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(57) ABSTRACT

An electronic device (e.g., a diode) 1s provided that includes
a substrate and a patterned layer of superconducting material
disposed over the substrate. The patterned layer forms a first
clectrode, a second electrode, and a loop coupling the first
clectrode with the second electrode by a first channel and a
second channel. The first channel and the second channel
have different minimum widths. For a range of current
magnitudes, when a magnetic field 1s applied to the pat-
terned layer of superconducting material, the conductance
from the first electrode to the second electrode 1s greater than
the conductance from the second electrode to the first
clectrode.
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600 \‘

Obtain an electrical device that includes: 602
a substrate; and

a patterned layer of superconaucting material disposed over the
supstrate, the patterned layer forming a first electrode;

a seconda electrode; and

a loop coupling the first electrode with the second electrode by a first
channel and a second channel, wherein the first channel has a first
minimum width and the second channel has a second minimum width
that is distinct from the first minimum width

T |
| Cool the electronic device below a critical temperature of the L~604

| superconducting material |

Apply a magnetic field over the loop in the patternea layer of

. . 606
superconducting material
While the magnetic field is applied over the loop:
apply a first current from the first electrode to the second
electrode, whereby the superconducting material in the loop remains in a
superconducting state; and
608

apply the first current from the second electrode to the first
electrode, whereby the superconducting material in the loop transitions
iNto a non-superconducting state

Figure 6
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DIODE DEVICES BASED ON
SUPERCONDUCTIVITY

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 17/114,062, filed Dec. 7, 2020, which 1s a
continuation of U.S. application Ser. No. 16/547,471, filed
Aug. 21, 2019, now U.S. Pat. No. 10,861,734, which 15 a
continuation of U.S. application Ser. No. 16/182,513, filed
on Nov. 6, 2018, now U.S. Pat. No. 10,454,014, which
claiams prionity to U.S. Provisional Patent Application

62/582,789, filed on Nov. 7, 2017, each of which is hereby
incorporated by reference 1n 1ts entirety.

TECHNICAL FIELD

[0002] This relates generally to electronic devices (e.g.,
diodes) having an asymmetric conductance between termi-
nals and, more specifically, to diodes that operate based on
the properties of superconducting materials.

BACKGROUND

[0003] In electrical circuits, there 1s often a need for
allowing electric current to tlow 1n one direction but not the
other. Diodes provide this functionality and are ubiquitous 1n
modern electronics. A diode commonly refers to a two-
terminal electronic component that conducts primarily in
one direction (e.g., has an asymmetric conductance between
the two terminals, often referred to as electrodes). Over the
years, diodes have taken a variety of forms, from thermionic
diodes (based on vacuum tubes) to semiconductor-based
diodes using point contacts or n-p junctions.

[0004] However, conventional diodes, even 1n the high
conductance direction, have non-zero resistances. Thus,
applications of conventional diodes have been limited.

SUMMARY

[0005] Accordingly, there are needs for diodes that have
zero resistance in the high conductance direction. The pres-
ent disclosure provides thin film diode devices based on
superconducting materials, thereby utilizing advantages of
superconducting materials (e.g., zero resistance under cer-
tain conditions). In addition, diodes that are superconducting
can be integrated more easily (e.g., monolithically) with
other superconducting components 1n circuits and devices.
Such circuits and devices are often used for making sensitive
measurements. For example, superconducting circuits play a
critical role 1n superconducting quantum interference
devices (SQUIDs). Superconducting components also play
an 1mportant role in sensitive optical measurements. For
these purposes, there 1s a need for diodes whose operating,
principles are based on the properties of superconducting,
materials.

[0006] In accordance with some embodiments, an elec-
tronic device (e.g., a diode device) 1s provided that includes
a substrate and a patterned layer of superconducting material
disposed over the substrate. The patterned layer forms a first
clectrode, a second electrode, and a loop coupling the first

clectrode with the second electrode by a first channel and a
second channel. The first channel has a first minimum width
and the second channel has a second minimum width that 1s
distinct from the first minimum width. The electronic device
turther includes a magnet configured to apply a magnetic
field to the loop 1n the patterned layer of superconducting
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material. The magnetic field produces an expulsion current
in the loop that travels toward the second electrode in the
first channel and toward the first electrode in the second
channel. For a range of current magnitudes, when the
magnetic field 1s applied to the patterned layer of supercon-
ducting material, the conductance from the first electrode to
the second electrode 1s greater than the conductance from
the second electrode to the first electrode.

[0007] Additionally, the present disclosure provides a
method of using a thin film diode device based on super-
conducting materials. The method includes obtaining an
clectrical device that includes a substrate and a patterned
layer of superconducting material disposed over the sub-
strate. The patterned layer forms a first electrode, a second
clectrode, and a loop coupling the first electrode with the
second electrode by a first channel and a second channel.
The first channel has a first minimum width and the second
channel has a second minimum width that 1s distinct from
the first minimum width. The method turther includes apply-
ing a magnetic field over the loop 1n the patterned layer of
superconducting material. The method further includes,
while the magnetic field 1s applied over the loop: applying
a first current from the first electrode to the second electrode,
whereby the superconducting material 1n the loop remains in
a superconducting state; and applying the first current from
the second electrode to the first electrode, whereby the
superconducting material in the loop transitions into a
non-superconducting state.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a better understanding of the various described
implementations, reference should be made to the Detailed
Description below, 1n conjunction with the following draw-
ings 1 which like reference numerals refer to corresponding
parts throughout the figures.

[0009] FIG. 1A1s a front view of a portion of an electronic
device (e.g., a superconducting diode device) i accordance
with some embodiments.

[0010] FIG. 1B 1s a plan view of the portion of the
clectronic device shown 1 FIG. 1A.

[0011] FIG. 1C 1illustrates an equivalent circuit that cor-
responds to the portion of the electronic device shown in

FIGS. 1A and 1B.

[0012] FIG. 2 illustrates a magnetic field applied to a
portion of a patterned layer of superconducting material of
the electronic device 1n accordance with some embodiments.
[0013] FIGS. 3A-3B illustrate magnets for applying a
magnetic field to a patterned layer of superconducting
material in accordance with some embodiments.

[0014] FIG. 4 illustrates the operation of a superconduct-
ing diode 1n accordance with some embodiments.

[0015] FIG. S illustrates example geometries of supercon-
ducting loops having a first channel and a second channel
with different minimum widths 1n accordance with some
embodiments.

[0016] FIG. 6 illustrates a method using a diode device
based on superconducting materials 1 accordance with
some embodiments.

DETAILED DESCRIPTION

[0017] The diodes described herein operate based on par-
ticular properties of superconducting materials, namely that
superconducting materials becoming resistive (e.g., non-
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superconductive) under certain conditions. For example, a
superconducting material superconducts (e.g., have zero
clectrical resistance) only below a particular temperature
(called the matenial’s critical temperature) (e.g., the super-
conducting material 1s in a superconducting state having
zero electrical resistance only below the particular tempera-
ture). This temperature 1s specific to the particular super-
conducting material and varies with the ambient pressure.
For example, at one atmosphere of pressure (e.g., 101 kPa),
niobium (Nb) superconducts below 9.26 kelvin while nio-
bium oxide (NbO) superconducts below 1.38 kelvin. In
addition, superconducting matenials can support only a
limited density of electrical current before transitioning to a
resistive state. The limit on the amount of current density
that the superconducting material can support before becom-
ing resistive 1s called the critical current density. For
example, a superconducting material conducts a current
having a current density below the critical current density
with no electrical resistance (e.g., at a temperature below the
superconducting material’s critical temperature) and the
superconducting material conducts a current having a cur-
rent density above the critical current density with non-zero
clectrical resistance (e.g., even at a temperature below the
superconducting material’s critical temperature). The criti-
cal current density i1s also specific to the material and
dependent on the ambient pressure.

[0018] Another property of superconductors 1s that a
superconducting material 1n a superconducting state expels
an applied magnetic field. For example, when a magnetic
field 1s applied over a loop (e.g., a superconducting wire
having a loop shape), a loop of current (called expulsion or
screening current) 1s established in the superconducting
material 1 response to the applied magnetic field. The
current loop creates a magnetic field that 1s opposite the
applied magnetic field and the created magnetic field cancels
out the applied magnetic field.

[0019] The devices described herein take advantage of
these eflects. In particular, the present disclosure provides a
diode (e.g., a thin film diode) that operates based on super-
conductivity. The diode includes a layer of superconducting
material deposited and patterned on a substrate. The pattern
forms two electrodes (e.g., wires ol superconducting mate-
rial) and a loop of superconducting material coupling the
two electrodes. A magnet applies a magnetic field to the
loop, resulting 1n an expulsion current that circles the loop.
Because of the loop structure, the expulsion current travels
toward one electrode (e.g., the anode) on one side of the
loop, and toward the other electrode (e.g., the cathode) on
the other side of the loop. When a current 1s applied between
the two electrodes, the applied current acts 1n conjunction
with the expulsion current. That 1s, the applied current adds
to the expulsion current 1n one channel and subtracts from
the expulsion current in the other channel.

[0020] By making the loop asymmetric so that one side of
the loop (e.g., one channel) 1s thinner than the other (e.g., a
first side of the loop has a minimum width that 1s greater than
a minimum width of a second side of the loop), the device
can have an asymmetric conductance (e.g., while a magnetic
field 1s applied). While a magnetic field 1s applied over the
loop, the current density 1n an asymmetric loop 1s high when
the applied current travels 1n the same direction as the
expulsion current in the narrow channel (e.g., 1f the same
magnitude current were applied 1n the opposite direction, it
would add to the expulsion current in the wider channel and
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the resulting current density would not be as high, because
the width of the wider channel 1s greater than the width of
the narrow channel). Thus, for at least some magnitudes of
applied current, when the current 1s applied 1n one direction,
a current density in the narrow channel exceeds the critical
current density. When the current density in the narrow
channel exceeds the critical current density, the narrow
channel transitions to a resistive (non-superconducting)
state. In some embodiments, when the narrow channel
transitions to a resistive (non-superconducting) state, a
redistribution of the current also causes the current density
in the wide channel to exceed the critical current density,
causing the wide channel to transition to a resistive state as
well. This 1s referred to herein as an avalanche effect. When
the same current magnitude 1s applied in the opposite
direction, the current density in the narrow channel does not
exceed the critical current density and the narrow channel
remains 1 a superconducting state. Because the device
transitions to a resistive state when a current 1s applied in
one direction (e.g., both channels transition to a resistive
state when a current 1s applied 1n one direction), but remains
superconducting when the same current 1s applied 1n the

opposite direction (for at least certain current magnitudes),
the electrical conductance from the first electrode to the
second electrode 1s greater than the electrical conductance
from the second electrode to the first electrode. Thus, the
device has an asymmetric conductance between the first
clectrode and the second electrode.

[0021] Reference will now be made in detail to 1mple-
mentations, examples of which are illustrated 1n the accom-
panying drawings. In the following detailed description,
numerous specific details are set forth 1n order to provide a
thorough understanding of the various described implemen-
tations. However, 1t will be apparent to one of ordinary skall
in the art that the various described implementations may be
practiced without these specific details. In other instances,
well-known methods, procedures, components, circuits, and
networks have not been described in detail so as not to
unnecessarily obscure aspects of the implementations.

[0022] FIGS. 1A-1Billustrate a front view and a plan view
of a portion of an electronic device 100, respectively, 1n
accordance with some embodiments. For wvisual clarity,
magnet 122 (shown in FIG. 1A and discussed below) 1s
excluded from the top-down view shown 1n FIG. 1B. FIG.
1C 1llustrates a circuit equivalent of electronic device 100,
in accordance with some embodiments. In some embodi-
ments, electronic device 100 includes a diode 102 (e.g., a
thin film diode) and an inductive element 104 (e.g., an
inductor). In some embodiments, diode 102 1s a two-termi-
nal electromic component that conducts primarily in one
direction (e.g., has an asymmetric conductance between the
two terminals, often referred to as a first electrode and a
second electrode).

[0023] In some embodiments, inductive element 104 has a
pre-selected, or designed-for, inductance (e.g., as opposed to
merely having an inherent inductance, which 1s a natural
property ol circuit components, including wires). For
example, patterned layer of superconducting material 108 1s
patterned such that the shape of the inductive element 104
(e.g., a squiggly shape) results 1n a desired inductance. As
explained with reference to FIG. 4, in some cases, inductive
clement 104 assures that the current traveling through diode
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102 does not change too quickly by, for example, getting
re-directed through a low-impedance portion of a circuit

coupled with diode 102.

[0024] In some embodiments, electronic device 100 1s a
portion of a superconducting circuit (e.g., electronic device
100 1s electrically coupled with other components to form a
circuit). For example, electronic device 100 may be incor-
porated (e.g., monolithically integrated) into a larger elec-
tronic device or superconducting circuit. Thus, electronic
device 100 may form a portion or a component of a larger
clectronic device or superconducting circuit.

[0025] As used herein, the term “superconducting circuit™
means a circuit for which some aspect of the circuit’s
functionality relies on the superconducting properties of
superconducting materials. In some embodiments, a super-
conducting circuit includes a superconducting maternal.

[0026] As used herein, the term “superconducting mate-
rial” means a material that exhibits superconducting behav-
ior under certain conditions (e.g., temperature, pressure,
magnetic, and current density conditions). When those con-
ditions are met, the superconducting material 1s said to be 1n
a superconducting state. For example, a superconducting
material 1s a material that operates as a superconductor (e.g.,
operates with zero electrical resistance) when cooled below
a particular temperature (called the critical temperature) and
having less than a threshold current density flowing through
it (called the critical current density). Depending on the
conditions, a superconducting material may also be 1 a
resistive, or non-superconducting, state (e.g., a state in
which the material has a non-zero electrical resistance). For
example, a superconducting material supplied with a current
that exceeds the critical current density for the supercon-
ducting material transitions from a superconducting state
having zero electrical resistance to a non-superconducting,
state having non-zero electrical resistance. Thus, as used
herein, a superconducting material 1s one that 1s capable of
superconducting under the right conditions, but need not
always be superconducting.

[0027] Returning to FIGS. 1A-1C, device 100 includes a
substrate 106 (e.g., a silicon substrate, a quartz substrate, or
any other suitable substrate). In some embodiments, some or
all of the remaining components of device 100 are fabricated
upon (e.g., monolithically integrated with) substrate 106.
For example, device 100 includes a patterned layer of
superconducting material 108 disposed over the substrate
(e.g., directly on substrate 106 or with one or more inter-
vening layers between substrate 106 and the layer of super-
conducting material 108). The patterned layer of supercon-
ducting material 108 can be formed by depositing the layer
of the superconducting material (e.g., niobium, nmiobium
oxide, etc.) using a standard deposition techmique (e.g.,
magnetron sputtering) and then patterning the deposited
layer of superconducting material using optical or e-beam
lithography techniques.

[0028] The patterned layer of superconducting material
108 forms a first electrode 110-a (e.g., an anode) and a
second electrode 110-6 (e.g., a cathode). In some embodi-
ments, first electrode 110-a and second electrode 110-4 are
superconducting wires having widths 1n the range of tens of
nanometers or hundreds of nanometers. As used herein, a
“wire” 1s a section ol material configured for transferring
clectrical current. In some implementations, a wire includes
a section of material conditionally capable of transferring
clectrical current (e.g., a wire made of a superconducting
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material that 1s capable of transferring electrical current
while the wire 1s maintained at a temperature below a critical
temperature). Thus, 1n the context of an integrated circuit, a
wire can be a patterned strip of a deposited conductive layer
(e.g., a layer that conducts at least under certain conditions).

[0029] The patterned layer of superconducting material
108 forms a loop 112 coupling first electrode 110-a with
second electrode 110-b by a first channel 114-a and a second
channel 114-b. First channel 114-a has a first minimum
width (shown at location 116-a) and second channel 114-56
has a second minimum width (shown at location 116-5) that
1s distinct from the first mimmimum width (e.g., the first
minimum width 1s greater than the second minimum width).

[0030] As used herein, a loop has any shape with two
separate, connected, channels. The term loop 1s not meant to
imply any particular shape (e.g., a loop 1s not limited to a
circular loop). As discussed below, the loop can have a
circular outer perimeter, an oblong outer perimeter, or a
rectangular outer perimeter. In some embodiments, a loop
has any shape having two conductive channels surrounding
an insulating center region (e.g., mnsulating center region
118). In some embodiments, a portion of the superconduct-
ing layer 1s removed from the isulating center region. In
some embodiments, the mnsulating center region 1s filled
with an insulating material (e.g., passive layer 120, which
may cover the patterned layer of superconducting material

108 and fill 1n the gaps).

[0031] In some embodiments, second channel 114-6 1s
configured (e.g., using the selection criteria, described
below) to transition from a superconducting state to a
resistive state upon application of a current from second
clectrode 110-b to first electrode 110-a, (e.g., as long as the
current has a magnitude 1n a range of current magnitudes for
which the device operates, as described below). In some
embodiments, upon the application of the current from
second electrode 110-5 to first electrode 110-a, first channel
114-a 1s configured to transition to a resistive state 1n
response to second channel 114-56 transitioning to a resistive
state (e.g., via a cascade eflect, described below).

[0032] Electronic device 100 further includes a magnet
122 configured to apply a magnetic field to loop 112 in a
patterned layer of superconducting material 108. In some
embodiments, magnet 122 1s a permanent magnet. In some
embodiments, magnet 122 1s an electromagnet. In some
embodiments, magnet 122 (whether an electromagnet or
permanent magnet) 1s fabricated on substrate 106 to form an
integral part of diode 102 (e.g., magnet 122 1s integrated
with diode 102 on substrate 106). As used herein, the term
“fabricated on” 1s not meant to imply direct contact between
substrate 106 and magnet 122. Rather, the term “fabricated
on” contemplates the possibility of one or more intervening
layers between substrate 106 and magnet 122 (e.g., pat-
terned layer of superconducting material 108 and passive
layer 120). The exact ordering of layers i1s not necessarily
important. For example, in some embodiments, a magnet 1s
disposed directly on the substrate, followed by a passive
(e.g., insulating) layer, followed by a patterned layer of
superconducting material (e.g., the layer structure of elec-
tronic device 100 can be inverted). The operation of magnet
122 1s described in greater detail with reference to FIG. 2.

[0033] FIG. 2 illustrates magnetic field 202 applied to a

portion of the patterned layer of superconducting material
108, 1n accordance with some embodiments (e.g., applied by

magnet 122, FIG. 1A). In FIG. 2, magnetic field 202
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represents a magnetic field that 1s directed into the page.
Alternatively, a magnetic field that 1s directed out of the page
may be used. As a result of the Meissner effect, when loop
112 1s 1n a superconducting state, application of magnetic
field 202 results 1 expulsion current 1. 204 (sometimes
called a screening current) around loop 112 which expels
magnetic field 202 from the superconducting material.
Because the expulsion current travels around loop 112 (e.g.,
clockwise or counter-clockwise, depending on the direction
of applied magnetic field 202), expulsion current 1. 204
travels from first electrode 110-a toward second electrode
110-5 1n first channel 114-a and from second electrode 110-5
toward first electrode 110-a 1n second channel 114-5. In
some embodiments, expulsion current 1. 204 travels toward
the anode (e.g., first electrode 110-a) 1n the narrow channel
(e.g., channel 114-5), thus reducing the current density 1n the
narrow channel when a current 1s applied from the anode to
the cathode (e.g., second electrode 110-5), and increasing,
the current density in the narrow channel when a current 1s
applied from the cathode to the anode (triggering the tran-
sition to a resistive state).

[0034] FIGS. 3A-3B illustrate magnets for applying a
magnetic field to a patterned layer of superconducting
material, 1n accordance with some embodiments. For

example, magnet 122 (FIG. 1A) can be embodied as either
magnet 304 (FIG. 3A) or magnet 314 (FIG. 3B).

[0035] Magnet 304 i1s an electromagnet, 1n accordance
with some embodiments. As noted above, 1n some embodi-
ments, magnet 304 1s integrated on a substrate (e.g., sub-
strate 106, FIG. 1A) with other diode components (e.g.,
patterned layer of superconducting material 108, FIGS.
1A-1B). In other embodiments, magnet 304 is separate {from
substrate 106. In some embodiments, electromagnet 304
includes one or more coils of wire 306 (or another wire
structure designed to produce a current-based magnetic
field). In some embodiments, electromagnet 304 includes
magnetic core 310 to enhance the strength of the magnetic
field from electromagnet 304. Electromagnet 304 further
includes circuitry 308 that provides current to the one or
more coils of wire 306 (e.g., current source 312 and circuitry
to control current source 312). In some embodiments, the
one or more coils of wire 306 are integrated on substrate 106
but circuitry 308 1s separate from substrate 106.

[0036] In some embodiments, electromagnet 304 1s con-
figured to apply a tunable magnetic field (e.g., by tuning the
magnitude of the current through coils of wire 306) to the
patterned layer of superconducting material 108. This has
the eflect of tuning a range of current magnitudes for which
the device operates as a diode (e.g., the range of current
magnitudes for which the conductance from first electrode
110-a to second electrode 110-5 1s greater than the conduc-
tance from second electrode 110-b6 to the first electrode
110-a, or, more simply put, the range of current magnitudes
tor which the conductance 1s greater 1n one direction than the
other). To this end, in some embodiments, current source
312 1s a tunable current source and circuitry 308 includes
circuitry to control the tunable current source 312.

[0037] In accordance with some embodiments, magnet
314 (illustrated 1n FIG. 3B) 1s a permanent magnet. In some
embodiments, permanent magnet 314 is integrated on sub-
strate 106. To that end, 1n some embodiments, magnet 314
includes one or more magnetic layers 316 deposited on (e.g.,
disposed over) substrate 106 (e.g., directly on substrate 106
or with one or more mtervening layers between substrate
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106 and the one or more magnetic layers 316). The one or
more magnetic layers 316 are optionally patterned. In some
embodiments, the one or more magnetic layers 316 collec-
tively exhibit a perpendicular magnetic anisotropy (e.g.,
magnet 314 1s a thin film magnet with perpendicular mag-
netic anisotropy). In such embodiments, magnetic field lines
318 emanate perpendicularly from magnet 314 and are
incident perpendicularly, or substantially so, on loop 112
(FIGS. 1A-1B). For example, some nickel/cobalt and pal-
ladium/cobalt multilayer films exhibit perpendicular mag-
netic anisotropy. In some embodiments, magnetic field lines
318 have a component perpendicular to loop 112 (e.g.,
magnet 314 1s has an in-plane anisotropy and 1s positioned
with respect to loop 112 to provide field lines with a
perpendicular component to a plane defined by loop 112).

[0038] FIG. 4 illustrates the operation of a thin film
superconducting diode through a series of frames 400, 1n
accordance with some embodiments. In conjunction with
FIG. 4, the description below provides selection criteria
from which loop 112 can be designed (e.g., to produce a
cascading or “avalanche” transition to a resistive state when
a reverse bias current 1s applied). In accordance with some
embodiments, the selection criteria described below use
simplifying assumptions, such as that an applied current 1s
mitially distributed equally between channel 114-¢ and
channel 114-6. The current distributions can, however, 1n
accordance with some embodiments, be more accurately
determined using any of a variety of simulation tools, thus
resulting 1n more accurate design of loop 112. The term
“selection criteria” should therefore be construed as numeri-
cally or analytically calculated design constraints on the
geometry of loop 112 (e.g., taking into account one or more
of: the strength of the magnetic field from magnet 122, the
critical current density of the superconducting material, the
critical temperature of the superconducting material, and a
designed range of current magnitudes, as described below).
In some embodiments, the selection criteria provide a set of
suitable values for the thickness of the superconducting
material as well as the minimum widths of first channel
114-a and second channel 114-b, respectively, given an
applied magnetic field and the properties of the supercon-
ducting material (e.g., critical current density and critical
temperature). The term “‘selection rule” 1s used below to
denote analytical selection criteria (e.g., equations rather
than numerical simulations) based on simplifying assump-
tions (e.g., toy physical models of electronic device 100).

[0039] The selection criteria are governed by a range of
current magnitudes for which the device should function as
a diode. The range of current magnitudes can be denoted
(I _..1 ). Thus,I . 1salower threshold current for which
the device ceases to exhibit an asymmetric conductance
(e.g., the threshold bias current needed to cause loop 112 to
transition to a resistive state in reverse bias) and I 1s a
upper threshold current for which the device ceases to
exhibit an asymmetric conductance (e.g., the threshold cur-
rent that causes loop 112 to transition to a resistive state in
forward bias). While a current greater than 1 1s applied to
the device 1n either direction, the device operates 1 a
resistive state (e.g., when a current greater than I 1s
applied to the device 1n forward bias, the device operates 1n
a resistive state; and when a current greater than 1 1s
applied to the device in reverse bias, the device also operates
in a resistive state). While a current less than I, 1s applied

to the device in either direction, the device operates 1n a
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superconducting state (e.g., when a current less than I . 1s
applied to the device 1n forward bias, the device operates 1n
a superconducting state; and when a current less than I . 1s
applied to the device in reverse bias, the device also operates
1n a superconducting state). While a current betweenI . and
[ 1s applied in forward bias, the device operates in a
superconducting state; and while a current between 1. and
I 1s applied 1 reverse bias, the device operates 1n a
resistive state, thereby providing asymmetric conductance.
[0040] In some embodiments, I . 1s the threshold reverse
bias current, which causes second channel 114-5 to transi-
tion to a resistive state. In some embodiments, I . 1s the
threshold reverse bias current, which causes both first chan-
nel 114-a and second channel 114-5 to transition to a
resistive state. In some embodiments, I 1s the threshold
forward bias current, which causes both channels (channel
114-a and channel 114-b) to transition to a resistive state

(concurrently or sequentially).

[0041] To that end, frame 400-1 illustrates loop 112 with
applied current 1n forward bias. In forward bias, current 402
1s apphed from first electrode 110-a to second electrode
110-5. While current 402 1s applied from first electrode
110-a to the second electrode 110-5, a portion of current 402
1s distributed through first channel 114-a (the portion dis-
tributed through first channel 114-a 1s labeled current 402-a)
and a portion of current 402 1s 1nitially distributed through
second channel 114-5/ (the portion distributed through sec-
ond channel 114-5 1s labeled current 402-b). In some
embodiments, current 402 1s at least imitially distributed
equally between channel 114-a and channel 114-5, resulting
in current 402-a and current 402-6 being equal.

[0042] When forward bias current 402 has a magnitude 1n
the range of current magnitudes (I _. ., I ), loop 112
remains 1n a superconducting state. To that end, first channel
114-a 1s configured (e.g., via the selection criteria) so that,
when the current 1s applied from first electrode 110-a to
second electrode 110-4 (e.g., 1n forward bias), the portion of
the current mitially distributed through first channel 114-a
(1.e., current 402-a), added to the expulsion current I, 1n first
channel 114-a, results 1n a current density in first channel
114-a that remains below a critical current density of the
superconducting material. Further, the portion of the current
mitially distributed through second channel 114-5 (1.e.,
current 402-b), reduced by the expulsion current I, in second
channel 114-5, results 1n a current density 1n second channel
114-/ that remains below a critical current density of the
superconducting material. By definition, these criteria
remain valid for the maximum current 1n the range of current
magnitudes. To that end, the maximum current I___ 1n the
range of current magnitudes gives rise to the following
selection rules:

Ir+05%x1,, Ip+05x{,. (1)
— < Jcs
Ay W1 X1 /
Is = 05X Ly Iz —05XIne 2)
— < Jcs
A Wa X1 /

where I, 1s the expulsion current (which varies with the
applied magnetic field), A, 1s the cross-sectional area of the
narrowest part (e.g., a part having a smallest cross-sectional
area) of first channel 114-a, and A, 1s the cross-sectional area
of the narrowest part (e.g., a part having a smallest cross-
sectional area) of second channel 114-56. When the first
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channel and the second channel have a same thickness t of
the layer of superconducting material (e.g., layer 108, FIG.
1A), w, 1s the first mimimum width (e.g., the minimum width
of first channel 114-a), and w, 1s the second minimum width
(e.g., the mmimum width of the second channel 114-5,
which 1s less than the first minimum width). In some
embodiments, the thickness of the layer of superconducting
material varies between first channel 114-¢ and second
channel 114-5, but a unmiform thickness simplifies the pro-
cess of manufacturing loop 112.

[0043] Frames 400-2 through 400-4 1llustrate loop 112 1n
reverse bias, i which application of current 404 from
second electrode 110-5 to first electrode 110-a results 1n loop
112 transitioning to a resistive state (e.g., a non-supercon-
ducting state).

[0044] Frame 400-2 illustrates the moment current 404
greater than or equal to I, 1s applied to loop 112 1n reverse
bias. Initially, a portion of current 404 1s distributed through
first channel 114-a (the portion distributed through first
channel 114-a 1s labeled current 404-a) and a portion of
current 404 1s distributed through second channel 114-5 (the
portion distributed through second channel 114-4 1s labeled
current 404-5). In some embodiments, current 404 nitially
distributes equally between channel 114-a and channel 114-
b, resulting in current 404-a and current 404-5 being equal.
Second channel 114-5 1s configured (e.g., by choice of shape
and size, according the selection criteria) so that, when
current 404 1s applied (1n reverse bias) from second elec-
trode 110-5 to first electrode 110-a, the portion of the current
mitially distributed through second channel 114-5 (i.e.,
cuwrrent 404-5), added to the expulsion current in second
channel 114-5, results 1n a current density 1n second channel
114-/ that exceeds a critical current density of the super-
conducting material. Because current 404 1s above the
minimum current I . 1n the range of current magnitudes,
applied current 404 causes second channel 114-5 (1.e., the
narrower channel) to transition to a resistive state, as 1llus-
trated by resistive region 406 of channel 114-5 as shown 1n
frame 400-3. This requirement that second channel 114-5
become resistive for a reverse bias current within the range
of current magnitudes gives rise to the following selection
rule.

Ir+05x1,:, Ig+05x1,: _ (3)
= < Je-

Az Wo X1

[0045] With channel 114-a 1n a superconducting state and
channel 114-5 1n a resistive state, regardless of the channel
114-5’s resistance, all or nearly all of the current 404 1s
redistributed. In addition, because channel 114-5 of loop 112
1s no longer superconducting (e.g., loop 112 has a resistive
portion, namely channel 114-5), loop 112 no longer supports
expulsion current I (e.g., the expulsion current 1s dissipated
as heat 1n resistive region 406).

[0046] When current 404 1s redistributed to the remaining
superconducting channel 114-a as shown in frame 400-3,
current 404 causes an increase in the current density 1n
channel 114-a. This continues the avalanche effect of
switching loop 112 to a resistive state. To ensure that all or
nearly all of current 404 1s redistributed through the remain-
ing superconducting channel 114-a (instead of redistributing
through a portion of a larger circuit coupled with device 100,
which may have a low impedance and thus tend to sink
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current), device 100 includes inductor 104 shown 1n FIG. 1.
Inductor 104 (FIG. 1) 1s 1n series with loop 112 and thus
limits the rate of change of the total current traveling from
electrode 110-a to electrode 110-5 (e.g., prevents a discon-
tinuous change 1n the total current traveling from electrode
110-a to 110-b6). In some embodiments, inductor 104 1s
coupled with electrode 110-a. In some embodiments, induc-
tor 104 1s coupled with electrode 110-5. In some embodi-
ments, a first inductor 1s coupled with electrode 110-¢ and a
second inductor that 1s distinct and separate from the first
inductor 1s coupled with electrode 110-5.

[0047] The increased current density in channel 114-a
(caused by the redistribution of current 404 from channel
114-/ to channel 114-a) exceeds the critical current density.
The result 1s an avalanche effect whereby channel 114-a
transitions to a resistive state 1n response to channel 114-5
transitioning to a resistive state (as 1llustrated by resistive
region 408 1n channel 114-a, frame 400-4). Thus, application
of a reverse bias current within the range of current mag-
nitudes causes the entire path between electrode 110-/ and
electrode 110-a to become resistive, resulting in the con-
ductance asymmetry that gives rise to the device’s operation
as a diode. The cascade effect thus gives rise to the final
selection rule:

Imr'n Imr'n (4)
o
Al Wy X1

[0048] Frame 400-4 occurs a short time after frame 400-3.
Frame 400-4 illustrates the final effect of the current on the
state of loop 112, namely that both channel 114-a and
channel 114-/ have become resistive. In some embodiments,
the resistive portion of channel 114-54 1s larger than 1t was 1n
frame 400-3, which results from the residual currents in
channel 114-5/ creating heat (because channel 114-5 1s now
resistive) and raising an expanded portion of channel 114-5
above the critical temperature.

[0049] In some circumstances, the selection rules are
written as:

Io—Ip <o =1y + Ig; (5)
W

Iy + I < —IIC”‘_:ZXI(]; (6)
w2

Ip < lc; (7)

Wi > Ws. (8)

In Equations (3)-(8), I 1s the current through each channel
114 and I - 1s the critical current for the narrow channel (e.g.,
channel 114-5). The range of applied currents 2XI, under
which Equations (5)-(8) hold true, given the device’s geom-
etry and specifications, provides the range of currents (I, ,
I. )} in Equations (1)-(4). The left-hand inequalities 1n
Equations (3)-(6) provide conditions for which the device
remains superconducting under forward bias. The right-hand
inequalities in Equations (5)-(6) provide conditions under
which the device transitions to a resistive state 1n reverse
bias. Equation (7) provides a maximum expulsion current,
above which the expulsion current quenches the loop and
causes 1t to become resistive even 1n the absence of an
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applied current. Equation (8) states that channel 114-a 1s the
wider channel (vis-a-vis channel 114-b).

[0050] FIG. 5 illustrates example geometries of supercon-
ducting loops 500 having a first channel and a second
channel with differing minimum widths (e.g., the first chan-
nel has a first minimum width and the second channel has a
second mimnimum width that 1s distinct from the first mini-
mum width) 1n accordance with some embodiments. In
accordance with some embodiments, each of loop 500-1 and
loop 500-2 has a shape comprising an outer ellipse (e.g.,
circle) and an 1nner ellipse (e.g., circle) that 1s eccentric to
the outer ellipse resulting 1n a first minimum width of the
first channel and a second minimum width, distinct from the
first minimum width, of the second channel. Thus, the
eccentricity between the outer ellipse and the inner ellipse
results 1n the different minimum widths of the first channel
and the second channel. As used herein, the term ellipse
includes an oval.

[0051] In accordance with some embodiments, as shown
1n loop 500-3 and loop 500-4, the second channel has a notch
formed therein resulting in the second minimum width being
less than the first mimimum width (e.g., the patterned layer
of superconducting material 1s patterned such that a notch of
insulating material extends into the second channel, con-
stricting the conductive path of the second channel and
defining a mimimum width of the second channel that 1s less
than a minimum width of the first channel). In some embodi-
ments, loop 500-4 1s shaped by two concentric circles, where
one side of the other circled has such a notch formed therein.
In some embodiments, rather than ellipses, the first channel
and the second channel are formed by rectangles (or any
other shape). The rectangles can be off-center relative to one
another (e.g., 1n an analogous fashion to the ellipses shown
1in loop 500-1 and loop 500-2), or one rectangle can include
a constricting notch (e.g., 1n an analogous fashion to the
constricting notches shown 1n loop 500-3 and loop 500-4),
or both. In some embodiments, a first notch 1s defined 1n the
first channel and a second notch 1s defined 1 the second
channel so that a first mimimum width of the first channel
defined by the first notch 1s greater than a second minimum
width of the second channel defined by the second notch.
One of skill in the art will recognize numerous ways to
pattern a layer of superconducting material so as to create
two channels whereby the two channels have differing
minimum widths.

[0052] FIG. 6 1llustrates method 600 of using an electrical
device (e.g., diode device) based on superconducting mate-
rials, 1n accordance with some embodiments. The method
includes obtaining (602) an electrical device that includes a
substrate (e.g., substrate 106, FIG. 1A) and a patterned layer
of superconducting material disposed over the substrate
(e.g., patterned superconductor 108, FIGS. 1A-1B). The
patterned layer forms a first electrode (e.g., electrode 110-a,
FIG. 1B), a second electrode (e.g., electrode 110-5, FIG.
1B), and a loop coupling the first electrode with the second
electrode by a first channel and a second channel (e.g., loop
112 couples electrode 110-a and electrode 110-/ by channel

114-a and channel 114-b/, FIG. 1B). The first channel has a
first minimum width and the second channel has a second
minimum width that 1s distinct from the first minimum width
(e.g., as shown 1n FIGS. 1B, 2, 4, and 5). In some embodi-
ments, the electronic device has any of the {features
described with reference to FIGS. 1A-1C through FIG. 5.
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[0053] In some embodiments, method 600 includes cool-
ing (604) (e.g., cryogenically) the electronic device below a
critical temperature of the superconducting material. In
some embodiments, the cooling 1s performed using any
cooling technology that can reach the critical temperature of
the superconducting material. For high-temperature super-
conductors, these technologies imnclude cooling with liquid
nitrogen. For lower-temperature superconductors, technolo-
gies such as dilution refrigeration, adiabatic demagnetiza-
tion, and helium refrigeration can be used.

[0054] Method 600 includes applying (606) a magnetic

field over the loop 1n the patterned layer of superconducting
material. In some embodiments, the magnetic field has a
predefined magnitude at the surface of the patterned layer of
superconducting material. In some embodiments, the mag-
netic field 1s applied substantially perpendicularly to the
patterned layer of superconducting material. In some
embodiments, the magnetic field 1s applied using a magnet
that 1s integrated with the electronic device (e.g., as shown
in FIG. 1A and described with reference to FIGS. 3A-3B).
In some embodiments, the magnetic field 1s applied using an
external magnet.

[0055] Method 600 includes, while the magnetic field is
applied over the loop: applying (608) a first current from the
first electrode to the second electrode, whereby the super-
conducting material 1n the loop remains 1n a superconduct-
ing state, and applying the first current from the second
clectrode to the first electrode, whereby the superconducting
material 1n the loop transitions into a non-superconducting
state.

[0056] In some embodiments, method 600 includes tuning
the magnetic field (e.g., tuning the magnitude of the mag-
netic field) to tune a range of current magnitudes for which
the loop exhibits asymmetric conductance whereby the
superconducting material 1n the loop remains 1n a supercon-
ducting state when the first current 1s applied from the first
clectrode to the second electrode and whereby the super-
conducting material in the loop ftransitions into a non-
superconducting state when the first current 1s applied from
the second electrode to the first electrode.

[0057] The terminology used in the description of the
various described implementations herein 1s for the purpose
of describing particular implementations only and 1s not
intended to be limiting. As used in the description of the
various described implementations and the appended claims,
the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will also be understood that the term
“and/or” as used herein refers to and encompasses any and
all possible combinations of one or more of the associated
listed items. It will be further understood that the terms
“includes,” “including,” “comprises,” and/or “comprising,”
when used 1n this specification, specily the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,

clements, components, and/or groups thereof.

[0058] It will also be understood that, although the terms
first, second, etc. are, 1n some instances, used herein to
describe various elements, these elements should not be
limited by these terms. These terms are only used to distin-
guish one element from another. For example, a first current
could be termed a second current, and, similarly, a second
current could be termed a first current, without departing

2 L
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from the scope of the various described implementations.
The first current and the second current are both currents, but
they are not the same current unless explicitly stated as such.
[0059] As used herein, the term “if” 1s, optionally, con-
strued to mean “when” or “upon” or “in response to deter-
mining” or “in response to detecting” or “in accordance with
a determination that,” depending on the context.

[0060] The foregoing description, for purpose of explana-
tion, has been described with reference to specific 1mple-
mentations. However, the 1llustrative discussions above are
not intended to be exhaustive or to limit the scope of the
claims to the precise forms disclosed. Many modifications
and variations are possible 1n view of the above teachings.
The implementations were chosen in order to best explain
the principles underlying the claims and their practical
applications, to thereby enable others skilled in the art to
best use the implementations with various modifications as
are suited to the particular uses contemplated.

1. (canceled)

2. An electronic device, comprising:
a substrate;

a patterned layer of superconducting material disposed
over the substrate, the patterned layer forming;
a first electrode;
a second electrode; and
a loop, having non-uniform width, coupling the first
electrode with the second electrode;

wherein, for a range of current magnitudes, under a range

ol operating conditions, the conductance from the first
clectrode to the second electrode 1s greater than the
conductance from the second electrode to the first
clectrode.

3. The electronic device of claim 2, further comprising a
magnet configured to apply a magnetic field to the loop 1n
the patterned layer of superconducting material, wherein the
magnetic field produces an expulsion current i1n the loop.

4. The electronic device of claim 3, wherein the magnet
1s an electromagnet.

5. The electronic device of claim 4, wherein the electro-
magnet 1s fabricated on the substrate to form an integral part
of the electronic device, the electromagnet comprising:

one or more coils of wire; and

circuitry to provide current to the one or more coils of
wire.

6. The electronic device of claim 4, wherein the electro-
magnet 1s configured to apply a tunable magnetic field to the
patterned layer of superconducting material to tune the range
of current magnitudes for which the conductance from the
first electrode to the second electrode 1s greater than the
conductance from the second electrode to the first electrode.

7. The electronic device of claim 3, wherein the magnet
1s a permanent magnet.

8. The electronic device of claim 7, wherein the perma-
nent magnet comprises one or more magnetic layers dis-
posed over the substrate, the one or more magnetic layers
collectively having a perpendicular magnetic anisotropy.

9. The electronic device of claim 3, wherein the magnet
1s 1ntegrated with the electronic device on the substrate.

10. The electronic device of claim 3, wherein:

the loop includes a first channel coupling the first elec-
trode with the second electrode, the first channel having
a first mmimum width, and a second channel coupling
the first electrode with the second electrode, the second
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channel having a second minimum width smaller than
the first minimum width; and

the second channel 1s configured to transition from a
superconducting state to a resistive state upon applica-
tion of a respective current from the second electrode to

the first electrode having a magnitude in the range of

current magnitudes.

11. The electronic device of claim 10, wherein:

upon the application of the respective current from the
second electrode to the first electrode, the first channel
1s configured to transition from the superconducting
state to a resistive state 1n response to the second
channel transitioning to a resistive state.

12. The electronic device of claim 10, wherein the second
channel has a notch formed therein resulting 1n the second
mimmum width being less than the first minimum width.

13. The electronic device of claim 10, wherein:

the expulsion current travels toward the first electrode 1n

the second channel;

when the respective current 1s applied from the second

clectrode to the first electrode, a portion of the respec-
tive current 1s 1mitially distributed through the second
channel; and

the second channel 1s configured so that, when the current

1s applied from the second electrode to the first elec-
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trode, the portion of the respective current initially
distributed through the second channel, added to the
expulsion current in the second channel, results in a
current density 1n the second channel that exceeds a
critical current density of the superconducting material.

14. The electronic device of claim 13, wherein:

the second channel 1s configured so that, when a bias
current 1s applied from the first electrode to the second
clectrode, the portion of the bias current 1nitially dis-
tributed through the second channel, reduced by the
expulsion current in the second channel, results i a
current density in the second channel that remains
below a critical current density of the superconducting
material.

15. The electronic device of claim 10, wherein the loop
has a shape comprising an outer ellipse and an inner ellipse
that 1s eccentric to the outer ellipse resulting in the first
minimum width and the second minimum width of the first
channel and the second channel, respectively.

16. The electronic device of claim 2, further comprising
an inductive element.

17. The electronic device of claim 2, wherein the elec-
tronic device 1s a two-terminal device.
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