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Description

[0001] The present invention relates to a nonlinear el-
ement device, a circuit comprising the nonlinear element
device, use of the circuit as a quantum circuit, a method
of producing a nonlinear element device and a method
of producing a circuit.

[0002] A quantum bit platform that became one of the
most promising architectures in the last two decades is
a superconducting quantum circuit. In such a supercon-
ducting quantum circuit, a Josephson junction represents
a precious resource of nonlinearity. The structure of a
Josephson junction is superconductor/isolator or non-su-
perconducting metal/superconductor. Commonly known
techniques for manufacturing a Josephson junction are
(i) double angle shadow evaporation and (ii) successive
lithography steps, with ion milling processes in-between.
[0003] However, the above methods are complicated
to implement. Accordingly, there is a need for a simplified
manufacturing method.

[0004] Thus,the problemunderlying the presentinven-
tion is to provide a Josephson junction that can be used
in a quantum circuit, and which can be manufactured
easily.

[0005] The solution to the above technical problem is
achieved by the invention and embodiments thereof
characterized in the claims.

[0006] According to an aspect, the present invention
relates to a nonlinear element device comprising:

a substrate, and

an electrode pattern arranged on the substrate,
wherein the electrode pattern is formed by a single
step evaporation of a granular superconductive ma-
terial as a single layer,

the electrode pattern having a uniform width of at
least 50 nm to 300 nm,

wherein the electrode pattern comprises a nonlinear
element in terms of a discontinuity where the elec-
trodes are laterally displaced from one another so
as to have a contact area therebetween of 150 nm?2
to 1000 nm?2, and where at least 80% of the cross
sections of the electrodes at the discontinuity are not
in contact with one another, and wherein the length
of the nonlinear element is about 10 nm or more.

[0007] The term "nonlinear element device" generally
relates to a device that does not behave linearly, i.e. that
the output of the device is not directly proportional to the
input given to the device. Specifically, according to the
present invention, a "nonlinear element device" such as
for a quantum bit, also needs to be non-dissipative and
to provide enough nonlinearity starting from very low in-
put, such as to effectively isolate the first two energy lev-
els from the rest of the spectrum.

[0008] The substrate comprised in the nonlinear ele-
ment device is not particularly limited as long as it can
receive the electrode pattern. Examples of suitable ma-
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terials for the substrate include silicon, silicon carbide,
germanium, silicon germanium, silicon-germanium-car-
bon, Si alloys, Ge alloys, IlI-V materials such as gallium
arsenide, indium phosphide, aluminum arsenide, and in-
dium arsenide, |I-VI materials such as cadmium selenide,
cadmium sulfide, cadmium telluride, zinc oxide, zinc se-
lenide, zinc sulfide, and zinc telluride, sapphire, and
quartz, or any combination thereof. Preferably, the sub-
strate is sapphire or silicon, since said substrate materi-
als are proven to have low dielectric losses. Most pref-
erably, the substrate is a sapphire wafer.

[0009] According to the present invention, the elec-
trode pattern is formed by evaporation of a granular su-
perconductive material as a single layer. The single layer
evaporation used according to the present invention is a
thin-film lithographic method and preferably uses an
evaporation mask that is located on the substrate. The
evaporation mask can be formed from a layer of resist.
Specifically, according to the present invention, the elec-
trode pattern is formed on the substrate in a single evap-
oration step, which means that no subsequent or inter-
mediate steps like an extra oxidation or a second resist
layer are needed to form the electrode pattern. This is in
contrast to the current state of the art for superconducting
quantum bits fabrication which relies on multiangle shad-
ow evaporations or successive lithographic steps with
ion milling processes in-between.

[0010] The evaporation angle is preferably zero (about
zero degrees) but may also be tilted as long as a single
layer can be formed. Zero angle evaporation means that
the evaporation direction is perpendicular to the surface
of the substrate onto which the granular superconductive
material is deposited. Evaporation at a titled angle means
that the evaporation direction is tilted by a certain angle
with respect to perpendicular, and may be up to about
20 degrees, for instance.

[0011] The wording "granular” used herein means be-
ing composed of small, discrete entities.

[0012] Further, according to the present invention, the
"superconductive material" refers to a material that
shows superconductive behavior at the operating tem-
perature of the nonlinear element device. According to
an embodiment, the operating temperature is 20 K or
less, preferably 10 K or less, more preferably 1 K or less.
The lower limit is not particularly limited and may be 10
mK for instance. Practically, the operating temperature
may be 10 to 100 mK, for instance, without being limited
thereto.

[0013] In a preferred embodiment, the granular super-
conductive material is a composite material containing
metal grains embedded in a metal oxide matrix. Thereby,
the structure of a Josephson junction can be easily real-
ized. Specifically, the metal grains serve as the super-
conductor and the surrounding metal oxide matrix as the
isolator of the structure superconductor/isolator/super-
conductor of the Josephson junction.

[0014] According to an embodiment of the present in-
vention, the metal in the metal grains and the metal in
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the metal oxide matrix is the same. In the presentinven-
tion, the metal is not particularly limited. For example,
the metal may be one of aluminum, indium, tantalum,
gallium, and rhenium. Preferably, the metal in the metal
grains and in the metal oxide matrix is aluminum. By using
aluminum as the metal of the composite material, in case
that the nonlinear element device is comprised in a quan-
tum bit, the quantum bit’s transition frequency is in prin-
ciple susceptible to magnetic fields in an area of (20 -
20)nm?2 in order to potentially couple single spin systems
to the superconducting circuit.

[0015] Inanembodiment, the metal grains have agrain
size in the range of from 1 nm to 10 nm, preferably from
2 nm to 7 nm. The grain size can be measured by using
dark-field electron microscopy, as described in e.g. G.
Deutscheretal., J. Low. Temp. Phys. 10,231-243 (1973).
[0016] According to an embodiment, the individual
grains of the composite material agglomerate into larger
effective grains due to charging effects. In said embodi-
ment, the size of an effective grain is 50 nm or less.
[0017] In the present invention, the electrode pattern
is arranged on the substrate, and has a uniform width of
at least 50 nm to 300 nm, wherein the electrode pattern
comprises a nonlinear element in terms of a discontinuity
where the electrodes are laterally displaced from one an-
other so as to have a contact area therebetween of 150
nm?2 to 1000 nm?2, and where at least 80% of the cross
sections of the electrodes at the discontinuity are not in
contact with one another. Moreover, the length of the
nonlinear element is about 10 nm or more. Therefore, in
the presentinvention, alldimensions of the electrode pat-
tern are larger than the superconducting coherence
length, ensuring the highest degree of protection against
non-equilibrium excitations and achieving an excellent
quantum coherence. By locally adjusting the width of the
electrode pattern by introducing the discontinuity, the
Josephson energy of the Josephson junction can be
modulated without supressing superconductivity. Thus,
according to the present invention, quantum coherence
can be preserved over timescales of about 1 ps.
[0018] According to the present invention, the contact
area between the electrodes at the discontinuity (i.e. of
the nonlinear element) is 1000 nm?2 or less, preferably
800 nmZ2 or less, more preferably 600 nm2 or less, and
even more preferably 400 nm2orless. Further, according
to the present invention, the contact area is 150 nm2 or
more, preferably 200 nm?2 or more, and more preferably
250 nmZ2 or more. According to the present invention, the
contact area of the nonlinear element is determined by
the length of the nonlinear element and the height of the
electrodes. When the contact area is at least 150 nm2,
the dimensions of the nonlinear element can be easily
kept larger than the superconducting coherence length.
In this regard, it should be noted that in an embodiment,
the superconducting coherence length is in a range of
from 5 nm to 12 nm. However, the superconducting co-
herence length depends on the material used and the
dimensions of the electrode pattern and thus cannot be
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defined in terms of an absolute value.

[0019] At the discontinuity, at least 80% of the cross
sections of the electrodes are not in contact with one
another. Said cross sections refer to the cross section in
the width direction of each electrode. In an embodiment
of the present invention, at least 85% of the cross sec-
tions of the electrodes are not in contact with one another.
By appropriately choosing the percentage of the cross
sections of the electrodes that are not in contact with one
another, the width and the height of the electrode pattern,
the contact area of the electrodes can be adjusted to the
claimed range.

[0020] According to a preferred embodiment, the elec-
trode pattern has a height ofless than 50 nm as measured
from the surface of the substrate to the surface of the
electrode pattern which is opposite the surface of the
substrate. When the height is less than 50 nm, the non-
linear element device can be easily kept in the quantum
regime. Preferably, the height is less than 40 nm, more
preferably, less than 30 nm. Further, in an embodiment,
the electrode pattern has a height of 15 nm or more,
preferably of 18 nm or more. Thereby, the height can be
surely kept larger than the superconducting coherence
length.

[0021] The term "quantum regime" used herein refers
to a set of parameters which enables a Josephson junc-
tion to sustain quantum fluctuations of the phase on the
order of 2.

[0022] The length of the nonlinear element is prefera-
bly less than 50 nm. According to the present invention,
the length of the nonlinear element is defined as the min-
imum length (or width) within the contact area connecting
the electrodes at the discontinuity as shown in Figure
3(c) by the distance ¢. Preferably, the length of the non-
linear elementis 40 nm or less, particularly 30 nm or less.
However, as mentioned above, the length of the nonlin-
ear element is larger than the superconducting coher-
ence length, which may be in the range of from 5 nm to
12 nm. The length of the nonlinear element is about 10
nm or more, preferably 15 nm or more. Most preferably,
the length of the nonlinear element is about 20 nm. In
case that the length of the nonlinear element is shorter
than the above-mentioned upper limit of the range of the
superconducting coherence length (i.e. the length of the
nonlinear element being in a range of from about 10 nm
to 12 nm), the width of the electrode pattern, the height
of the electrode pattern and/or the contact area between
the electrodes need to be adjusted appropriately such
that the superconducting coherence length is shorter
than the length of the nonlinear element.

[0023] The dimensions of the electrode pattern (width
and height) including the dimensions of the nonlinear el-
ementin terms of contact area and length are determined
by scanning electron microscopy (SEM) using calibrated
SEM software.

[0024] Figure 1 shows a SEM image of an example of
the nonlinear element device, particularly the nonlinear
element, according to the present invention with a mag-
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nification of 2 X 105.

[0025] According to an aspect, the present invention
relates to a circuit comprising the above-described non-
linear element device and leads connected to the device.
[0026] In an embodiment, each lead has a uniform
width of at least 50 nm to 300 nm. Further, each lead
may have a height of less than 50 nm as measured from
the surface of the substrate to the surface of the lead
which is opposite the surface of the substrate. When the
height is less than 50 nm, the circuit can be easily kept
in the quantum regime. Preferably, the height is less than
40 nm, more preferably, less than 30 nm. Further, in an
embodiment, each lead has a height of 15 nm or more,
preferably of 18 nm or more. Thereby, the height can be
surely kept larger than the superconducting coherence
length.

[0027] According to an embodiment, each lead is
formed of the granular superconductive material used for
forming the electrode pattern of the nonlinear element
device. Preferably, the same material is used for the elec-
trode pattern of the nonlinear element device and each
of the leads.

[0028] In a preferred embodiment, the leads are ar-
ranged on the substrate. Preferably, the leads are formed
by evaporation, preferably by zero-angle evaporation,
and connected to the nonlinear element device in a con-
tinuous manner. This means that, at the contact area of
the nonlinear element device and each lead, the width
and height are about the same. In a preferred embodi-
ment of the present invention, the nonlinear element de-
vice and the leads are formed by zero-angle evaporation
as a single layer.

[0029] Accordingtothe above-described configuration
of the circuit of the present invention, the leads are wide
enough to serve as linear effective junctions, and the
nonlinear element device constitutes a nonlinearjunction
in the quantum regime.

[0030] In an embodiment, the leads connected to the
nonlinear element device are also connected to one an-
other to form a loop. The circuit may comprise further
elements such as a capacitance. Said further elements
may be formed by the leads. An example of a circuit of
the present invention is shown in Figure 2. Specifically,
Figure 2 shows a SEM image of the circuit on the right
side connected to a microwave resonator located on the
left, wherein the circuit comprises a capacitance that is
constituted by leads in the form of a finger capacitor. An-
other example of a circuit in accordance with the present
invention is shown in Figure 3(b). The circuit shown in
Figure 3(b) is like the one in Figure 2, except for the me-
ander shape of the electrode pattern forming the loop.
The meander shape is simply acompactway of arranging
the "long wires" forming the loop. In addition to the ca-
pacitance, another relevant element is the inductance of
the wires. The function of the additional elements (ca-
pacitance, inductance) and their respective values is to
engineer the frequency of the quantum bit to a desired
value.
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[0031] When the above-described circuit is operated
inalow noise radio-frequency environmentand at a prop-
er temperature of about 10 to 100 mK, for instance with-
out being limited thereto, said circuit operates as a quan-
tum circuit.

[0032] According to an embodiment, the quantum cir-
cuitis a quantum bit, a Superconducting Nonlinear Asym-
metric Inductive Element (SNAIL), oraquantum detector.
Preferably, the quantum circuit is a quantum bit.

[0033] Inanembodiment, the quantum bitis connected
to a microwave resonator that allows readout of the quan-
tum bit. An example of this embodiment is shown in Fig-
ures 2 and 3(a) and (b). Preferably, the microwave res-
onator is arranged on the substrate and formed by zero-
angle evaporation. In a preferred embodiment of the
present invention, the microwave resonator and the non-
linear element device and the leads comprised in the
quantum bit are formed by zero-angle evaporation as a
single layer.

[0034] According to a further aspect, the present in-
vention relates to a method of producing the above non-
linear element device comprising:

providing a substrate, and

providing an electrode pattern on the substrate by a
single step evaporation of a granular superconduc-
tive material as a single layer,

wherein the single step evaporation is carried out at
an oxygen partial pressure of 5x 10-6 mbarto 1x 10-3
mbar,

the electrode pattern having a uniform width of at
least 50 nm to 300 nm,

wherein the electrode pattern comprises a nonlinear
element in terms of a discontinuity where the elec-
trodes are laterally displaced from one another so
as to have a contact area therebetween of 150 nm2
to 1000 nm2, and where at least 80% of the cross
sections of the electrodes at the discontinuity are not
in contact with one another, and wherein the length
of the nonlinear element is about 10 nm or more.

[0035] The substrate, the granular superconductive
material, and the electrode pattern of the method of pro-
ducing the nonlinear element device correspond to the
substrate, the granular superconductive material, and
the electrode pattern of the above-described nonlinear
element device of the present invention.

[0036] Inanembodiment, a lithography step is carried
out after providing the substrate and before providing the
electrode pattern on the substrate. Preferably, in the li-
thography step, electron beam lithography (E-Beam li-
thography) is used. However, any lithography method
with sufficient resolution can be used, for example also
UV lithography comparable to industrial semiconductor
fabrication. Specifically, the substrate may be coated with
aresist. The resist is not particularly limited as long as it
can be used in combination with the desired lithography
method. For example, an EL13/PMMA-A4 stack may be
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used for electron beam lithography.

[0037] Then, the resist coated substrate is subjected
to an electron beam, for instance. Since the nonlinear
element device according to the present invention has
dimensions approaching the resolution of electron beam
lithography, producing said nonlinear element by using
electron beam lithography might be challenging due to
the resolution limit of the available electron beam lithog-
raphy processes, particularly those available in academ-
ic cleanroom facilities. In particular, the resolution of the
electron beam lithography is limited by the proximity ef-
fect: Due to a spatial broadening of the electron beam,
backscattered electrons from the substrate and interac-
tion of the electrons with the resist, the minimum expo-
sure dosage to remove the resist with the developer is
reached for a broader area than exposed by the primary
electron beam, i.e. the exposed area is broadened.
Therefore, in order to achieve the small structures in the
quantum regime of the nonlinear element device in ac-
cordance with the present invention, a gap at the desired
location of the discontinuity of the electrode pattern of
the nonlinear element device is left intentionally, i.e. not
written by the primary electron beam. Due to the broad-
ening however, the resist can be exposed such that the
parts forming the basis for the electrode pattern and, par-
ticularly, the discontinuity, of the present invention can
still be connected. An example of an exposed resist re-
sulting from employing the above-described electron
beam lithography process is schematically shown in Fig-
ure 4. The area exposed to the primary beam is indicated
by the dark lines while the light areas correspond to those
areas resulting from the broadening effect. The arrow
shows the above-mentioned gap that has been left in-
tentionally. However, in case of using other nano-fabri-
cation methodologies allowing higher resolution, the
above-mentioned gap due to the broadening effect may
be omitted.

[0038] Subsequent to development removing the ex-
posed parts of the resist, a descum cleaning step may
be performed to remove any remaining resist leftovers
of the exposed resist, water, dust etc. above the sub-
strate, which would potentially decrease the quality of
the granular superconductive material deposited there-
on. For example, for cleaning, chemical and physical
etching with argon and oxygen ions may be used.
[0039] Then, the step of providing an electrode pattern
on the substrate by evaporation of a granular supercon-
ductive material as a single layer may be performed. The
evaporation angleis preferably zero but may also be tilted
as long as a single layer can be formed, such as being
tilted by about 20°, for instance.

[0040] In the step of providing an electrode pattern on
the substrate by evaporating the granular superconduc-
tive material as a single layer, the evaporation, preferably
zero-angle evaporation, is carried out at an oxygen partial
pressure of 5X10-6 mbar to 1x 10-3 mbar, preferably of
1Xx10% mbar to 1x104 mbar.

[0041] As mentioned above, the granular supercon-
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ductive material used in the method of producing a non-
linear element device corresponds to the granular super-
conductive material of the above-described nonlinear el-
ement device. In case that the granular superconductive
material is a composite material containing metal grains
embedded in a metal oxide matrix, in the step of providing
the electrode pattern on the substrate by evaporation, a
metal is evaporated while adjusting the oxygen partial
pressure within the claimed range in order to deposit the
composite material containing metal grains embedded
in the metal oxide matrix onto the substrate. The evap-
oration may be thermal evaporation or a sputtering proc-
ess, where the metal atoms are released from a target
due to mechanical impacts of inert gas ions.

[0042] In an embodiment of the present invention, the
deposition rate during evaporation is 10 nm/s or less,
preferably 8 nm/s orless, more preferably 4 nm/s or less.
[0043] Further, according to an embodiment of the
method of producing the nonlinear element device, evap-
oration is preferably carried out for 40 seconds or less,
for 30 seconds or less or 20 seconds or less.

[0044] By appropriately adjusting the deposition rate
and the duration of evaporation, structures in the quan-
tum regime can be easily produced. Specifically, the film
thickness of the single layer obtained by the single step
evaporation is preferably less than 50 nm. When the film
thickness is less than 50 nm, the nonlinear element de-
vice can be easily keptin the quantum regime. Preferably,
the film thickness is less than 40 nm, more preferably,
less than 30 nm. Further, in an embodiment, the film thick-
ness is 15 nm or more, preferably 18 nm or more. There-
by, the film thickness can be surely kept larger than the
superconducting coherence length.

[0045] According to an embodiment, the (zero-angle)
evaporation may be carried out so that the temperature
of the substrate is in the range of from 4 K to 700 K,
preferably 100 K to 500 K. That is, the granular super-
conductive material may be evaporated onto the sub-
strate which is held at room temperature (about 290 to
300 K). However, deposition on cooled or heated sub-
strates is also possible.

[0046] Inanembodimentofthe presentinvention, after
performing the step of (zero-angle) deposition, a step of
removing remaining resist may be carried out. In said
step, the resist which was not subjected to electron beam
lithography can be removed from the substrate together
with granular superconductive material possibly depos-
ited on top thereof. The removal step may, for example,
be carried out in acetone in an ultrasonic cleaner. As a
result, the resistis completely removed while the granular
superconductive material deposited on the substrate by
the step of evaporation remains on the substrate.
[0047] Instead of the lift-off technique described
above, however, it is also possible to apply etching proc-
esses. In this case, the evaporation of the granular su-
perconductive material as a single layer is carried out
first. Afterwards, the resist is coated, followed by wet or
dry etching.
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[0048] According to a further aspect, the present in-
vention relates to a method of producing a circuit, com-
prising carrying out the above-described method of pro-
ducing the nonlinear element device, and further provid-
ing leads by evaporation such that they are connected
to the device. Preferably, the evaporation is a zero-angle
evaporation.

[0049] The leads of the method of producing a circuit
correspond to the leads of the above-described circuit of
the present invention.

[0050] In an embodiment of the method of producing
a circuit of the present invention, the zero-angle evapo-
ration is single layer zero-angle evaporation, and all parts
of the circuit are comprised in a single layer.

[0051] Accordingtothe presentinvention, by using sin-
gle layer evaporation, a nonlinear element device and a
circuit can be provided, wherein all dimensions are larger
than the superconducting coherence length, ensuring the
highest degree of protection against non-equilibrium ex-
citations. Thereby, excellent quantum coherence over
timescales of about 1 us can be achieved. This enables
the operation of coherent quantum gates on a quantum
bit comprising the circuit of the present invention. The
excellent quantum coherence is attributed to the fact that
the present invention allows engineering the nonlinearity
without suppressing superconductivity. Thus, the
present invention provides a simplified manufacture of a
nonlinear element device which canbe used as a Joseph-
son junction in a circuit having the above-mentioned ad-
vantageous properties.

[0052] The figures show:

Figure 1 shows a SEM image of an example of the
nonlinear element device according to the present
invention with a magnification of 2 X 105.

Figure 2 shows a SEM image of an example of the
circuit in accordance with the present invention on
the right side connected to a microwave resonator
located on the left, wherein the circuit comprises a
capacitance that is constituted by the leads in the
form of a finger capacitor.

Figure 3 shows (a) an optical microscope image of
a microwave resonator used for readout of a quan-
tum bit. (b) Angled SEM image of an example of the
circuit of the present invention connected to the mi-
crowave resonator. (¢) SEM image of an example of
the nonlinear element device of the present inven-
tion. (d) Equivalent circuit model of an example of
the nonlinear element device ofthe presentinvention
and leads connected thereto.

Figure 4 shows schematically an example of ex-
posed resist resulting from employing the electron
beam lithography process. The area exposed to the
primary electron beam is indicated by the dark lines
while the light areas correspond to those areas re-
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sulting from the broadening effect. The arrow shows
the gap that has been left intentionally when subject-
ing the sample to the primary electron beam.

Figure 5 shows a spectrum of a quantum bit in ac-
cordance with an embodiment of the present inven-
tion.

Figure 6 shows time domain experiments demon-
strating the lifetimes and coherence properties of a
quantum bit in accordance with an embodiment of
the present invention. (a) Energy relaxation meas-
urement. (b) Rabi oscillations revealing the two-lev-
el-nature of the quantum circuit, (c) Ramsey exper-
iment, demonstrating the ability to put the quantum
bit in a coherent superposition of the basis states.
The extracted T,* = 0.25 us combined with the fast
Rabi drive shown in (b) enables the coherent control
of the quantum bit in accordance with an embodi-
ment of the present invention.

Figure 7 shows on the left the phase of the reflection
coefficient measured versus external flux. The right
side shows the corresponding scanning electron mi-
croscope (SEM) image of the nonlinear element of
Example 1 (panel (b)) and the elements of Compar-
ative Examples 1 and 2 (panels (a) and (c)), taken
after the cooldown (in order not to corrupt/contami-
nate the sample).

[0053] The present invention is more specifically ex-
plained below by examples. However, the present inven-
tion is not limited to those examples.

EXAMPLES

Example 1

Fabrication of a resonator-qubit system:

[0054] In afirst step, a double-sided EPI polished sap-
phire wafer (C-plane sapphire) is coated with a first resist
layer of PMMA/MAA copolymer EL13 (copolymer of
polymethyl methacrylate and methyl methacrylate; 13%
solids dissolved in ethyl lactate) under the following con-
ditions:

- Spin parameters: 1000 rpm/s acceleration, spin
speed 2000 rpm, spin time 100 s;
- Baking on hot plate: 200°C, 5 min.

[0055] Thereafter, a secondresistlayer is provided us-
ing 950PMMA (A4, 4% solids dissolved in anisole) under
the following conditions:

- Spin parameters: 1000 rpm/s acceleration, spin
speed 2000 rpm, spin time 100 s;
- Baking on hot plate: 200°C, 5 min.
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[0056] An antistatic layer is deposited thereon by chro-
mium evaporation at a thickness of 20 nm.

[0057] Afterwards, E-Beam lithography is performed
using an E-Beam writer VB6 UHR-EWF at an accelera-
tion voltage of 100 kV. Subsequent to the development
removing the exposed parts of the resist using a chromi-
um etch for 60 s and a spray development of methyl iso-
butyl ketone-isopropyl alcohol (1:3) for 40 s, a descum
cleaning step is performed to remove any remaining re-
sist leftovers, water, dust etc. above the bare sapphire
wafer. The cleaning is done for 15 s by chemical and
physical etching with argon and oxygen ions, generated
by a Kaufman ion source (oxygen flow: 1 sccm (standard
cubic centimeters per minute), argon flow: 10 sccm, dis-
charge voltage: 40 V, beam voltage: 200V, beam current:
15 mA).

[0058] In the next step, a 20 nm thick granular alumi-
num film is deposited onto the wafer by thermal evapo-
ration of aluminum (about 1 nm/s) in an oxygen atmos-
phere inside a Prevac shadow evaporation system. In
this step, after titanium gettering (0.2 nm/s for 2 min with
shutter closed, then 3 min waiting time), the oxygen flow
(which forms a dynamic equilibrium between insertion of
oxygen and removal with the turbo pump) and the alu-
minum deposition rate are the tuning knobs that need to
be controlled for a reliable deposition of granular alumi-
num, i.e. a reliable normal state resistivity. The oxygen
flow was 9 sccm.

[0059] In a lift-off process, the remaining resist is re-
moved from the wafer together with the granular alumi-
num film on top (5 minutes in acetone in an ultrasonic
cleaner at 60°C, then immersion in ethanol and blow dry-
ing with a nitrogen gun).

[0060] The obtained resonator-qubit circuit is shown in
Figure 3. As shown in Figure 3(c) and Figure 7(b), the
length of the nonlinear element was about 20 nm resulting
in a contact area of about 400 nm2. Further, at least 80%
of the cross sections of the electrodes at the discontinuity
are not in contact with one another.

Device parameters

[0061] The parameters of the obtained device (quan-
tum bit) are analyzed under the following conditions:

- Fluxonium Inductance: 96 nH
- Fluxonium Capacitance: 1.1 fF
- Fluxonium Junction Josephson Energy: 120 GHz

[0062] Figure 5 is measured using a vector network
analyzer to monitor the readout resonator and an addi-
tional microwave generator to probe the qubit frequency.
The dependency of the transition frequency on external
flux embodies typical features of a flux quantum bit spec-
tra, first and foremost a parabolic minimum at a suitable
operation frequency in the low GHz regime.

[0063] The time domain data in Figure 6 is measured
using an arbitrary waveform generator to send pulsed
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microwave signals to the qubitand resonator. The results
shown in Figure 6 demonstrate the lifetimes and coher-
ence properties of the quantum bit of Example 1. The
dashed line in Fig. 6(a) represents an exponential fit to
the data from which a T, decay time on the order of tens
of us was extracted. Rabi oscillations shown in Fig. 6(b)
reveal the two-level-nature of the quantum circuit. A si-
nusoidal fit with exponential envelope yields a Rabi fre-
quency of 11 MHz and a negligible decay over a times-
cale of 0.5 us. Fig. 6(c) shows a Ramsey experiment,
demonstrating the ability to put the quantum bit in a co-
herent superposition of the basis states. The extracted
T,* = 0.25 us combined with the fast Rabi drive shown
in (b) enables the coherent control of the quantum bit in
accordance with the present invention.

Comparative Example 1

[0064] An element was obtained in the same manner
as in Example 1 except that the position of the primary
electron beam during E-Beam lithography was shifted
compared to the respective position in Example 1.
[0065] The obtained element is shown in Figure 7(a),
right side. The length of the nonlinear element (indicated
by the arrows) was 50 nm. The resulting element, how-
ever, did not fulfill the feature that at least 80% of the
cross sections of the electrodes at the discontinuity are
not in contact with one another.

Comparative Example 2

[0066] An element was obtained in the same manner
as in Example 1 except that the position of the primary
electron beam during E-Beam lithography was shifted
compared to the respective position in Example 1.
[0067] The obtained element is shown in Figure 7(c),
right side. As shown in the figure, the electrodes are in-
terrupted, i.e. they do not have a contact area.

[0068] Figure 7, left side, is measured using a vector
network analyzer. It shows measured readout resonator
flux sweeps indicating a successful prototype (panel (b),
a nonlinear element in accordance with that produced in
Example 1) and failed prototypes (panels (a) and (c) re-
lating to the elements of Comparative Examples 1 and
2, respectively). The sample is coated with gold for SEM
imaging in (a) leading to the visible grainy structure. The
samples in (b) and (c) are coated with carbon, which does
not add structure to the images.

(a) The resonator frequency does notdepend on ex-
ternal flux in this field range, because the contact of
the cross sections of the electrodes at the disconti-
nuity is too large (i.e. the element does not fulfill that
at least 80% of the cross sections of the electrodes
at the discontinuity are not in contact with one an-
other). Therefore, the element is too linear and no
tunneling occurs.

(b) The flux sweep shows periodic avoided level-
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crossings, which are the signature of a functional
qubit attached to the resonator. The nonlinear ele-
ment of Figure 7(b) has a contact area of 400 nm2,
a length ¢ of about 20 nm and at least 80% of the
cross sections of the electrodes at the discontinuity
are not in contact with one another.

(c) The resonator frequency does not depend on ex-
ternal flux in this field range because the electrodes
ofthe element are interrupted, the external field does
not influence the resonator via the attached loop.

Claims

A nonlinear element device comprising:

a substrate, and

an electrode pattern arranged on the substrate,
wherein the electrode pattern is formed by a sin-
gle step evaporation of a granular superconduc-
tive material as a single layer,

the electrode pattern having a uniform width of
at least 50 nm to 300 nm,

wherein the electrode pattern comprises a non-
linear element in terms of a discontinuity where
the electrodes are laterally displaced from one
another so as to have a contact area therebe-
tween of 150 nm2 to 1000 nm2, and where at
least 80% of the cross sections of the electrodes
at the discontinuity are not in contact with one
another, and

wherein the length of the nonlinear element is
about 10 nm or more.

The nonlinear element device according to claim 1,
wherein the granular superconductive material is a
composite material containing metal grains embed-
ded in a metal oxide matrix.

The nonlinear element device according to claim 2,
wherein the metal grains have a grain size in the
range of from 1 nm to 10 nm.

The nonlinear element device according to claim 2
or 3,

wherein the metal in the metal grains and in the metal
oxide matrix is aluminum.

The nonlinear element device according to any one
of claims 1 to 4,
wherein the substrate is sapphire or silicon.

The nonlinear element device according to any one
of claims 1 to 5,

wherein the electrode pattern has a height of less
than 50 nm as measured from the surface of the
substrate to the surface of the electrode pattern
which is opposite the surface of the substrate.
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7.

10.

1.

12.

13.

A circuit comprising the nonlinear element device
according to any one of claims 1 to 6, and
leads connected to the device.

Use of the circuit according to claim 7 as a quantum
circuit.

A method of producing a nonlinear element device
comprising:

providing a substrate, and

providing an electrode pattern on the substrate
by a single step evaporation of a granular su-
perconductive material as a single layer,
wherein the single step evaporation is carried
outatan oxygen partial pressure of 5x 10-6 mbar
to 1x10-3 mbar,

the electrode pattern having a uniform width of
at least 50 nm to 300 nm,

wherein the electrode pattern comprises a non-
linear element in terms of a discontinuity where
the electrodes are laterally displaced from one
another so as to have a contact area therebe-
tween of 150 nm2 to 1000 nmZ2, and where at
least 80% of the cross sections of the electrodes
at the discontinuity are not in contact with one
another, and

wherein the length of the nonlinear element is
about 10 nm or more.

The method of producing a nonlinear element device
according to claim 9, wherein the deposition rate dur-
ing evaporation is 10 nm/s or less.

The method of producing a nonlinear element device
according to claim 9 or 10, wherein the evaporation
is carried out at an evaporation angle of about zero
degrees.

A method of producing a circuit, comprising carrying
out the method of producing a nonlinear element de-
vice according to any one of claims 9 to 11, and
further providing leads by evaporation such that they
are connected to the device.

The method of producing a circuit according to claim
12, wherein the evaporation is single layer zero-an-
gle evaporation, and

all parts of the circuit are comprised in a single layer.
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