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TUNNELING AND JOSEPHSON JUNCTIONS

Tunneling devices incorporating superconducting materials can exhibit what are known as Josephson effects.
A typical example is two superconducting materials separated by a thin dielectric barrier. Remarkably, such
a tunneling device can exhibit both a zero-voltage trace for currents below some critical value and a second
trace that has tunneling characteristics akin to a forward-biased diode. Traversing the entire current–voltage
characteristic of the device will give a hysteretic current–voltage trace. The scale of these phenomena is roughly
1 mV for low-temperature superconductors (such as Pb, Pb-alloys, and Nb) and 10 mV for high-temperature
superconductors (such as YBaCuO, BiSrCaCuO, and TlBaCaCuO).

Low-temperature superconductors used for Josephson applications have transition temperatures, Tc, from
the normal to the superconducting state of approximately 1 K to 20 K, while high-temperature superconductors
have Tc � 90 K.

The zero-voltage leg of the current–voltage characteristics of a Josephson junction is highly sensitive
to magnetic fields. This property is exploited by superconducting quantum interference devices (SQUIDs) to
measure magnetic fields down to the 10 fT range, making them the most sensitive detectors of field/flux in
existence. Superconducting quantum interference devices have been employed in prototype diagnostic systems
for noninvasive mapping of heart and brain function, but must typically be operated within the confines
of a magnetically shielded room. Prototype devices using SQUIDs for nondestructive evaluation of metal
components are currently being tested in the field. SQUIDs are also employed in the detection of undersea
anomalies (submarine and ordinance detection) and in a variety of scientific investigations such as earthquake,
gravity-wave, free-quark, monopole, and dark-matter detection. Some practical SQUID devices have also used
high-temperature superconductors.

The nonzero voltage leg of a Josephson junction current-voltage characteristic is also useful because it can
be highly nonlinear. As such, these devices are employed for mixing in the 100 GHz region, where low noise-
temperatures are a must (such as in radio astronomy). This work is restricted to low temperatures—on the
order of 1 K—and the use of low-temperature superconductors. High-temperature-superconductor tunneling
characteristics are not currently of sufficiently high quality for this application.

Another important potential application of Josephson junctions is their use in digital applications. The
reason is that switching with Josephson-junction-based logic involves small voltages and currents and can
occur over very short time scales. Intrinsic power and switching speed are in the 0.1 µW and 1 ps range.
Josephson junctions employed for this purpose, based on Nb, are a mature technology. For a number of reasons,
current technology has focused on ultrahigh-speed analog/digital conversion rather than computation; one
issue is the current lack of a suitable memory format compatible with Josephson technology. Nevertheless,
high-speed Josephson processing circuitry continues to have promise for such targeted applications as video
image processing. A number of books and edited works are available on the subject of the Josephson effect and
its applications (1,2,3,4,5,6,7,8).

Ironically, for digital and SQUID applications the intrinsic hysteresis of the junctions must be suppressed.
For junctions that employ a thin, insulating oxide barrier, this implies the use of thin-film resistors to shunt
the junctions to reduce the hysteresis. A better solution would be to tailor the tunnel barrier material so that
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Fig. 1. Shown is a sketch of a normal–insulator–normal, NIN, tunneling system. N represents a normal, or nonsuper-
conducting metal film. I (nominally an insulator) represents a thin, dielectric layer through which quantum-mechanical
tunneling can occur. The normal–metal films are typically approximately 10 nm to 100 nm thick and the dielectric layer is
approximately 1 nm thick. Barrier heights, ψ, are typically in the range of 0.1 eV to 3 eV. At low voltages I ∼ R− 1 (V + αV3)
with α ∼ 1 V− 2.

it was somewhere between a metal and insulator. More exactly, this suggests producing a material close to the
metal-insulator transition. This subject is discussed at further length in connection with research in producing
high-temperature superconductor junctions.

Metal–Insulator–Metal Tunneling

A basic tunneling system consists of a metal–insulator–metal (MIM) structure as depicted in Fig. 1. Generally
the system comprises thin metal films ∼10 nm to 100 nm in thickness, separated by a thin dielectric layer
�1 nm in thickness. This dielectric can either be a native oxide created by the oxidation of the base metal
electrode (a good example of which is aluminum) or a deposited artificial barrier, a good example of which is
a semiconductor such as silicon. Tunneling in native and artificial barriers has been reviewed as a separate
topic (9).

If the metals are not in the superconducting state, we have normal–insulator–normal (NIN) tunneling
(10). The current–voltage characteristics of NIN junctions have been extensively studied in the context of
quantum-mechanical electron tunneling through a potential barrier. The height of the barrier, ψ, governs the
rate of change of current with applied voltage. Barrier heights typically range from 0.1 eV to 3 eV. Simmons
11 has shown that for applied voltages V � ψ

where α ∼ 1 V − 2.
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Fig. 2. Shown is a sketch of a superconductor–insulator–normal, SIN, tunneling system. N represents a normal, or
nonsuperconducting metal film and S represents a superconducting film. I (nominally an insulator) represents a thin, di-
electric layer through which quantum-mechanical tunneling can occur. The normal-metal films are typically approximately
10 nm to 100 nm thick and the dielectric layer is approximately 1 nm thick. The current–voltage trace shown is for zero
temperature (T = 0).

At a given voltage, the current varies with barrier thickness, d and barrier height, ψas

where d is in nanometers and ψis in volts (12). Tunneling in more complex although thematically similar
semiconductor systems is discussed by Sze 13.

If we now introduce a superconductor (Fig. 2) as one of the metal elements of the tunnel junction, to
produce a superconductor–insulator–normal (SIN) system, the current–voltage characteristic becomes highly
modified. Most notable is the introduction of a region in which, at zero temperature, no current flows until a
voltage �/e is reached, where � is the so called energy gap of the superconducting film. Energy gaps associated
with conventional superconductors such as Pb, Pb alloys, Nb, NbTi, and NbSn are in the few meV (1 meV =
10− 3 eV) range, while energy gaps associated with the high-temperature superconductor materials, such as
YBaCuO, are in the �30 meV range.

If we introduce a second superconductor to make an superconductor–insulator–superconductor (SIS)
system, something unique occurs (Fig. 3). In this case, two branches develop in the system. If we start at zero
current and increase the current slightly, no voltage will develop across the junction until the critical current,
Ic, is reached. The critical current is related to the energy gaps of the superconductors by Ic = π/4·(�1 + �2)/eR,
at zero temperature. For example, for Pb and Nb, � = 1.37 and 1.53 meV, respectively.

If the critical current is exceeded, a junction driven by a current source will jump (at constant current) over
to the quasi-particle curve. Further increasing the current moves one to higher voltages on the quasi-particle
curve and reducing the current explores the rest of this curve. The zero-voltage state is not recovered until the
current is reduced to zero. If a finite impedance source drives the junction, this switching will occur along the
load-line of the system. This remarkable situation is due the fact that coherent tunneling of Cooper pairs of
electrons (paired electrons in the superconducting state) can occur, producing a zero-voltage superconducting
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tunneling state in the system. When the critical current is exceeded, these pairs are broken into quasi particles
with properties akin to electron–hole pairs created across a semiconductor energy gap (13).

The current can be described by the Josephson equations (14,15,16)

where φ is the phase difference between the superconductors. Therefore, increasing the applied current from
zero is equivalent to introducing a quantum-mechanical phase difference between the superconducting ele-
ments of the junction.

Beside SIS systems, properly configured SNS systems can also exhibit Josephson effects, as long as the
normal-metal channel between the superconducting materials is of the appropriate geometry. This means that
the normal metal is either a microscopic weak-link connection, point contact, or a thin-film metal constriction
as opposed to a dielectric material (4,17).

Alternating Current Josephson Effect

A nonzero dc voltage, V = constant, across a Josephson junction implies that

which means that

Therefore, a finite voltage across a Josephson junction gives rise to a radio frequency (RF) current of

where 2e/h = 483.598 THz V − 1. The presence of an alternating current associated with the appearance of a dc
voltage across the junction is the ac Josephson effect. This means that at finite voltage, the current comprises a
dc component with a superimposed ac modulation at the Josephson frequency. A current–voltage characteristic
thus represents the time-averaged voltage across the junction as a function of applied current (when the system
is driven by a finite-impedance source). The junction thus acts like an RF frequency-to-voltage converter.

Josephson junctions are in fact actually used as high-frequency sources. For a given junction, roughly 10
nW of power can be produced, although most this is dissipated in the junction resistance. The linewidth of the
radiation is given by

where �0 = h/2e = 2.068 × 10− 15 Wb is the magnetic flux quantum. For T ∼ 1 K and R ∼ 1 �, this means that
�f ∼ 1 MHz. The linewidth can be reduced by coupling to a high-Q cavity, although with the concomitant loss
of overall operational bandwidth.
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Fig. 3. Shown is a sketch of a superconductor–insulator–superconductor, SIS, tunneling system. S represents a supercon-
ducting film. I (nominally an insulator) represents a thin, dielectric layer through which quantum-mechanical tunneling can
occur. The normal–metal films are typically approximately 10 nm to 100 nm thick and the dielectric layer is approximately
1 nm thick. Increasing the current applied across the device produces no voltage until the critical current, Ic is reached, at
which point increasing or decreasing current drives the system along the nonzero-voltage, quasiparticle current–voltage
characteristic. The load-line of a system driven by a nonzero impedance source is also indicated. Applying a magnetic field
to a sufficiently small junction (see text) will produce a periodic depression of the critical current. � is the magnetic flux
entering the junction. � = HW(d + λ1 + λ2), where λ is the penetration depth and �0 = h/2e = 2.068 × 10− 15 Wb.
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To achieve useful output power levels, arrays of junctions are produced to create tunable millimeter wave
sources—typically as low-noise local oscillators for radio astronomy mixer applications. Junction arrays can
produce ∼2 µW to 6 µW of RF power in the 340 GHz to 440 GHz band. To achieve this, all junctions in the
array must be phase locked (18).

The ac Josephson effect can be manifested as Shapiro steps (Fig. 3) by coupling microwave radiation into
the junction. This produces a series of steps of equal width �V = (h/2e) where f is the frequency of the applied
microwaves. An important application that exploits this phenomenon, and also uses series arrays of (here
Nb-based) junctions, is the standard volt. Here, a junction array is driven by a microwave source to produce in
excess of 1 V dc on the output terminals of the device (19,20). Only fundamental constants and the frequency of
an external oscillator, which can be established with high accuracy, determine the output voltage. The National
Institute of Standards and Technology (NIST) has developed Josephson arrays for this purpose and they now
serve as the primary US standard volt.

Recent work in this particular area has also included Nb/AuPd/Nb (SNS-type) junctions. These systems
use a normal–metal alloy instead of a dielectric barrier, through which Josephson coupling can also occur to
produce a junction that is inherently resistively shunted (21). Another refinement is to use Ti (22) instead of
AuPd. Titanium is potentially more desirable, because its resistivity (at 4.2 K) is higher than AuPd and it is
compatible with whole-wafer processing techniques.

Experimental work based on a stacks of Josephson junctions (23) has also been explored for potential
submillimeter oscillator applications with, for example, NbCN/MgO/NbCN (24), NbCN/NgO/NbCN (25), and
Nb/Al/AlOx/Nb (26,27) systems. Stacks of Josephson junctions may also be useful as inductive elements in
resistive or rapid single-flux-quantum (RSFQ) digital circuitry. One technical challenge here is producing
junctions with uniform Josephson critical currents, Ic (28).

Microwave irradiation has also been explored on a more purely experimental basis with high-temperature
superconductors. These materials can be viewed as a stack of superconducting CuO planes, with an interplanar
quantum-mechanical coupling that can vary from one material to another. For example, the layer-to-layer
coupling in BaSrCaCuO is far less than in YBaCuO. In fact, in the former case the coupling is similar to the
Josephson coupling occurring in an SIS tunnel junction. Thus BaSrCaCuO is thought capable of mimicking
the behavior of a stack of individual Josephson junctions. With this picture in mind, researchers have applied
microwave radiation to BaSrCaCuO mesas. Microwave steps were in fact observed, but with a voltage spacing
greater than that expected for Shapiro steps (29). Mesa-type TlBaCaCuO devices have also been produced (30)
with microwave applications in mind. Again, however, these systems remain experimental in nature.

Magnetic-Field Effects

The current distribution in a Josephson junction will be uniform if the width, W, of the junction (see Fig. 3) is
small compared with the Josephson penetration depth, λJ, with

where Jc = Ic/A with A the junction area, and t = λ1 + λ2 + d. The quantities λ are the penetration depths of
the superconductors composing the junction. This is the scale over which an applied external magnetic field
will penetrate into a superconductor. Here d again is the thickness of the barrier (1,2,3,4,5,6,31).

In the case where we apply a static magnetic field to the junction along the direction of the plane of the
barrier, we will suppress the Josephson current. If we meet the criterion that the junction is small compared
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Fig. 4. Shown is the current–voltage characteristic of a nominally SIS junction created by using a scanning tunneling
microscope tip to peel up a portion of the surface of a high-temperature superconducting BiSrCaCO (2212) film and hold it
in proximity to the underlying material. Although not an ideal characteristic, this demonstrates the ability to achieve (and
provides a means to study in detail) tunneling in the high-temperature superconductor materials. From Miyakawa et al.,
Ref. 32.

with the Josephson penetration depth, this suppression of the critical current will take the form

where Ic0 is the zero-field critical current. For Pb, Nb, NbSn, λ ∼ 50 nm to 100 nm; for NbN, λ ∼ 300 nm; and
for YBaCuO λ‖ ∼ 30 nm and λ⊥ ∼ 200 nm. In the last case, parallel and perpendicular refer to the directions
along and perpendicular to the CuO planes.

If a junction is not small by this definition, the current distribution will not be uniform and the suppression
of the critical current will not follow the simple sinx/x behavior noted above. Indeed, the geometry of the junction
can be controlled to produce a critical-current behavior parametrically tailored to specific applications, as in
the case with the use of junctions as elements for digital applications. In addition, the spatial nonuniformity of
the barriers of individual junctions can be diagnosed through a deconvolution of critical current versus applied
magnetic field characteristics (3).

As far as applications are concerned, this general phenomenology implies that a large penetration depth is
generally undesirable. A material such as NbN, which has a larger energy gap than Nb (and from this standpoint
represents a superior material) suffers from this limitation. However, this can be in part engineered around
by creating hybrid NbN/Nb layer pairs in which a balance of the higher critical temperature of NbN (14 K as
opposed to 9.25 K for Nb) and lower penetration depth of Nb is reached. Another important example of the use
of hybrid materials systems also involves Nb as Nb/Al bilayers; these are used to produce high-quality tunnel
junctions as is discussed later (see section entitled “Digital Applications.”)

Finally we note that SIS junctions have been made with high-temperature superconductor materials as
well. As shown in Fig. 4, such devices have been created with the use of a scanning tunneling microscope tip
which is “crashed” into the surface of a BiSrCaCuO crystal (32). As the tip is pulled back up, a junction is created
between superconducting material remaining on the tip and the underlying crystal. While hardly a practical
device, with less-than-perfect current–voltage characteristics, this nonetheless illustrates the potential for
creating devices from high-temperature superconductor material and has provided a valuable vehicle for
fundamental studies of the system.
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Fig. 5. The resistively shunted junction (RSJ) model for tunneling in SIS systems. This diagram illustrates that the
degree of hysteresis in a junction with a given resistance and capacitance is governed by the magnitude of the parameter
β = (2e/h)Ic R2C. The parameter can be viewed as setting the degree of damping in the circuit.

The Resistively Shunted Junction (RSJ) Model

The application of Josephson junctions generally requires control of the degree of junction hysteresis. One
way of achieving this is to shunt the junction with an external resistor. This usually means the use of a thin
film of Au or AuCu alloy deposited across the SIS junction to produce a shunt in the range of ∼1 �. In some
cases, junctions can be produced with internal microscopic resistive links in the barrier layer to achieve the
same effect. More sophisticated approaches, involving tuning the properties of tunnel barriers to achieve a
conductivity near the metal–insulator transition, have also been proposed and are discussed further in “High-
Temperature Superconductor Ramp Junctions.”

Figure 5 shows the electrical equivalent circuit of a shunted Josephson junction with a total resistance
R biased by a current source (shunted with an external resistor to produce a resistance far lower than the
original tunneling resistance of the junction). Represented in this manner there are three current paths: the
Josephson current, the ohmic current, and the displacement current from the junction capacitance. The total
current (for a system driven by a current source) is thus

Along with the Josephson relation

this can be rewritten as
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where ωc = (2e/)IcR represents the upper operational frequency of the junction and ωp = (2eIc/C)1/2 is the
“plasma” or lower-bound propagation frequency of the system. It is customary to define the Stewart–McCumber
parameter

The dependence of the current-voltage characteristics of a Josephson junction on β is also depicted in
Fig. 5. Small and large values of β represent the high- and low-damping limits, respectively. The most desirable
operating regime for many applications is β ∼ 1. As noted by Likharev 4, a useful way of parameterizing β is as

where again Jc = Ic/A, A is the junction area (W2 in Fig. 3), εr is the dielectric constant of the junction barrier
material, ε0 = 8.85 × 10− 12 F/m, and d is the barrier thickness. Improved performance at high frequencies
generally implies smaller areas and a concomitant increase in Jc to achieve β ∼ 1 (33). Note that in principle

is an intrinsic property of the superconductors. Its actual value, however, can be lower than the indicated
theoretical result due to gap suppression at film surfaces and other effects.

Superconducting Quantum Interference Devices

If we place two Josephson junctions in a loop (Fig. 6) we form a SQUID, in this case a so-called dc SQUID.
To produce a device intended for the measurement of flux, the junctions are shunted, as discussed previously,
to suppress junction hysteresis. The flux associated with an applied magnetic field generates a circulating
current in the device, which suppresses the Josephson current. An applied flux thus modulates the voltage
across the device with a period equal to the magnetic flux quantum �0. The result of this is a device that is very
sensitive to magnetic flux. SQUIDs are sensitive to flux to magnitudes �applied � �0 = h/2e = 2.068 × 10− 15

Wb. Practical SQUIDs are capable of measuring fields to the 10 fT magnetic field range, or ∼10− 34 J·Hz− 1

at 105 Hz (34,35), making them by far the most sensitive device in existence for measuring magnetic fields
and flux. Field versions of SQUIDs can usually achieve an order of magnitude more sensitivity than flux gate
magnetometers.

SQUIDs have a variety of applications, including commercial biomedical SQUID arrays that noninvasively
monitor and map heart and brain function. Other uses include nondestructive evaluation (NDE) (e.g., crack
detection in metals), oceanic anomaly detection, gravity-wave antennas, earthquake monitoring, magnetic
monopole detection, dark-matter searches, and other fundamental scientific investigations (6,36,37).

A key factor limiting the performance of SQUIDs is 1/f noise. This stems from shallow trapping of both
fluxoids in the thin-film elements of the SQUID and tunneling electrons in the barriers of the Josephson
junctions (shot noise). The observed 1/f noise typically has a knee in the 1 Hz to 10 Hz range with an associated
spectral flux noise density �10− 10 �2

0/Hz− 1 at 0.1 Hz. Optimizing SQUID performance is especially important
for biomedical applications since operation down to the 0.1 Hz range is necessary (38).

The flux noise energy of a SQUID can be written as (39)



10 TUNNELING AND JOSEPHSON JUNCTIONS

Fig. 6. Shown is a sketch of a dc SQUID (superconducting quantum interference device) comprising a loop with two
Josephson junctions. Shunt resistances are used to control the damping parameter (β) of the junctions. The current–voltage
characteristics and voltage–flux characteristics are shown for an applied flux �.

which generally suggests the need for devices with the smallest inductance and capacitance, operating at the
lowest temperatures. The use of low-temperature superconductors (Pb, Pb-alloys, Nb, and so on) generally
means operation at 4.2 K, (the boiling point of liquid helium at 1 atm) and temperatures less than 80 K for the
high-temperature superconductor materials. A method successfully used to reduce inductance is the washer
loop (39). Because of the Meissner effect associated with superconductivity, flux transformers can be used
to collect and couple flux from a larger, external superconducting loop and present it to the SQUID using a
multiturn thin-film coil.

High-temperature superconductors have also been relatively successfully explored for SQUID applica-
tions. An approach to creating Josephson junctions in high-temperature superconductor materials is to simply
make a step in a substrate to create a step-edge junction. Material grown across the edge acquires a defect that
creates a weakly linked Josephson junction, with characteristics similar to a resistively shunted SIS system.
It was realized that the actual angle of the step or ramp was important in consistently creating junctions
with desired characteristics (40,41,42). Along the same lines, junctions made with silicon-on-sapphire (SOS)
substrates have demonstrated RSJ characteristics (43,44) and were used to make the first SQUIDs operating
at 77 K using step-edge techniques (45).

A different approach to the use of high-temperature superconductor materials is the use of bicrystal sub-
strates. Here, two single crystals (for example, of SrTiO3) are fused together at a predetermined angle to create
an off-axis interface. Junctions are made by depositing a thin film of high-temperature superconductor material
across this disruptive interface. Bicrystal work in particular has consistently shown RSJ-type current–voltage
characteristics and critical currents that are reproducibly correlated to the angular displacement of the
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Fig. 7. SQUID structure from IBM. Most of the structure seen in the figure is the superconducting loop containing a “flux
dam,” visible as the triangular restriction on the left, to reduce device noise by limiting circulating currents in the flux loop
lines. The Josephson junctions incorporated into the structure are step-edge devices. The overall size of the SQUID is 1 ×
1 cm. From Sun et al., Ref. 53.

substrate crystal lattices. These bicrystal junctions have been successfully incorporated into YBaCuO (46,47,48)
and BaSrCaCuO SQUIDs (49,50). Bicrystal junctions of MgO (51) have also been discussed for use in SQUIDs
targeted for nondestructive evaluation systems. Noise studies (52) suggest that bicrystal and step-edge tech-
niques generally produce devices of comparable quality. However, although the techniques are suitable for
few-device applications such as SQUIDs, they are not appropriate for medium- or large-scale integration.

The practical implementation of high-temperature SQUID technology is shown in Fig. 7. The work is
from Koch’s group at IBM (53). Here junctions are formatted into a large loop containing flux dams, one of
which is shown to the left as a constriction in the loop. The constriction creates a fuselike link to help eliminate
noise-generating current loops.

Beside the double-junction dc SQUID, there is also the single-junction RF SQUID, depicted in Fig. 8. With
this device, flux quantization in the ring, along with the corresponding variation of the Josephson current with
flux, produce a variation in the inductance of the SQUID loop. This change in loop inductance is coupled to and
thus shifts the resonant frequency of an external, RF-driven tank circuit. Because of its relative simplicity and
the requirement for only a single, shunted Josephson junction, this scheme was initially and has continued to
be the device of choice for many commercial applications, notably for nondestructive evaluation and SQUID
voltmeters.

We note finally that, irrespective of the type of SQUID employed, applications such as biomedical diag-
nostics typically require operation within the confines of a carefully shielded magnetic enclosure. However, for
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Fig. 8. Shown the schematic of an RF SQUID. This type of SQUID uses a single (shunted) Josephson junction in a loop.
Applied external flux (�) acts to alter the impedance of the loop, which is inductively coupled to and shifts the frequency
of an RF driven tank circuit.

such applications such as nondestructive evaluation field work, SQUID gradiometers can be employed that
are more immune from background magnetic fields and can be optimized for unshielded performance. This
implies a compromise between field sensitivity and voltage modulation characteristics. For example, SQUIDs
for nondestructive evaluation (54) are cited as having a flux noise at 1 Hz of 134 µ�0Hz− 1/2 and 60 µ�0Hz− 1/2

at 10 Hz, qualifying them as prototype commercial systems (55).
In addition to the measurement of flux, SQUIDs can also be configured to perform other functions.

This includes the measurement of ultrasmall voltages. SQUID voltmeters are commercially available for
measurements in the 1 pV range—limited by noise to a range of ∼10− 10 V/Hz− 1/2 at 100 �. Radio frequency
SQUIDs have also been employed as low-noise amplifiers to ∼100 MHz.

Mixing and Detection

The zero-voltage branch of a Josephson junction (Fig. 3) can respond at frequencies up to f ∼ (4�/h) ∼ (e/h)IcR
� 1 THz for low-temperature superconductors and �10 THz for high-temperature materials. As a result
high-frequency Josephson mixing has been extensively studied. Unfortunately, heterodyne mixing using the
zero-voltage branch of the Josephson tunneling characteristic is seriously degraded by the appearance of excess
noise due to noise down conversion and the dynamic impedance related to the ac Josephson effect (56).

However, the extreme nonlinearity of the quasi-particle portion of the current–voltage characteristic, as
the tunneling current turns on for voltages just above the sum-gap voltage, has been successfully exploited
for mixing (56,57,58) in the same manner as high-frequency diodes are used. For superconducting mixing,
the Josephson current (zero-voltage curve) becomes a nuisance and can be suppressed by applying a small
magnetic field. Such devices are generally referred to as SIS mixers, with maximum operating frequencies the
same as noted previously.

SIS mixers are typically employed when uncompromising low-noise performance is required (such as with
radio astronomy) and where very low (∼1 µW) local-oscillator power is required. These mixers are typically used
in the ∼40 GHz to 1 THz region, with single sideband (SSB) noise temperatures at 100 GHz of ∼4 K. Overall
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noise temperatures for ∼40 GHz to 1 THz are typically within an order of magnitude of the quantum noise
limit of hf /kB. This currently exceeds the performance of high-electron-mobility transistor (HEMT) devices.

One critical element in mixing is junction quality. The magnitude of the tunneling current for voltages
below the turn-on voltage for quasi-particle tunneling, that is, voltages below the sum-gap voltage, is a crital
factor in mixer noise performance. Leakage conduction in this regime needs to be as small as possible and is
limited in theory only by thermal excitations, but in practice can be dominated by imperfections in the tunnel
barrier itself. For this reason, junctions based on oxidized tin and other soft metals were initially employed
because of their extremely low so-called subgap conductance due to the high quality of the Sn-oxide barrier.
However metals such as Sn are not physically robust with respect to thermal cycling (from their ∼1 K operating
temperature to room temperature).

Mixing requires a very high quality dielectric barrier integrated into superconductive elements with
the highest possible energy gap (and hence critical temperature) to provide the highest operating frequency.
Matching requirements also mean that junction resistance be in the 20 � to 100 � range and that 1 < 2πRCf <

10. Practical compromises have resulted in the use of hybrid systems such as Nb-based electrodes, aluminum-
oxide barriers, and Pb-alloy counterelectrodes to form Nb–Al2O3–Pb-alloy junctions. This is a good union
between the thermal stability of Nb and the high-quality dielectric properties of Al2O3. Nb–Al2O3–Nb junctions
have also been adopted for mixing applications. The upper operational limit for Nb-based junctions is ∼1.3 THz.
Junctions based on NbN (with a critical temperature of ∼14 K compared with the 9.25 K transition temperature
of niobium) have also been made, which have an operational mixing limit of ∼2.5 THz. Early NbN work
explored both NbN–MgO–NbN (59,60), and NbN–AlN–NbN systems (61,62,63). Recent NbN work has produced
devices with double sideband receiver noise temperatures of 1450 K at 600 GHz and 2800 K at 950 GHz (64).

Mixing experiments have also been conducted with high-temperature superconductor materials. For
example, bicrystal silicon-based junctions have been produced for this purpose (65). Bicrystal results on silicon
and sapphire (66) appear to be comparable to those achieved with SrTiO3 in terms of the overall nature of their
current–voltage characteristics, but without the disadvantage of the large dielectric effects of SrTiO3. Both
Shapiro steps (67) and harmonic mixing of a 1.6 THz signal have been observed (68) in such systems. However,
high-temperature superconductor tunnel systems that have demonstrably fulfilled the stringent requirements
for quasi-particle mixing applications have yet to be produced. These applications will require (non-RSJ-like)
high-quality, thin-film, SIS type junctions with low subgap conductance.

Digital Applications

Researchers with an interest in digital applications such as ultrahigh-speed analog-to-digital conversion (ADC)
have been attracted by the fundamental properties of Josephson devices. Josephson junction are fast, with ∼1
ps switching times; have low switching power, P ∼ I2

cR ∼ 0.1 µW; and can be matched to the impedance of
modern microstrip technology (69).

The most extensive effort to use Josephson devices to create a prototype superconducting computer was
the much-discussed program at IBM. Although the program was not successful in achieving its ultimate goal,
a great deal was learned and much progress was made (70). Lead-alloy technology that produced junctions
with reproducible characteristics and that could be thermally cycled was used. The logic elements were based
on latching circuitry with underdamped junctions (ωp � ωc) such that the binary state was defined by the
voltage state of a Josephson junction. For example, a junction can be switched from a zero-voltage state to
a nonzero voltage state along the load-line of the device. As discussed by 69, this type of approach has fast
set times (∼1 ps) but slow reset times (∼10 ns). Other difficulties with this arrangement include problems in
achieving uniform device clocking across an entire logic array and high latching power (∼1 µW) per gate. More
recent work with single-flux-quantum (SFQ) logic (referring to logic based on the presence of single fluxiods in
SQUID-based logic elements) has switched to Nb-based junctions (71,72,73,74) in a variety of formats.
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A new logic type, which is fundamentally different from latching-type logic, has also been introduced.
Called RSFQ (resistive/rapid single flux quantum) logic (69,75), it is a hybrid logic family, wherein junctions
are configured to have both logic and (dynamic) memory functions and logic operations are performed on pulses
originating from traditional SFQ devices. This approach addresses to some extent a major problem that was
encountered in the IBM experimt: matching SFQ logic and memory elements. The approach also recovers
much of the fundamentally fast switching times and low switching power of Josephson devices (the latter since
junctions are open for only a small part of a clock period). Switching powers of ∼10− 7 W/gate (10− 18 J/bit)
implies that packing densities of 107 gates/cm2 are possible at speeds to ∼500 GHz with 1 µm linewidths and
at greater speeds for narrower lines (4).

In present practice, much of the effort is not in computing per se but high-speed digital processing,
especially ADC [and agile programmable voltage standards (76,77)] with RSFQ as a favored digital logic
format (78,79). For example, 1024-bit shift registers have been operated at up to 20 GHz (80).

The current application of Josephson technology is still largely based on niobium. Niobium technology is
mature and now appears to be the standard for digital Josephson applications. Niobium based junctions are
physically robust and amenable to large-scale integration as a result of the important innovation of replacing
the native oxide that grows on niobium, which generally forms a poor quality barrier with a relatively large
dielectric constant (140 fF/µm2) (81,82). The idea is that the niobium base electrode is capped in situ with a
thin aluminum film (∼1 nm to 8 nm thick), which is oxidized to completion to form a surface-layer junction and
in the process prevents the growth of NbOx (9,83,84). This scheme successfully combines the relatively high
critical temperature, Tc, of the (robust) Nb underlayer (9.25 K) with the unsurpassed qualities of Al2O3, which
is an excellent barrier material with a relatively low dielectric constant (60 fF/µm2) (84) compared with Nb
oxide. A large-scale process for creating many such junctions with a simple anodization process was developed
by 85,86). Likharev has reviewed the complexities of junction fabrication for digital and other applications (4).

A good example of contemporary large-scale Josephson technology is the work at HYPRES Inc., which
produces large-scale integrated Nb-based Josephson tunnel junction circuitry using RSFQ logic. A recently
manufactured large-scale integration ADC is shown in Fig. 9. Target applications for such systems would
include high-resolution ADCs for radar and time-to-digital converters (TDCs) to measure the timing of events
in high-energy and nuclear physics experiments. These systems have demonstrated flash ADC with 6-bit
resolution, in the 1 GHz to 10 GHz operating range (87).

Another potential application for the fast switching speed of Josephson junctions is cross-bar and related
switching matrices for switching between processors and memory (88,89). This is important to high-speed
telecommunications and computation applications.

We finally note that other approaches based on quantum-limited-logic have been proposed and may be
competitive in some areas. One of these is single-electron logic (SEL), which is based on charging effects in
ultrasmall capacitance tunnel junctions (and not the Josephson effect). SEL is operationally similar to RSFQ
logic, but the former is based on the presence or absence of single electrons rather than magnetic fluxoids
(loosely speaking, bits based on single electrons with charge e as opposed to single fluxoids with flux �0) (4,69).

High-Temperature Superconductor Systems

The appearance of high-temperature superconductor materials has spurred a broad-based effort to produce
Josephson junctions for digital and other applications. Some of these approaches were discussed previously
in connection with SQUIDs. Beside this work, other approaches have been taken to produce a successful
junction format. Certainly all the high-speed applications that are envisioned for niobium-based Josephson
technology such as flash ADC, wideband ADCs, transient-event digitizers, and crowbar switches could be envi-
sioned for high-temperature superconductor materials as well. Barring thermodynamic considerations, oper-
ation at higher temperatures would generally be an advantage. The biggest hurdle now for high-temperature
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Fig. 9. Modern analog/digital converter from HYPRES, Inc. using niobium technology. The chip is a 6-bit flash ADC with
a 32-word shift resister memory and operates at 16 GS/s.

superconductor digital applications is the uniformity of the Josephson critical current density (Josephson criti-
cal current per unit junction area) for junctions across a single chip and chip-to-chip critical current uniformity.
A maximum variation of a few percentage points in critical current density is probably necessary for large-scale
applications (90), and this has yet to be achieved. At present, achievable spreads in critical current density are
more in the vicinity of (or perhaps somewhat less than) 10 percent. This single consideration is a dominant
factor governing which basic device format will be successful for high-temperature superconducting materials,
a number of which have been and are currently being explored in an attempt to find a suitable candidate to
meet this criterion.

We again note that high-temperature superconductors can be viewed as quasi-two-dimensional
materials—a stack of Josephson coupled two-dimensional superconducting layers. This basic physical struc-
ture, combined with a propensity for naturally occurring grain boundaries—which also act as Josephson
weak links—has led to the investigation of intrinsic Josephson effects (91,92,93,94,95,96,97,98,99). Some of
the devices based on naturally occurring, intergranular weak links have exhibited good critical-current and
normal-state characteristics. However, the use of naturally occurring weak links to create junctions per se has
typically lead to poor reproducibility. Focused ion beam (FIB) techniques have also been used in an attempt to
artificially induce defects at given locations by inducing substrate damage (100).

A successful approach to creating SNS type junctions in preselected locations is focused electron beam
(FEB) writing. Here, an electron beam is directed at a location on a superconducting thin film, creating a nar-
row, damaged line of material. The material then acts as a normal metal to create an HTS/N/HTS (HTS,
high-temperature superconductor) device (101,102,103,104,105,106). The technique can produce RSJ-like
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Fig. 10. Sketch of the ramp junction geometry used with high-temperature superconductor materials, shown here with
YBaCuO films.

microwave behavior (107,108). An example is the work at Cambridge (104), where a computer-controlled
electron beam (350 KeV at 400 pA) is swept across narrow lines of YBaCuO. This process has produced junc-
tions with an SNS character (17) with long-term room-temperature stability. One drawback of the large-scale
use of FEB is its slow materials processing speed, since each device must be individually electron-beam written.

High-Temperature Superconductor Ramp Junctions. The idea of creating a step in a substrate
has also been extended to make SNS and SIS type structures where the normal and insulating materials are
separately introduced films as opposed to defect-modified high-temperature superconductor material. Origi-
nally, SNS junctions used normal metals such as gold; however, such devices appear to have been dominated by
interface resistance. More recently, both cobalt-doped YBaCuO and gallium-doped PrBaCaO have been used
as generic barrier materials in YBCO/barrier/YBCO systems, selected because they are physically compatible
with YBaCuO and their conductance properties can be tuned with doping level. Cobalt-doped YBaCuO has a
relatively low resistance, as opposed to gallium-doped PrBaCuO, and thus imposes a somewhat limited device
operating temperature range because the material becomes superconducting below some temperature (109),
although relatively narrow critical current density spreads (∼12 percent variation) have been observed with
the material (110,111). Such junctions have also been employed in SQUIDs (112).

Gallium-doped PrBaCuO tunnel barriers tend to produce relatively high resistance barriers and must be
operated below 77 K. Nevertheless, the material can produce junctions with values of IcR in a technologically
useful range (∼1 mV) and with independently adjustable critical current density and resistance (113), which
is important for engineering considerations. In one view of tunneling in PrBaCuO, supercurrent (zero-voltage)
conduction occurs via direct tunneling through the barrier whereas quasi-particle (nonzero-voltage) conduction
occurs via resonant tunneling channels within the barrier (114). The fundamentals of this issue were also
addressed, with device applications in mind, by work with amorphous silicon barriers (115).

HTS/I/HTS tunnel junctions using PrBaCuO barriers in a ramp format have been produced through a
variety of techniques (116,117). A sketch of the standard ramp junction format used with high-temperature
superconductor materials is shown in Fig. 10. All tend to produce devices with RSJ-like characteristics [with IcR
∼ 1 mV at 4.2 K, which scales with PrBaCuO doping (118)]. The combination of step-edge substrates and doped
barriers has been promising overall, and these devices have been modeled by microscopic theory (17), although
the full applicability of standard proximity-effect theory with regard to high-temperature superconductor
materials remains an open question (119).

To date, small circuits have been put together with these junctions, which are designed with tolerance to
the large spreads that exist at present in junction critical current (120,121,122,123,124). Clearly, again, the
challenge is to improve on the reproducibility of critical currents in this or any other device configuration that
may present itself.

Related to this work are engineered interface YBaCuO/I/YBaCuO–type junctions. Here, the barriers are
produced by relatively subtle damage to the base YBaCuO film and then YBaCuO is simply deposited on top.
The suggestion is that the barrier comprises a thin layer of YBaCuO with oxygen disorder or deficiency perhaps
a few nanometers thick (125). Other groups have been experimenting with this and related techniques (126).

In summary, a variety of promising approaches have been explored with high-temperature superconduc-
tor materials to produce junctions for SQUID and digital applications. The primary goal is to produce junctions
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that are parametrically reproducible, and the secondary goal is to produce a thin-film barrier compatible with
the high-temperature superconductor materials with transport properties close to the metal–insulator transi-
tion. The latter would allow the junction to be self-shunting and thus allow for a broader use of the devices. This
balancing act is challenging in light of the problems of material compatibility with high-temperature super-
conductor systems and unanswered questions regarding the physics of barriers (especially high-temperature
superconductor-compatible materials) near the metal–insulator transition.

High-Temperature Superconductor Applications:Technical Considerations. A great deal of ef-
fort has gone into the application of high-temperature superconductor materials for SQUIDs and SFQ/RSFQ
logic circuitry. Such circuits need nonhysteretic junctions with Ic ∼ 50 µA to 500 µA and R ∼ 1 � for 10 < T
< 77 K, which is achieved with low-temperature superconductors at 4.2 K by shunting. In the case of high-
temperature superconductor materials, compatible barrier materials—such as doped PrBaCuO or YBaCuO—
typically have far lower resistivities than barriers such as Al2O3. Therefore, as noted, these barrier materials
have been examined with a view toward obtaining high-temperature superconductor–based junctions in the
parametrically desirable region where shunting would be unnecessary (109,127,128).

In Likharev’s description of SFQ circuits (129) it was shown that for niobium junctions with IcR ∼ 0.2
mV, operation can be in the 100 GHz range. For SFQ to work, one needs series or parallel loops of junctions
with inductance L such that (1/2)�0 < LIc < (3/2)�0. This limits the acceptable range of Ic for junctions. A
lumped-parameter analysis (130) indicates that at ∼10 K the minimum Ic for IcR ∼ 0.1 mV to 1.0 mV is ∼0.2
m and for high temperatures, ∼60 K to 70 K, Ic will need to be ∼1.2 mA. The analysis also indicates that to
avoid latching and ensure sufficiently fast signal propagation, the condition on junction resistance will be that
Rmax ∼ 4 � for εr = 40 with 1 µm lines and 2 � for εr = 100, where εr is the dielectric constant of the material
adjacent to the signal lines.

This analysis and the results of other work (131,132) suggest that devices using PrBaCuO-based barriers
can achieve critical currents, Ic, in the range of 105 A/cm2 and still be nonhysteretic. The ultimate conclusion
is that that PrBaCuO barriers can give junctions parametrically compatible with SFQ applications.

Three-Terminal Devices

One overriding characteristic of a Josephson junction is that it is a two-terminal device, more like a forward-
biased diode with a hysteretic current-voltage characteristic than a transistor, which has a gate or base termi-
nal. However, there have been a number of proposed and experimentally examined three-terminal supercon-
ducting devices. These include hybrid superconductor–semiconductor devices, such as junction and field-effect
transistors, and nonequilibrium superconducting devices, such as stacked-junctions and injection-controlled
weak links (133). At present none of these devices has found its way into standard use, because they gener-
ally have not exhibited above unity gain, although in theory this appears to be possible (134). One inherent
problem is the high carrier density of conventional superconducting materials, making it difficult to modulate
device transconductance. However, high-temperature superconductor materials, which have far lower carrier
densities and perhaps other parametric advantages for certain device configurations (135), provide somewhat
more promise for three-terminal devices.

Early work on Josephson FETs per se has included InAlAs/InGaAs HEMT-type configurations, where
a gate controls the magnitude of the Josephson current (136). The overall prospects for Josephson FETs
(137), and experimental results with HEMPT devices (138) have also been presented. Generally it appears
ultimately possible to create a device with voltage gain, driving loads of ∼100 �. FET-type structures have
also been created in YBaCuO/barrier/YBaCuO SIS-type systems, where a base layer is used to apply a strong
electric field across the barrier region using an external gate, causing a change in surface carrier density and a
corresponding modulation of the Josephson current. Examples of this work include YBaCuO/SrTiO3/YBaCuO
and related structures (139,140,141,142,143,144,145,146) and Au/SrTiO3/YBaCuO (NIS) structures (147,148).
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Fig. 11. The figure shows the structure of a proposed magnetic/superconductor memory element. Shown are parallel (a)
and antiparallel (b) configurations of magnetization in the M layers. Figure from Sangjun et al., Ref. 170.

In general, FET structures have to date not shown anything but relatively weak effects, although work
on a variety of promising systems continues (149). The work is motivated in part because the devices have
the potential to serve as a Josephson-to-semiconductor logic interface. The general problem to be addressed is
that Josephson logic output voltages are ∼3 mV (for low-temperature superconductors) while a CMOS device
operates at ∼1 V. Some work has been specifically directed at this issue (150,151), including interface electronics
combining 4 K Josephson drivers and 77 K semiconducting HEMT amplifiers with a predicted speed of 1 GHz
to 3 GHz (152).

A variety of other schemes have also been advanced for both low- and high-temperature systems. These fall
under the generic categories of electric-field controlled devices (153,154,155,156,157), quasi-particle injection
devices (158,159), flux-flow transistors (160,161), and dielectric-base transistors (66,162,163,164,165).

Although these ideas continued to be pursued, an achievable device format with useful gain has yet to
emerge unambiguously. Certainly, three-terminal high-temperature superconductor devices will require higher
quality junctions and for FETs, dielectric gates compatible with high-temperature superconductor materials
and better geometries to provide improved coupling of electric fields into junctions. Thorough discussions of
three-terminal Josephseon devices are available in the literature (155,167,168,169).

Related Superconducting Devices

While not superconducting tunneling devices, several systems have recently been developed that could interface
with superconducting devices and logic. One example, illustrated in Fig. 11, is a memory element based on
superconductor–magnetic multilayers (170).
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There has also recently been considerable interest in the physics and device implications of tunnel junc-
tions containing magnetic elements (171,172,173,174,175), which may also be compatible with and comple-
mentary to Josephson circuitry.
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