a9y United States

US 20220223780A1

a2y Patent Application Publication o) Pub. No.: US 2022/0223780 A1

Fong 43) Pub. Date: Jul. 14, 2022
(54) TUNABLE JOSEPHSON JUNCTION (52) US. CL
OSCILLATOR CPC ... HOIL 39/228 (2013.01); HO3K 17/92
(2013.01); HOIL 39/223 (2013.01); HOIL
(71)  Applicant: RAYTHEON BBN TECHNOLOGIES 397125 (2013.01)
CORP., Cambridge, MA (US)
57 ABSTRACT
72) 1 tor: Kin Ch F C d, MA (US
(72) * Inventor tn SAting Fong, TOncord. US) A tunable oscillator including a Josephson junction. In some
(21) Appl. No.: 17/147,387 embodirpents, the tunable oscillator include.s a first super-
conducting terminal, a second superconducting terminal, a
(22) Filed: Jan. 12, 2021 graphene chanpel including a portion of a graphene sheet,
and a conductive gate. The first superconducting terminal,
Publication Classification the second superconducting terminal, gnd .the graphene
channel together may form a Josephson junction having an
(51) Int. CL oscillation frequency, and the conductive gate may be con-
HOIL 39/22 (2006.01) figured, upon application of a voltage across the conductive
HOIL 39/12 (2006.01) gate and the graphene channel, to modify the oscillation
HO3K 17/92 (2006.01) frequency.

105

x\\‘ﬂ

1%3 125 110
N7

Y

130




Jul. 14,2022 Sheet 1 of 5§ US 2022/0223780 Al

Patent Application Publication

dT 'Old
0€T | oct
U/WW,\\\\\\/////
NN
VT ‘Dld
OTT 1T GOT
G G .
0ET- %
M

00T



Patent Application Publication  Jul. 14,2022 Sheet 2 of 5 US 2022/0223780 A1

o LN o
i o i
o N o

Q v N

120
N\

FIG. 2



US 2022/0223780 Al

Jul. 14,2022 Sheet 3 of 5

Patent Application Publication

SO€

1IN2JID
selq
uonaun(

- Hi

GTE

€ Ol

0cg
L

-o€g
1 1
FSTT H T
— _/
wﬁ T4
seg

1IN2J1D
selq
?1en




Patent Application Publication  Jul. 14,2022 Sheet 4 of 5 US 2022/0223780 A1

FIG. 4A



Patent Application Publication  Jul. 14,2022 Sheet 5 of 5 US 2022/0223780 A1

410

100 j

410

FIG. 4B



US 2022/0223780 Al

TUNABLE JOSEPHSON JUNCTION
OSCILLATOR

FIELD

[0001] One or more aspects of embodiments according to
the present invention relate to oscillators, and more particu-
larly to a tunable oscillator including a Josephson junction.

BACKGROUND

[0002] Microwave and millimeter wave oscillators have a
wide range of commercial applications, including applica-
tions in cryogenic computing, in which such an oscillator
may be used as a signal source or clock.

[0003] Thus, there is a need for a microwave or millimeter
wave oscillator.

SUMMARY

[0004] According to an embodiment of the present disclo-
sure, there is provided a system, including: a first supercon-
ducting terminal, a second superconducting terminal, a
graphene channel including a portion of a graphene sheet,
and a conductive gate, the first superconducting terminal, the
second superconducting terminal, and the graphene channel
together forming a Josephson junction having an oscillation
frequency, and the conductive gate being configured, upon
application of a voltage across the conductive gate and the
graphene channel, to modify the oscillation frequency.
[0005] In some embodiments, a gap between the first
superconducting terminal and the second superconducting
terminal has a length greater than 100 nm and less than 1000
nm.

[0006] In some embodiments, the gap has a width greater
than 0.5 microns and less than 10 microns.

[0007] In some embodiments, the system further includes
a first bias circuit connected to the first superconducting
terminal and the second superconducting terminal and con-
figured to drive a bias current through the Josephson junc-
tion.

[0008] In some embodiments, the Josephson junction has
a critical current, and the bias current is greater than the
critical current and less than 1.2 times the critical current.
[0009] In some embodiments, the system further includes
a second bias circuit connected to the conductive gate and
configured to apply a voltage to the conductive gate.
[0010] In some embodiments, the system further includes
a graphene sandwich including: a first layer of hexagonal
boron nitride immediately adjacent a first surface of the
graphene sheet, the graphene sheet, and a second layer of
hexagonal boron nitride immediately adjacent a second
surface of the graphene sheet.

[0011] In some embodiments, the conductive gate is
directly on the graphene sandwich.

[0012] In some embodiments, the system further includes
a gate insulating layer directly on the graphene sandwich,
the conductive gate being directly on the gate insulating
layer.

[0013] In some embodiments, the gate insulating layer is
composed of aluminum oxide.

[0014] In some embodiments, the system further includes
a substrate, wherein the first superconducting terminal, the
second superconducting terminal, and the graphene sand-
wich are on the substrate.
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[0015] In some embodiments, the substrate is a silicon
substrate.
[0016] In some embodiments, the graphene sheet consists

of a single atomic layer of graphene.

[0017] In some embodiments, the graphene sheet includes
two atomic layers of graphene.

[0018] In some embodiments, the first superconducting
terminal and the second superconducting terminal are com-
posed of a material selected from the group consisting of
niobium nitride, niobium titanium nitride, niobium disele-
nide, aluminum, niobium, niobium titanium, and lead.
[0019] In some embodiments, the system further includes
a refrigerator configured to cool the graphene sheet to a
temperature below 4 K.

[0020] In some embodiments, the refrigerator is a pulse
tube refrigerator.

[0021] In some embodiments, the system further includes
an antenna including a first conductor, and a second con-
ductor, wherein: the first superconducting terminal is con-
nected to the first conductor of the antenna, and the second
superconducting terminal is connected to the second con-
ductor of the antenna.

[0022] In some embodiments, the system further includes
a quarter-wave open stub, connected to the first supercon-
ducting terminal.

[0023] In some embodiments, the system further includes
a quarter-wave section of transmission line, connected to the
second superconducting terminal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Features, aspects, and embodiments are described
in conjunction with the attached drawings, in which:
[0025] FIG. 1A is a top view of a graphene-based super-
conducting tunable oscillator, according to an embodiment
of the present disclosure;

[0026] FIG. 1B is a side cross-sectional view of a gra-
phene-based superconducting tunable oscillator, according
to an embodiment of the present disclosure;

[0027] FIG. 2 is a side cross-sectional view of a graphene
sandwich, according to an embodiment of the present dis-
closure;

[0028] FIG. 3 is a schematic diagram of a circuit using a
graphene-based superconducting tunable oscillator, accord-
ing to an embodiment of the present disclosure;

[0029] FIG. 4A is a top view of a graphene-based super-
conducting tunable oscillator coupled to a log-periodic
antenna, according to an embodiment of the present disclo-
sure; and

[0030] FIG. 4B is an enlarged cutaway view of a central
portion of FIG. 4A.

DETAILED DESCRIPTION

[0031] The detailed description set forth below in connec-
tion with the appended drawings is intended as a description
of exemplary embodiments of a tunable oscillator including
a Josephson junction provided in accordance with the pres-
ent disclosure and is not intended to represent the only forms
in which embodiments of the present disclosure may be
constructed or utilized. The description sets forth the fea-
tures of the present disclosure in connection with the illus-
trated embodiments. It is to be understood, however, that the
same or equivalent functions and structures may be accom-
plished by different embodiments that are also intended to be
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encompassed within the scope of the disclosure. As denoted
elsewhere herein, like element numbers are intended to
indicate like elements or features.

[0032] FIGS. 1A and 1B are a schematic top view and side
view of a graphene-based superconducting tunable oscillator
100 according to some embodiments. The graphene-based
superconducting tunable oscillator 100 has a first supercon-
ducting terminal 105, a second superconducting terminal
110, and a conductive gate 115. As used herein, a “super-
conducting terminal” is a terminal, of the graphene-based
superconducting tunable oscillator 100, composed of a
material that behaves as a superconductor under suitable
conditions, e.g., at sufficiently low temperature, magnetic
field, and current density. As such, the superconducting
terminals of the graphene-based superconducting tunable
oscillator 100 of FIGS. 1A and 1B may be referred to as
superconducting terminals regardless of whether the gra-
phene-based superconducting tunable oscillator 100 is at
sufficiently low temperature for these terminals 105,110 to
be superconducting.

[0033] The first superconducting terminal 105 and the
second superconducting terminal 110 may each be com-
posed of any of a number of materials known in the art that
become superconductive at low temperatures, including
niobium nitride, niobium titanium nitride, niobium disele-
nide, molybdenum rhenium alloy, aluminum, niobium, nio-
bium titanium, or lead.

[0034] In some embodiments, a graphene sheet forms a
graphene channel of the graphene-based superconducting
tunable oscillator 100. As used herein, a “graphene channel”
is a graphene sheet, or a portion of a graphene sheet, that
forms a conductive path between two superconducting ter-
minals 105, 110 of a graphene-based superconducting tun-
able oscillator 100. This element may be referred to as a
“channel” (and the conductive gate 115 may be referred to
as a “gate”) in part because in certain respects the behavior
of the graphene-based superconducting tunable oscillator
100 may be analogous to the behavior of a field effect
transistor (as discussed in further detail below). The con-
ductive path may include one or more gaps, e.g., a gap
between each superconducting terminal 105, 110 and the
graphene sheet, across which electrons may be conducted by
tunneling. The graphene sheet may be part of a graphene
sandwich 120, an enlarged view of a portion of which is
shown in FIG. 2. The graphene sandwich 120 may include
the graphene sheet 205, between two insulating layers 210,
e.g., between two layers of hexagonal boron nitride. The
graphene sheet 205 may consist of one, two, three, four, or
as many as ten atomic layers of graphene. Each layer 210 of
hexagonal boron nitride may be between 0.3 nm and 100 nm
thick; the layers 210 of hexagonal boron nitride may keep
the surface of the graphene sheet 205 clean, i.e., they may
prevent surface contamination from compromising the prop-
erties of the graphene sheet 205.

[0035] Each hexagonal boron nitride layer 210 may be a
single crystal, with an atomically flat surface facing the
graphene sheet 205. Each hexagonal boron nitride layer 210
may be annealed, e.g., at 250° C. for 10-15 minutes, before
the sandwich is assembled. The sandwich may be formed by
first bringing a first layer 210 of hexagonal boron nitride into
contact with the graphene sheet 205, resulting in adhesion of
the graphene sheet 205 to the hexagonal boron nitride by van
der Waals forces, and then bringing the graphene sheet 205,
on the first layer 210 of hexagonal boron nitride, into contact
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with the second layer 210 of hexagonal boron nitride,
resulting in adhesion, again by van der Waals forces, at the
interface between the graphene sheet 205 and the second
layer 210 of hexagonal boron nitride. The edges of the
sandwich may then be etched, e.g. using plasma etching, so
that in the structure remaining after the etch process the
edges of the two layers 210 of hexagonal boron nitride and
the edges of the graphene sheet 205 coincide (i.e., are
aligned). In some embodiments, the graphene sheet is kept
sufficiently clean during fabrication of the graphene sand-
wich 120, and thereafter by the protective layers 210 of
hexagonal boron nitride, that the graphene sheet has an
electron mobility of more than 100,000 cm®/V/s.

[0036] In some embodiments the first superconducting
terminal 105 and the second superconducting terminal 110
make contact with respective (e.g., opposite) edges of the
graphene sheet 205 by abutting against respective edges of
the graphene sandwich 120 as shown, or, in other embodi-
ments, by extending up onto the top surface of the graphene
sandwich 120 (e.g., by being deposited, onto the graphene
sandwich 120, as a patch extending across the edge of the
graphene sandwich 120) so that respective vertical or steeply
inclined portions, of the first superconducting terminal 105
and of the second superconducting terminal 110, are (i) in
contact with an edge of the graphene sheet 205 or (ii) in
sufficiently close proximity with the graphene sheet 205 that
electrons may be conducted between the graphene sheet 205
and the first superconducting terminal 105, and between the
graphene sheet 205 and the second superconducting terminal
110, by tunneling across respective gaps between the gra-
phene sheet 205 and the first superconducting terminal 105,
and between the graphene sheet 205 and the second super-
conducting terminal 110.

[0037] Referring again to FIG. 1B, in some embodiments,
a gate insulating layer 125, e.g., a layer of aluminum oxide
or of hafnium oxide, or an additional, separately formed,
layer of hexagonal boron nitride, may be between the
conductive gate 115 and the graphene sandwich 120.
[0038] The graphene-based superconducting tunable
oscillator 100 of FIGS. 1A and 1B is formed, in some
embodiments, by placing the graphene sandwich 120 on a
substrate 130, depositing the first superconducting terminal
105 and the second superconducting terminal 110 on the
substrate 130 (and onto the graphene sandwich 120, if they
overlap onto the graphene sandwich 120), depositing the
gate insulating layer 125 (if it is present) on the graphene
sandwich 120, and depositing the conductive gate 115 onto
the gate insulating layer 125 (or, if the gate insulating layer
125 is absent, directly onto the graphene sandwich 120).
[0039] Contacts to external circuitry may be formed, for
example, by forming wire bonds to the first superconducting
terminal 105, to the second superconducting terminal 110
and to the conductive gate 115. In some embodiments, the
deposition steps are performed in a different order, to similar
effect.

[0040] In some embodiments a plurality of graphene-
based superconducting tunable oscillators 100, or one or
more graphene-based superconducting tunable oscillators
100 and one or more other elements, may be fabricated on
a single substrate 130. The substrate 130 may be a silicon
substrate 130, and it may be selected for low conductivity,
to reduce interactions between the active elements of the
graphene-based superconducting tunable oscillator 100 and
the substrate 130. The substrate may be composed, for
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example, of highly resistive crystalline silicon having a low
doping level, such as float zone silicon. The graphene-based
superconducting tunable oscillator 100 may be operated at a
cryogenic temperature. In one embodiment, the graphene-
based superconducting tunable oscillator 100 is cooled to 4
K, using, for example, a pulse tube refrigerator or a Gifford-
McMahon (GM) cooler. In other embodiments direct cool-
ing with liquid helium, or with liquid helium in a partial
vacuum (e.g., using a 1 K pot, to reach temperatures below
4 K) may be used to cool the graphene-based superconduct-
ing tunable oscillator 100.

[0041] Inoperation (e.g., at a temperature of between 0.01
K and 5 K), the graphene-based superconducting tunable
oscillator 100 may behave, when the conductive gate 115 is
at the same potential, or at substantially the same potential,
as the first superconducting terminal 105 and as the second
superconducting terminal 110, as a Josephson junction 135,
forming a superconducting connection (with no voltage
drop) between the first superconducting terminal 105 and the
second superconducting terminal 110 when the current flow-
ing between the first superconducting terminal 105 and the
second superconducting terminal 110 is less than a critical
current of the Josephson junction, and forming a normal
connection between the first superconducting terminal 105
and the second superconducting terminal 110 when the
current exceeds the critical current of the Josephson junc-
tion.

[0042] When the current exceeds the critical current of the
Josephson junction, the normal connection between the first
superconducting terminal 105 and the second superconduct-
ing terminal 110 may have a resistance (that may be referred
to as the “normal state resistance” (Rn)), and a correspond-
ing voltage drop may be present across the first supercon-
ducting terminal 105 and the second superconducting ter-
minal 110. The DC wvoltage drop across the first
superconducting terminal 105 and the second superconduct-
ing terminal 110 may be equal to the product of (i) the
normal state resistance and (ii) the DC current flowing
between the first superconducting terminal 105 and the
second superconducting terminal 110.

[0043] In operation, a voltage may be applied to the
conductive gate 115 of the graphene-based superconducting
tunable oscillator 100, affecting the current flowing between
the first superconducting terminal 105 and the second super-
conducting terminal 110, or the DC voltage across the first
superconducting terminal 105 and the second superconduct-
ing terminal 110, or both, depending on the external circuit
connected to the first superconducting terminal 105 and the
second superconducting terminal 110.

[0044] A change in the voltage applied to the conductive
gate 115 may alter the Fermi level for electrons within the
band structure of the graphene sheet, and accordingly the
normal state resistance of the graphene-based superconduct-
ing tunable oscillator 100 may vary as a function of the
voltage across the conductive gate 115 and the graphene
channel. As used herein, the “potential of the graphene
channel” is defined to be the average of (i) the potential of
the first superconducting terminal 105 at the junction
between the first superconducting terminal 105 and the
graphene sheet 205, and (ii) the potential of the second
superconducting terminal 110 at the junction between the
second superconducting terminal 110 and the graphene sheet
205. As used herein, the “voltage across the conductive gate
115 and the graphene channel” is defined to be the difference
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between the potential of the conductive gate 115 and the
potential of the graphene channel.

[0045] The critical current of the Josephson junction may
decrease as the difference between the potential of the
conductive gate 115 and the potential of the graphene
channel (i.e., the result of subtracting the potential of the
graphene channel from the potential of the conductive gate
115) is decreased, reaching a value of nearly zero when the
difference between the potential of the conductive gate 115
and the potential of the graphene channel reaches a value of
about -5 V.

[0046] The normal state resistance of the graphene-based
superconducting tunable oscillator 100 may also be a func-
tion of the voltage across the conductive gate 115 and the
graphene channel. For example, the normal state resistance
may increase as the difference between the potential of the
conductive gate 115 and the potential of the graphene
channel is decreased, reaching a peak of about 650 ohms
when the difference between the potential of the conductive
gate 115 and the potential of the graphene channel reaches
a value of about -5 V.

[0047] In some embodiments, the distance L between the
superconductors (FIG. 1A) (or the “channel length” of the
Josephson junction 135 or the length of the “gap” between
the first superconducting terminal 105 and the second super-
conducting terminal 110) is about 200 nm (e.g., it is between
100 nm and 1000 nm) and the channel width W (or the width
of the gap between the first superconducting terminal 105
and the second superconducting terminal 110) is about 1.5
microns (e.g., it is between 0.5 microns and 10 microns).
Increasing or decreasing the channel width may result in the
critical current increasing or decreasing by about the same
fraction, and may result in the normal-state conductance (the
reciprocal of the normal state resistance) increasing or
decreasing by about the same fraction. For example, dou-
bling the channel width from 1.5 microns to 3.0 microns
(while maintaining the channel length unchanged) may
result in a normal state resistance, when the voltage across
the conductive gate 115 and the graphene channel is -5 V,
of about 325 ohms, and a critical current, when the voltage
across the conductive gate 115 and the graphene channel is
+5 V, of about 3.4 microamperes.

[0048] Both the dependence of the critical current on the
gate voltage and the dependence of the channel resistance on
the gate voltage may tend to (i) decrease the DC current
flowing between the first superconducting terminal 105 and
the second superconducting terminal 110 (for a fixed DC
voltage across the superconducting terminals 105, 110) or to
(i1) increase the DC voltage across the superconducting
terminals 105, 110 (for fixed DC current flowing between
the first superconducting terminal 105 and the second super-
conducting terminal 110) as the difference between the
potential of the conductive gate 115 and the potential of the
graphene channel is decreased. As such, the structure of
FIGS. 1A and 1B may, in some embodiments, be employed
as a switch (e.g., in a binary logic circuit), with an “on” state
in which the difference between the potential of the con-
ductive gate 115 and the potential of the graphene channel
is relatively high (e.g., greater than O V or greater than +5 V),
and an “off” state in which the difference between the
potential of the conductive gate 115 and the potential of the
graphene channel is relatively low (e.g., less than -5 V).
[0049] The structure of FIGS. 1A and 1B may also operate
as a tunable oscillator. To operate the structure of FIGS. 1A
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and 1B as an oscillator, the graphene-based superconducting
tunable oscillator 100 may be biased with a substantially
constant current, adjusted to be slightly greater than the
critical current of the Josephson junction 135 (e.g., greater
than the critical current and less than 1.2 times the critical
current) so that the Josephson junction is barely in the
normal state. This may be accomplished by gradually
increasing the bias current until a voltage begins to appear
across the superconducting terminals 105, 110. Using this
process, the bias current may be set to a value between 10
nA and 1 mA. At this bias point, the Josephson junction may
generate an oscillating voltage with an oscillation frequency
equal to:

2eVyy
f=—

[0050] where e is the electron charge, n is a mode index
(which may be equal to 1), h is Planck’s constant, and V
is the DC voltage across the superconducting terminals 105,
110. It may be seen from the above equation that the
oscillation frequency is proportional to V ,, the DC voltage
across the superconducting terminals 105, 110. Because of
this, and because (as mentioned above) the voltage V,
across the superconducting terminals 105, 110 may depend
on the gate voltage, the frequency of oscillation of the
graphene-based superconducting tunable oscillator 100 may
be tuned by adjusting the gate voltage. For example, at a gate
voltage of -5 V, the oscillation frequency may be about 24
GHz, and at a gate voltage of 0 V, the oscillation frequency
may be about 100 GHz. In some embodiments, the gate
voltage may be adjusted over a range extending from -50 V
to 50 V.

[0051] FIG. 3 shows a circuit including a graphene-based
superconducting tunable oscillator 100. A junction bias
circuit 305, which may be a current source, is configured to
drive a DC bias current through a first bias network (or “bias
tee”) 310 (connected to the first superconducting terminal
105 (not separately illustrated in FIG. 3)), through the
Josephson junction 135, and through a second bias network
315 (connected to the second superconducting terminal 110
(not separately illustrated in FIG. 3)). A gate bias circuit 320
is connected, through a third bias network 325 to the
conductive gate 115 of the graphene-based superconducting
tunable oscillator 100. The gate bias circuit may include a
processing circuit for determining the gate voltage to be
applied to the conductive gate 115, and a digital to analog
converter for generating the analog gate voltage. In some
embodiments, the gate bias circuit may be connected to a
frequency reference, and it may include a phase-locked loop
circuit for locking the phase and frequency of the graphene-
based superconducting tunable oscillator 100 to the fre-
quency reference. Each of the bias networks 305, 310, 325
may include one or more series inductors and one or more
shunt capacitors, as shown, or it may include other circuit
elements (including, e.g., transmission line elements) per-
forming the function of passing DC while blocking radio
frequency (RF) signals (e.g., blocking microwaves or mil-
limeter waves). As used herein, the term “RF” includes
frequencies in the range from 100 MHz to 1,000 GHz (e.g.,
“RF” includes microwaves and millimeter waves).

[0052] A section of transmission line, which may be a
quarter-wave open stub (e.g., a transmission line having a
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first end connected to the first superconducting terminal 105
and an open second end) forms an RF ground at the first
superconducting terminal 105. A second section of trans-
mission line 335 may be used as an impedance matching
element between the graphene-based superconducting tun-
able oscillator 100 and a load (e.g., a 50 ohm load) that may
be connected to the output 340 of the circuit (e.g., the second
section of transmission line 335 may be a quarter-wave
section of transmission line having a characteristic imped-
ance that is the geometric mean of (i) the output impedance
of the graphene-based superconducting tunable oscillator
100 and (ii) the input impedance of the load). One or both
of the first section of transmission line 330 and the second
section of transmission line 335 may be a section of
microstrip transmission line.

[0053] In some embodiments the two superconducting
terminals 105, 110 of the graphene-based superconducting
tunable oscillator 100 may be configured to drive a differ-
ential load. For example, as shown in FIGS. 4A and 4B, the
graphene-based superconducting tunable oscillator 100 is
connected to the inner ends of two conductive patches 410
of a log periodic antenna. The log periodic antenna may be
used to couple the microwave or millimeter wave signal
generated by the graphene-based superconducting tunable
oscillator 100 to electromagnetic radiation propagating in
free space. Referring to FIG. 4B, which is an enlarged view
of a central portion of FIG. 4A, the two conductive patches
410 may extend, at the center of the log periodic antenna,
along two opposing sides of a rectangular graphene-based
superconducting tunable oscillator 100, such as that of
FIGS. 1A and 1B. The embodiment of FIGS. 4A and 4B may
include additional circuitry (not shown in FIGS. 4A, and 4B)
including the bias networks 305, 310, 325, the junction bias
circuit 305, and the gate bias circuit 320. The embodiment
of FIGS. 4A and 4B may be suitable for radiating electro-
magnetic radiation in a frequency range extending from
about 100 GHz to about 1,000 GHz.

[0054] As used herein, “a portion of” something means “at
least some of” the thing, and as such may mean less than all
of, or all of, the thing. As such, “a portion of” a thing
includes the entire thing as a special case, i.e., the entire
thing is an example of a portion of the thing. As used herein,
the term “rectangle” includes a square as a special case, i.e.,
a square is an example of a rectangle, and the term “rect-
angular” encompasses the adjective “square”. As used
herein, when a second number is “within Y %” of a first
number, it means that the second number is at least (1-Y/
100) times the first number and the second number is at most
(14Y/100) times the first number. As used herein, the word
“or” is inclusive, so that, for example, “A or B” means any
one of (i) A, (ii) B, and (iii) A and B.

[0055] The term “processing circuit” is used herein to
mean any combination of hardware, firmware, and software,
employed to process data or digital signals. Processing
circuit hardware may include, for example, application
specific integrated circuits (ASICs), general purpose or
special purpose central processing units (CPUs), digital
signal processors (DSPs), graphics processing units (GPUs),
and programmable logic devices such as field programmable
gate arrays (FPGAs). In a processing circuit, as used herein,
each function is performed either by hardware configured,
i.e., hard-wired, to perform that function, or by more gen-
eral-purpose hardware, such as a CPU, configured to execute
instructions stored in a non-transitory storage medium. A
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processing circuit may be fabricated on a single printed
circuit board (PCB) or distributed over several intercon-
nected PCBs. A processing circuit may contain other pro-
cessing circuits; for example, a processing circuit may
include two processing circuits, an FPGA and a CPU,
interconnected on a PCB.

[0056] As used herein, the term “major component™ refers
to a component that is present in a composition, polymer, or
product in an amount greater than an amount of any other
single component in the composition or product. In contrast,
the term “primary component” refers to a component that
makes up at least 50% by weight or more of the composition,
polymer, or product. As used herein, any structure or layer
that is described as being “made of” or “composed of” a
substance should be understood (i) in some embodiments, to
contain that substance as the primary component or (ii) in
some embodiments, to contain that substance as the major
component.

[0057] It will be understood that when an element or layer
is referred to as being “on”, “connected to”, “coupled to”, or
“adjacent to” another element or layer, it may be directly on,
connected to, coupled to, or adjacent to the other element or
layer, or one or more intervening elements or layers may be
present. In contrast, when an element or layer is referred to
as being “directly on”, “directly connected to”, “directly
coupled to”, or “immediately adjacent to” another element
or layer, there are no intervening elements or layers present.
As used herein, “generally connected” means connected by
an electrical path that may contain arbitrary intervening
elements, including intervening elements the presence of
which qualitatively changes the behavior of the circuit. As
used herein, “connected” means (i) “directly connected” or
(i1) connected with intervening elements, the intervening
elements being ones (e.g., low-value resistors or inductors,
or short sections of transmission line) that do not qualita-
tively alter the behavior of the circuit.

[0058] Although limited embodiments of a tunable oscil-
lator including a Josephson junction have been specifically
described and illustrated herein, many modifications and
variations will be apparent to those skilled in the art.
Accordingly, it is to be understood that a tunable oscillator
including a Josephson junction employed according to prin-
ciples of this disclosure may be embodied other than as
specifically described herein without departing from the
scope of the following claims.

What is claimed is:

1. A system, comprising:

a first superconducting terminal,

a second superconducting terminal,

a graphene channel comprising a portion of a graphene

sheet, and

a conductive gate,

the first superconducting terminal, the second supercon-

ducting terminal, and the graphene channel together
forming a Josephson junction having an oscillation
frequency, and

the conductive gate being configured, upon application of

a voltage across the conductive gate and the graphene
channel, to modify the oscillation frequency.

2. The system of claim 1, wherein a gap between the first
superconducting terminal and the second superconducting
terminal has a length greater than 100 nm and less than 1000
nm.
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3. The system of claim 2, wherein the gap has a width
greater than 0.5 microns and less than 10 microns.

4. The system of claim 1, further comprising a first bias
circuit connected to the first superconducting terminal and
the second superconducting terminal and configured to drive
a bias current through the Josephson junction.

5. The system of claim 4, wherein the Josephson junction
has a critical current, and the bias current is greater than the
critical current and less than 1.2 times the critical current.

6. The system of claim 1, further comprising a second bias
circuit connected to the conductive gate and configured to
apply a voltage to the conductive gate.

7. The system of claim 1, further comprising a graphene
sandwich comprising:

a first layer of hexagonal boron nitride immediately

adjacent a first surface of the graphene sheet,

the graphene sheet, and

a second layer of hexagonal boron nitride immediately

adjacent a second surface of the graphene sheet.

8. The system of claim 7, wherein the conductive gate is
directly on the graphene sandwich.

9. The system of claim 7, further comprising a gate
insulating layer directly on the graphene sandwich, the
conductive gate being directly on the gate insulating layer.

10. The system of claim 9, wherein the gate insulating
layer is composed of aluminum oxide.

11. The system of claim 7, further comprising a substrate,
wherein the first superconducting terminal, the second
superconducting terminal, and the graphene sandwich are on
the substrate.

12. The system of claim 11, wherein the substrate is a
silicon substrate.

13. The system of claim 1, wherein the graphene sheet
consists of a single atomic layer of graphene.

14. The system of claim 1, wherein the graphene sheet
comprises two atomic layers of graphene.

15. The system of claim 1, wherein the first supercon-
ducting terminal and the second superconducting terminal
are composed of a material selected from the group con-
sisting of niobium nitride, niobium titanium nitride, niobium
diselenide, aluminum, niobium, niobium titanium, and lead.

16. The system of claim 1, further comprising a refrig-
erator configured to cool the graphene sheet to a temperature
below 4 K.

17. The system of claim 16, wherein the refrigerator is a
pulse tube refrigerator.

18. The system of claim 1, further comprising an antenna
comprising a first conductor, and a second conductor,

wherein:

the first superconducting terminal is connected to the
first conductor of the antenna, and

the second superconducting terminal is connected to
the second conductor of the antenna.

19. The system of claim 1, further comprising a quarter-
wave open stub, connected to the first superconducting
terminal.

20. The system of claim 19, further comprising a quarter-
wave section of transmission line, connected to the second
superconducting terminal.
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