developments is more difficult
to summarize because the possibilities
are so varied. We will therefore focus
somewhat arbitrarily on the interface
between analog and digital circuits,
that is, on analog-to-digital converters,
which are circuits of technological im-
portance in many areas of work.

In figure 2 we illustrate an ad-
vanced superconducting analog-to-digi-
tal converter design that emphasizes
high-speed performance. Equally im-
portant is the development of designs
for high-accuracy converters. The pre-
cision of the best commercially avail-
able devices is limited by the instability
of their semiconductor based voltage
references, which is a few parts in 10°.
In superconducting technology one can
use the Josephson voltage reference,
initially developed by Donald N. Lan-
genberg, William H. Parker and Barry
N. Taylor, which is known to be at least
a factor of 100 better than its semicon-
ductor counterpart. If this reference is
combined with a superconducting cur-
rent comparator and the necessary
digital circuitry, the resulting analog-
to-digital converter can have the same
precision as the Josephson voltage ref-
erence. Thus an improvement by a
factor of 100 over conventional technol-
ogy is feasible, but as physicists are
prone to say, the engineering details
have not been worked out.

What is perhaps more fascinating to
physicists is that the maximum achiev-
able precision of the Josephson voltage
reference is simply unknown. This is
significant not only for the physics
involved but also for practical reasons
as well. Measurement systems of the
highest precision commonly operate on
the basis of observing changes between
a reference level and the quantity of
interest. Thus an improved reference
would allow one to observe physical
effects that are presently unobservable,
in phenomena as varied as solid-state
physics and geophysics, for example.

Recent work by Kautz'* on the Jo-
sephson voltage reference is notable in
this connection. He showed that the
basic mechanism of phase lock between
the Josephson self-oscillation and the
external drive-oscillator can be main-
tained without a significant break for
at least six hours at a frequency of 25
GHz, which corresponds to 5 x 10" con-
tinuous cycles. This experimental
work, combined with the accompany-
ing theory, suggests that essentially
perfect phase lock is achievable with a
Josephson junction. This in turn im-
plies that, barring the intervention of
other effects, it should be possible to
define voltage as precisely as frequen-
cy, the most accurately measurable
physical quantity. The real problem
that remains is the possible “‘other
effects.” No such effects have been

-

identified, although there is evidenge!t
that thermodynamic nonequilibriyy
processes may necessitate a co
factor for the Josephson voltage refe.
ence,

It is clear that basic SQUID system;
are still not adequately understood ang
should be more thoroughly explored
The status of the most sensitive e
detector is unique and of fundamentg
importance to experimental science
Within the framework of Claude Shap.
non’s celebrated ideas for informatip
transfer one should recognize that the
most sensitive energy detectors arealsg
the most sensitive information detec
tors. Thus, since information is the
goal of all experiments, it is clear that
the most critical experiments of gl
kinds should incorporate these new
SQUIDs when applicable.

Over what bandwidth can SQUIDsbe
made the most sensitive detectors!
How should direct feedback (without
conventional electronics) around the
SQUID be used? No one knows. In
fact these questions lead us to mention
recent work in which it was shown that
a superconducting heterodyne mixer,
operating at 36 GHz, can very nearly
detect a single photon.'® This s
second area where superconducting
electronics closely approaches a funds
mental limit for measurements. Since
this work was done with a Josephson
junction (which is thought of as an
electric-field detector) and not a SQUID
(which is thought of as a magnetic-field
detector), it raises the interesting prob-
lem of determining the best spectral
region for using SQUIDs and for using
Josephson junctions as sensors. No
definitive answer can be given yel

In concluding this discussion it &
fitting to broaden the perspective and
to consider the development of elex
tronics from a more philosophical point | |
of view. 1 shall ignore such technicl
details as the different materials used
in producing electronics devices and | |
consider somewhat more generallt
what is happening in electronics, Sin¢t
the 1950's conventional electronics has
progressed dramatically, largely by aé
vances in miniaturization, which hs
many ramifications but which we dé
scribe only as a major change in tht
dimensional length scale of devicesan
circuits. Because this change was
useful it suggests that one should cor |
sider other radical shifts in the prim- | -
tive physical variables of electronit I
The two radical changes that havebe® |
most extensively studied in the lasti#
decades are changes in frequency
in temperature. The shift in frequet |
cy, to the optical region, has resultde :
fiber optics and associated optical "
cuits, for which the main broad apﬁ

tion appears tc be comm
over medium and lon- distances 0

the other hand the sh: " i temperati®




gn,

. semiconductors.
 claim, at least for the foreseeable fu-

to the cryogenic regime has led to
superconducting electronics, a technol-
ogy best adapted to the microscale
world of miniaturized integrated cir-
cuits. Thus the major radical alterna-
tives to conventional electronics are
seen to be functionally complemen-
tary. Maybe at some time in the future
these radical technologies will be
joined.

But regardless of the course that
future commercial technology takes, it
should be abundantly clear that super-
conducting electronics presents a de-
manding challenge to the technology of
It is reasonable to

ture, that superconducting electronics
will be the pre-eminent technology for

:+ high performance—for high speed, for

high precision, and for high sensitivity.
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