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SUPERCONDUCTING COMPLEX QUANTUM
COMPUTING CIRCUIT

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims priority to Japanese Patent Appli-
cation No. 2018-191287, filed on Oct. 9, 2018, the content
of which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a superconducting com-
plex quantum computing circuit.

BACKGROUND OF THE INVENTION

Research and development for a technology related to a
quantum computer are being performed. In the technology
related to the quantum computer, a method for performing a
two-quantum bit gate operation 1n the quantum computer
using a superconducting quantum bit 1s known (see Patent
Documents 1 and 2).

CITATION LIST

Patent Document 1: U.S. Pat. No. 7,613,765.
Patent Document 2: U.S. Patent Application Publication No.
2016/0380636.

SUMMARY OF THE INVENTION

Technical Problem

A quantum circuit according to the related art, which 1s
developed for realization of a quantum computer using a
superconducting circuit, has a circuit configuration in which
it 1s diflicult to completely turn off an unnecessary interac-
tion between quantum bits required for operations. In a case
where there 1s a residual 1interaction when the 1nteraction 1s
turned ofl, an error generated 1n the quantum bits propagates
to surroundings and causes diffusion in addition to the
residual 1interaction itself causing a control error of the
quantum bits. The fact that the residual interaction itself
causes the control error of the quantum bits and that the error
generated 1n the quantum bits propagates and diffuses to the
surroundings becomes a critical 1ssue in 1implementation of
the quantum computer having error tolerance, and at the
same time, becomes a critical 1ssue that leads to a decrease
in computational accuracy and precision of approximated
computation without having the error tolerance.

The present invention has been made 1n view of the above
1ssues, and provides a superconducting complex quantum
computing circuit which can suppress the interaction and the
crosstalk among the quantum bits.

Solution to Problem

The present mnvention has been made to solve the above-
mentioned problem, and according to one aspect of the
present invention, there 1s provided a superconducting com-
plex quantum computing circuit including: a circuit sub-
strate 1n which a wiring pattern of a circuit element, which
includes a quantum bit and a measurement electrode for
observing a state of the quantum bit, and a ground pattern
which 1s at a ground potential are formed on the substrate
surface, and that includes a through-substrate electrode
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2

which connects the ground pattern formed on a first surface
of the substrate surface and the ground pattern formed on a
second surface, which 1s a surface opposite the first surface,
inside the substrate; first ground electrodes that include a
first contact portion which 1s 1n contact with the ground
pattern formed on the first surface of the circuit substrate,
and a first non-contact portion which has a shape corre-
sponding to a shape of the wiring pattern formed on the first
surface; a second ground electrode that includes a second
contact portion which 1s 1n contact with the ground pattern
formed on the second surface of the circuit substrate; a
control signal line that 1s provided with a contact spring pin
at a tip, the pin being 1n contact with a position correspond-
ing to the quantum bit to press the first surface of the circuit
substrate against the first ground electrode or to press the
second surface of the circuit substrate against the second
ground electrode; and a pressing member that presses the
first ground electrode against the first surface of the circuit
substrate or presses the second ground electrode against the
second surface of the circuit substrate, in which the first
ground electrode 1s 1n contact with the ground pattern via a
first extension portion formed by a superconductor having
extensibility higher than extensibility of the ground pattern,
and the second ground electrode 1s 1n contact with the
ground pattern via a second extension portion formed by a
superconductor having extensibility higher than the exten-
sibility of the ground pattern.

Further, according to one aspect of the present invention,
the superconducting complex quantum computing circuit
further includes the pressing member that presses the first
ground electrode against the first surface of the circuit
substrate or presses the second ground electrode against the
second surface of the circuit substrate, in which the first
ground electrode 1s 1n contact with the ground pattern via a
first extension portion formed by a superconductor having
extensibility higher than the extensibility of the ground
pattern, and the second ground electrode 1s 1n contact with
the ground pattern via a second extension portion formed by
a superconductor having extensibility higher than the exten-
sibility of the ground pattern.

Further, according to one aspect of the present invention,
in the superconducting complex quantum computing circuit,
the quantum bit includes a first electrode that has a first
coupling capacitance with a ground portion, and a second
clectrode that has a second coupling capacitance with a
ground portion larger than the first coupling capacitance and
that 1s connected to the first electrode by a Josephson
junction.

Further, according to one aspect of the present invention,
in the superconducting complex quantum computing circuit,
the circuit substrate imcludes, at a quantum bit correspon-
dence position, which 1s a position of the second surface,
corresponding to a position of the quantum bit included 1n
the wiring pattern formed on the first surface, a central
clectrode, a surrounding electrode that surrounds the sur-
roundings of the central electrode, and a connection elec-
trode that connects the central electrode and the surrounding
clectrode.

Further, according to one aspect of the present invention,
in the superconducting complex quantum computing circuit,
a control signal line i1s further included that supplies a
control signal to the quantum bit and that i1s arranged 1nside
the first non-contact portion included in the first ground
clectrode at a position corresponding to a position of the
quantum bit included 1n the wiring pattern formed on the
first surface or 1nside a second non-contact portion included
in the second ground electrode at a position corresponding
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to a quantum bit correspondence position, which 1s a posi-
tion of the second surface corresponding to the position of
the quantum bit included 1n the wiring pattern formed on the
first surface.

Further, according to one aspect of the present invention,
in the superconducting complex quantum computing circuit,
the first non-contact portion and the second non-contact
portion have a width and a height with sizes smaller than a
wavelength of the control signal.

Further, according to one aspect of the present invention,
in the above-mentioned superconducting complex quantum
computing circuit, a frequency band of the control signal 1s
a microwave band.

Advantageous Effects of the Invention

According to the present invention, 1t 1s possible to
suppress 1nteraction and crosstalk between quantum bits.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram showing an example of a configura-
tion of a superconducting complex quantum computing
circuit according to an embodiment of the present invention.

FIG. 2 15 a top view of an observation area of a substrate
surface according to the embodiment of the present inven-
tion.

FIG. 3 1s a diagram showing an example of a first
non-contact portion and a {irst contact portion according to
the embodiment of the present invention.

FI1G. 4 1s a diagram showing an example of a quantum bit
according to the embodiment of the present invention.

FIG. 5 1s a diagram showing an example of a first
equivalent circuit according to the embodiment of the pres-
ent 1nvention.

FIG. 6 15 a diagram showing an example of a filter pattern
according to the embodiment of the present invention.

FIG. 7 1s a diagram showing an example of a second
equivalent circuit according to the embodiment of the pres-
ent 1nvention.

FIG. 8 1s a diagram showing an example of a relationship
of a current flowing through a third capacitor according to
the embodiment of the present invention with respect to a
frequency of a control current.

FI1G. 9 1s a diagram showing an example of a cross section
of a part of the quantum b1t of the superconducting complex
quantum computing circuit according to the embodiment of
the present invention.

FIG. 10 1s a diagram showing an example of a supercon-
ducting resonator and an observation electrode according to
the embodiment of the present invention.

FIG. 11 1s a diagram showing an example of a cross
section of a part of the observation electrode of the super-
conducting complex quantum computing circuit according
to the embodiment of the present invention.

FIG. 12 1s a diagram showing an example of a quantum
bit according to a modified example of the present invention.

FI1G. 13 1s a diagram showing an example of the quantum
bit according to the modified example of the present inven-
tion.

FI1G. 14 1s a diagram showing an example of the quantum
bit according to the modified example of the present inven-
tion.

FIG. 15 1s a diagram showing an example of the quantum
bit according to the modified example of the present inven-
tion.
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FIG. 16 15 a diagram showing an example of the quantum
bit according to the modified example of the present inven-

tion.

FIG. 17 1s a diagram showing an example of the quantum
bit according to the modified example of the present inven-
tion.

FIG. 18 15 a diagram showing an example of the quantum
bit according to the modified example of the present inven-
tion.

FIG. 19 1s a diagram showing an example of a filter
pattern according to the modified example of the present
invention.

FIG. 20 1s a diagram showing an example of the filter
pattern according to the modified example of the present
invention.

FIG. 21 1s a diagram showing an example of the filter
pattern according to the modified example of the present
invention.

DESCRIPTION OF EMBODIMENTS OF TH.
INVENTION

T

Hereiatter, embodiments of the present invention will be
described 1n detail with reference to the accompanying
drawings. FIG. 1 1s a diagram showing an example of a
configuration of a superconducting complex quantum com-
puting circuit QC according to the present embodiment. The
superconducting complex quantum computing circuit QC
includes a circuit substrate 1, a first ground electrode 2, and
a second ground electrode 3. The circuit substrate 1 1s
sandwiched between the first ground electrode 2 and the
second ground electrode 3.

A side where the first ground electrode 2 1s provided 1is
referred to as an upper side when viewed from the circuit
substrate 1, and a side where the second ground electrode 3
1s provided 1s referred to as a lower side when viewed from
the circuit substrate 1.

The circuit substrate 1 1s, for example, a dielectric sub-
strate such as silicon. In the circuit substrate 1, a wiring
pattern CP of a circuit element and a ground pattern GP are
formed by a superconducting film on a substrate surface S of
the dielectric substrate such as silicon. In a case where a
material of the circuit substrate 1 1s silicon, the circuit
substrate 1 1s provided at a temperature lower than a
predetermined temperature, and the silicon 1s a dielectric.

The wiring pattern CP includes a quantum bit 4, an
observation electrode 8 for observing a state of the quantum
bit 4, a superconducting resonator 7, and a capacitor 9. In
FIG. 1, as an example of the quantum bit 4, quantum bits 4-1
to 4-6 are shown. In FIG. 1, as an example of the super-
conducting resonator 7, superconducting resonators 7-1 to
7-4 are shown. In FIG. 1, as an example of the capacitor 9,
capacitors 9-1 to 9-4 are shown.

The ground pattern GP 1s at a ground potential. The
ground pattern GP includes a first ground pattern GP1 and
a second ground pattern GP2. The first ground pattern GP1
1s formed on a first surface S1 on the upper side of the
substrate surface S. A second ground pattern GP2 1s formed
on a second surface S2 which 1s a surface opposite the first
surface S1. The first ground pattern GP1 includes a substrate
top surface ground electrode 11. In FIG. 1, as an example of
the substrate top surface ground electrode 11, substrate top
surface ground electrodes 11-1 to 11-4 are shown.

A through-electrode 10 connects the first ground pattern
GP1 formed on the first surface S1 of the circuit substrate 1
to the second ground pattern GP2 formed on the second
surface S2, which 1s the surface opposite the first surface S1,
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inside the substrate. The first ground pattern GP1 1s 1n
clectrical contact with the second ground pattern GP2
through the through-electrode 10. In FIG. 1, as an example
of the through-electrode 10, a through-electrode 10-1 and a
through-electrode 10-2 are shown.

Further, a quadrangular area having four adjacent quan-
tum bits 4, such as quantum bits 4-1 to 4-4, as vertices on the
substrate surface S of the circuit substrate 1 1s referred to as
an observation area X. In FIG. 1, as an example of the
observation area X, an observation area X1 and an obser-
vation area X2 are shown.

A quadrangular area having four adjacent quantum bits 4,
such as the quantum bit 4-4, the quantum bit 4-3, a quantum
bit 4-5, and a quantum bit 4-6, which are adjacent to each
other, as vertices on the dielectric substrate of the circuit
substrate 1 1s referred to as a gap ground area Y. In FIG. 1,
as an example of the gap ground area Y, a first gap ground
area Y1 and a first gap ground area Y2 are shown.

On the substrate surface S, a pattern having the observa-
tion area X and the gap ground area Y surrounding the
observation area X 1s repeated. In FIG. 1, a part of the
pattern 1s shown.

As described above, 1n the circuit substrate 1, the wiring
pattern CP of the circuit element, which includes the quan-
tum bit 4 and the observation electrode 8 for observing the
state of the quantum bit 4, and the ground pattern GP, which
1s at the ground potential, are formed on the substrate surface
S. The circuit substrate 1 includes the through-electrode 10
which connects the first ground pattern GP1 formed on the
first surface S1 of the substrate surface S and the second
ground pattern GP2 formed on the second surface S2, which
1s the surface opposite the first surface S1, inside the
substrate.

The superconducting film 1s formed on the first ground
clectrode 2 after an etching process i1s performed on a
surface facing the substrate surface S in accordance with the
wiring pattern CP on the substrate surface S. A first non-
contact portion 20 1s formed 1n the first ground electrode 2
by the etching process.

The first non-contact portion 20 1s not in contact with the
first surface S1 of the substrate surface S. A distance
between the first non-contact portion 20 and the first surface

S1 1s, for example, several tens to several hundreds of

microns 1n a case where a control signal frequency 1s about
10 GHz. A width and a height of the first non-contact portion
20 (the same as a second non-contact portion 30) have sizes
smaller than a wavelength of the control signal. The first
non-contact portion 20 has a shape corresponding to a shape
of the wiring pattern CP formed on the first surface S1 of the
substrate surface S.

On the other hand, the first ground electrode 2 1s provided
with a first contact portion 21 as a part of the surface of the
first ground electrode 2 facing the substrate surface S other
than the first non-contact portion 20.

The first contact portion 21 1s in contact with the first
ground pattern GP1 formed on the first surface S1 of the
circuit substrate 1 via a top surface superconducting micro
bump 12-1. The top surface superconducting micro bump
12-1 1s, for example, a superconductor having extensibility
higher than extensibility of the ground pattern GP. The top

surface superconducting micro bump 12-1 1s an example of

a first extension portion 12.

Here, 1n the present embodiment, the extensibility 1s a
property ol malleability or ductility, or both malleability and
ductility. In FIG. 1, as an example of the first contact portion
21, a first contact portion 21-1, a first contact portion 21-2,
and a first contact portion 21-3 are shown.
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As described above, the first ground electrode 2 1s 1n
contact with the ground pattern GP via the first extension
portion 12 formed by the superconductor having the exten-
sibility higher than the extensibility of the ground pattern
GP.

Here, the first non-contact portion 20 and the first contact

portion 21 will be described with reference to FIGS. 2 and
3.

FIG. 2 1s a top view of the observation area X1 of the
substrate surface S according to the present embodiment.

In FIG. 2, as an example of the first non-contact portion
20, a first non-contact portion 20-3, a first non-contact
portion 20-4, a first non-contact portion 20-35, and a first
non-contact portion 20-6 are shown.

FIG. 3 1s a diagram showing an example of the first
non-contact portion 20 and the first contact portion 21
according to the present embodiment. In FIG. 3, as an
example of the first contact portion 21, first contact portions
21-1 to 21-12 are shown. The first non-contact portion 20 1s
a portion excluding the first contact portion 21, and 1is
formed by performing the etching process as described
above. In FIG. 3, as an example of the first non-contact
portion 20, a first non-contact portion 20-1 and a first
non-contact portion 20-2 are shown.

As described above, the first ground electrode 2 includes
the first contact portion 21 which 1s 1n contact with the first
ground pattern GP1 formed on the first surface S1 of the
circuit substrate 1, and the first non-contact portion 20 which
has a shape corresponding to the shape of the wiring pattern
CP formed on the first surface S1.

Returning to FIG. 1, description of the superconducting
complex quantum computing circuit QC 1s continued.

The quantum bit 4 1s a superconducting quantum bit
formed on a superconducting thin film. Here, the quantum
bit 4 will be described with reference to FIGS. 4 and 5.

FIG. 4 1s a diagram showing an example of the quantum
bit 4 according to the present embodiment. The quantum bt
4 1ncludes an mner disk 40, an outer ring 41, a Josephson
junction 42, a quantum bit hand portion 43-1, and a quantum
bit hand portion 43-2. Each of the mner disk 40, the outer
ring 41, the quantum bit hand portion 43-1 and the quantum
bit hand portion 43-2 1s a metal electrode.

The mner disk 40 and the outer ring 41 form concentric
metal electrodes. The mner disk 40 and the outer ring 41 are
joined by the Josephson junction 42. The outer ring 41 1s
connected to the quantum bit hand portion 43-1, the quan-
tum bit hand portion 43-2, a quantum bit hand portion 43-3,
and a quantum bit hand portion 43-4. In FI1G. 4, the quantum
bit hand portion 43-3 and the quantum bit hand portion 43-4
are not shown.

The surroundings of the outer ring 41 are surrounded by
the substrate top surface ground electrode 11. The substrate
top surface ground electrode 11-1 and the substrate top
surface ground electrode 11-2 are examples of the substrate
top surface ground electrode 11.

Here, a first equivalent circuit 4C, which 1s an equivalent
circuit of the quantum bit 4, will be described with reference
to FIG. 5.

FIG. § 1s a diagram showing an example of the first
equivalent circuit 4C according to the present embodiment.
A capacitor Cdq 1s formed between the mner disk 40 and the
outer ring 41 which are the concentric metal electrodes. In
the first equivalent circuit 4C, a non-linear LC resonator
LCR 1s formed by the capacitor Cdqg and an inductor derived
from the Josephson junction 42. The capacitor Cdq has a
capacitance (Cq.
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The first ground electrode 2, the second ground electrode
3, the substrate top surface ground electrode 11, and a
substrate bottom surface ground electrode 13 are collec-

[

tively referred to as a ground portion GE.

A first capacitor Cd1 1s formed between the mner disk 40
and the ground portion GE. The first capacitor Cd1 has a first
capacitance C1. The first capacitance C1 1s mainly deter-
mined by a distance between the inner disk 40 and the
substrate top surface ground electrode 11. In the example of
FIG. 4, the distance between the inner disk 40 and the
substrate top surface ground electrode 11 1s determined by a
radius of the mner disk 40.

A second capacitor Cd2 1s formed between the outer ring
41 and the ground portion GE. The second capacitor Cd2 has
a second capacitance C2. The second capacitance 1s mainly
determined by a distance between the outer ring 41 and the
substrate top surface ground electrode 11. The distance
between the outer ring 41 and the substrate top surface
ground electrode 11 1s determined by a radius of the outer
ring 41.

An unnecessary radiation electric field E may be gener-
ated between the quantum bit 4 and the first ground electrode
2 or between the quantum bit 4 and the ground portion GE.
An unnecessary radiation electric field E1 1s an example of
the unnecessary radiation electric field E between the quan-
tum bit 4 and the ground portion GE. An unnecessary
radiation electric field E2 1s an example of the unnecessary
radiation electric field E between the quantum bit 4 and the
ground portion GE.

In the quantum bit 4, the radius of the inner disk 40 and
the radius of the outer ring 41 are determined based on a
condition that the second capacitance C2 1s larger than the
first capacitance C1. In the quantum bit 4, the radius of the
outer ring 41 1s increased so that the second capacitance C2
1s larger than the first capacitance Cl1.

In the quantum bit 4, since the second capacitance C2 1s
larger than the first capacitance C1, fluctuation of a potential
due to the unnecessary radiation electric field E 1s propa-
gated to the ground portion GE via the outer ring 41. That
1s, the second capacitor Cd2 functions as a so-called bypass
condenser.

Since the fluctuation of the potential due to the unneces-
sary radiation electric field E 1s propagated to the ground
portion GE wvia the outer ring 41, a potentlal difference
between the mner disk 40 and the outer ring 41 1s hardly
allected by the fluctuation of the potential due to the
unnecessary radiation electric field E, compared to a case
where the second capacitance C2 1s not larger than the first
capacitance C1. Here, 1t 1s necessary that the potential
difference between the inner disk 40 and the outer ring 41 be
stable with respect to the unnecessary radiation electric field
E so that the quantum bit 4 functions as an element for
recording bit information.

As described above, the quantum bit 4 includes the inner
disk 40 which has the first capacitance C1 with the ground
portion GE, and the outer ring 41 which has the second
capacitance C2 with the ground portion GE larger than the
first capacitance C1, and which 1s connected to the inner disk
40 by the Josephson junction 42.

Returming to FIG. 1, description of the configuration of
the superconducting complex quantum computing circuit
QC 1s continued.

The second ground electrode 3 1s an aluminum electrode,
as an example. The second ground electrode 3 includes the
second non-contact portion 30 and a second contact portion

31.
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The second non-contact portion 30 1s not 1n contact with
the second surface S2 which 1s a surface on a lower side of
the substrate surface S of the circuit substrate 1. The second
ground electrode 3 includes the second non-contact portion
30 at a position corresponding to a quantum bit correspon-
dence position. Here, a quantum bit correspondence position
1s a position of the second surface S2 corresponding to the
position of the quantum bit 4 1included 1n the wiring pattern
CP formed on the first surface S1 which 1s a surface on an
upper side of the substrate surface S of the circuit substrate
1. In FIG. 1, as an example of the second non-contact portion
30, a second non-contact portion 30-1 and a second non-
contact portion 30-2 are shown.

The second contact portion 31 1s 1n contact with the
second ground pattern GP2 formed on the second surface S2
via a second extension portion 14. Here, the second exten-
sion portion 14 1s a superconductor such as indium having
extensibility higher than the extensibility of the ground
pattern GP. The second extension portion 14 includes a
conductive contact portion 14-1 and a conductive contact
portion 14-2, which will be described later.

That 1s, the second ground electrode 3 1s 1n contact with
the ground pattern GP via the second extension portion 14
formed by the superconductor having extensibility higher
than the extensibility of the ground pattern GP.

In the second non-contact portion 30, a control signal line
5 1s arranged to extend in a direction perpendicular to the
second surface S2 from the lower side. The control signal
line 5 has two types including a control signal line SA and
an observation signal line SB. The control signal line 5A 1s
the control signal line 5 for transmitting a control signal to
the quantum bit 4.

The observation signal line 5B i1s the control signal line 5
for fetching an observation result of the state of the quantum
bit 4 as a signal (referred to as an observation signal). The
observation signal 1s generated by retlecting the observation
result of the state of the quantum bit 4 by transmitting a
probe signal through the observation signal line 5B and
reflecting the probe signal on the second surface S2 of the
observation electrode 8.

Microwaves 1 a 4 to 12 gigahertz band are usually used
as the control signal and the observation signal, as an
example. That 1s, 1n the superconducting complex quantum
computing circuit QC, a frequency band of the control signal
1s the microwave band.

A control current, which 1s the control signal of the
quantum bait, 1s propagated to the control signal line SA and
flows 1nto a filter pattern 6 formed on the substrate bottom
surface ground electrode 13 by a contact spring pin 50A
which 1s provided at a tip of the control signal line 5A. The
control current tflowing into the filter pattern 6 formed on the
second surface S2, which 1s a surface on a lower side of the
circuit substrate 1, 1s circulated to the substrate bottom
surface ground electrode 13 after passing through several
thin wires from the filter pattern 6 formed on the second
surface S2.

As described above, the second ground electrode 3
includes the second contact portion 31 which 1s in contact
with the second ground pattern GP2 formed on the second
surtace S2 of the circuit substrate 1.

Further, the control signal line 5 i1s arranged inside the
second non-contact portion 30 included in the second
ground electrode 3 at a position corresponding to the quan-
tum bit correspondence position, which is the position of the
second surface S2 corresponding to the position of the
quantum bit 4 included 1n the wiring pattern CP formed on
the first surface S1, and supplies the control signal to the
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quantum bit 4. The control signal line 5 1s arranged 1n a
direction perpendicular to the substrate surface S of the
circuit substrate 1 on which the quantum bit 4 1s arranged.
That 1s, the control signal line 5 1s arranged based on a
three-dimensional structure.

Here, the filter pattern 6 will be described with reference
to FIGS. 6 and 7.

FIG. 6 1s a diagram showing an example of the filter
pattern 6 according to the present embodiment. The filter
pattern 6 1s provided at the quantum bit correspondence
position which 1s the position of the second surface S2
corresponding to the position of the quantum bit 4. The filter
pattern 6 includes a central electrode 60 and a connection
clectrode 62. The central electrode 60 1s a circular electrode.
The central electrode 60 1s surrounded by the substrate
bottom surface ground electrode 13 via a gap portion 61. The
central electrode 60 and the substrate bottom surface ground
clectrode 13 are connected via the connection electrode 62.
Here, the connection electrode 62 1s a thin wire-shaped
metal electrode having a width of several tens of microm-
eters.

In FIG. 6, gap portions 61-1 to 61-4 are examples of the
gap portion 61. In FI1G. 6, connection electrodes 62-1 to 62-4
are examples of the connection electrode 62.

Here, a second equivalent circuit 4Ca, which 1s an equiva-
lent circuit of the quantum bit 4 1n a case where the filter
pattern 6 1s included, will be described with reference to
FIG. 7.

FIG. 7 1s a diagram showing an example of the second
equivalent circuit 4Ca according to the present embodiment.
In a case where the second equivalent circuit 4Ca (FIG. 7)
1s compared with the first equivalent circuit 4C (FIG. 5), the
control signal line 5A, an inductor Ids, and a third capacitor
Cdc are different, and functions of other components (the
first capacitor Cdl, the second capacitor Cd2, the LC
resonator LCR, the mner disk 40, the outer nng 41, the
quantum bit hand portion 43-1, the quantum bit hand portion
43-2, and the ground portion GE) are the same. In FIG. 7,
parts which are different from the first equivalent circuit 4C
in FIG. 5 will be mainly described.

The third capacitor Cdc 1s formed between the control
signal line SA and the 1inner disk 40. The third capacitor Cdc
has a third capacitance Cc.

The connection electrode 62 forms the imnductor Ids pro-
vided 1n parallel with the third capacitor Cdc. The imnductor
Ids connects the control signal line 5A and the ground
portion GE. The inductor Ids has an inductance Ls.

A drive electric field ED 1s an electric field generated by
the control current flowing through the control signal line
S5A.

The inductor Ids, the third capacitance Cc, the first
capacitor Cdl, and the second capacitor Cd2 form a high-
pass filter. Here, since the second capacitance C2 of the
second capacitor Cd2 1s sufliciently larger than the first
capacitance C1 of the first capacitor Cdl, the second capaci-
tor Cd2 almost has an eflect, compared to an eflect of the
first capacitor Cdl1, on the first capacitor Cd1 and the second
capacitor Cd2 of the high-pass filter. The high-pass filter
passes a signal at a frequency sufliciently higher than the
microwave band to the outside of the control signal line 5A
or the like. As described above, the microwaves are used as
the control signal of the quantum bit 4. The inductor Ids
suppresses energy ol the quantum bit 4 from leaking to the
outside.

Here, an effect of the connection electrode 62, which 1s
the inductor 1ds, will be described.
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The control current supplied from the control signal line
5A 1s defined as a control current I, a current component of
the control current I tlowing to a side of the third capacitor
Cdc 1s defined as a current Ic, and a current component of
the control current I flowing to a side of the inductor Ids 1s
defined as a current IL. A magnitude of the control current
I 1s defined as a magnitude 1, a magnitude of the current Ic
1s defined as a magnitude 1C, and a magnitude of the current
IL 1s defined as a magnitude 1L.

In a case where the inductance Ls of the inductor Ids 1s
infinite, the magnitude 1L of the current IL becomes zero,
and the magnitude 1C of the current Ic becomes equal to the
magnitude 1 of the control current I. In a case where the LC

resonator LCR resonates, a magnitude of a parallel imped-
ance becomes zero.

The current flowing through the LC resonator LCR 1s the
current component that flows to a side of the second capaci-
tor Cd2 of the current component of the current Ic that flows
to a side of the first capacitor Cd1 and the current component
that flows to the side of the second capacitor Cd2. A
magnitude of the current flowing through the LC resonator
LCR 1s represented as in Equation (1).

1 (1)
Cy ; ¢z,
1 1 ¢ Cl+Cg ¢

__I__
¢, (O

In a case where the inductance Ls becomes small, the
magnitude 1L of the current IL increases and the magmitude
1C of the current Ic decreases. Therefore, according to the
above Equation (1), imn a case where the inductance Ls

becomes small, the magnitude of the current flowing
through the LC resonator LCR decreases.

Here, the magnitude 1 of the control current I 1s repre-
sented as 1n Equation (2).

(2)

1 1
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In a case where the second capacitance C2 1s sufliciently
larger than the third capacitance Cc, the magnitude 1 of the
control current I 1s represented as in Equation (3) based on
Equation (2).

(3)

In a case where the second capacitance C2 1s sufliciently
larger than the third capacitance Cc, the magnitude 1C of the
current Ic 1s represented as 1n Equation (4) based on Equa-

tion (3).
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Here, a relationship between the control current I of the
current Ic flowing through the third capacitor Cdc with
respect to a frequency o will be described with reference to
FIG. 8.

FIG. 8 1s a diagram showing an example of the relation-
ship between the control current I of the current Ic flowing
through the third capacitor Cdc with respect to the frequency
m according to the present embodiment. A graph G1 shows
a logarithm of the magnitude 1C of the current Ic with
respect to a logarithm of the frequency w of the control
current 1. Here, on a horizontal axis of the graph G1, the
frequency w of the control current I 1s standardized by a
resonance frequency of the LC resonator of the inductor Ids
and the third capacitor Cdc.

Here, the resonance frequency of the LC resonator LCR
1s represented in Equation (5).

1 1
7 J(Ca+C) L

(3)

The resonance frequency, which 1s in the microwave
band, of the LC resonator LCR corresponds to a value
included 1n a range X in the vicinity of a value of 0.1 on the
coordinate of the horizontal axis. Since the frequency o of
the control current I 1s 1n the microwave band, the inductor
Ids does not pass frequencies lower than the range X, and
functions as the high-pass filter.

As described above, the circuit substrate 1 includes, at the
quantum bit correspondence position, which 1s the position
of the second surface S2 corresponding to the position of the
quantum bit 4 included i the first ground pattern GP1
formed on the first surface S1, the central electrode 60, the
substrate bottom surface ground electrode 13 which sur-
rounds the surroundings of the central electrode 60, and the
connection electrode 62 which connects the central electrode
60 and the substrate bottom surface ground electrode 13.

Here, a cross section of a part of the quantum bit 4 of the
superconducting complex quantum computing circuit QC
will be described with reference to FIG. 9.

FIG. 9 1s a diagram showing an example of the cross
section of the part of the quantum bit 4 of the supercon-
ducting complex quantum computing circuit QC according
to the present embodiment.

The control signal line 5A includes the contact spring pin
50A and a coaxial wire dielectric portion S2A. The contact
spring pin 50A includes a spring 51A 1nside, and presses the
circuit substrate 1 against the first ground electrode 2 by
clastic force of the spring 51A. The coaxial wire dielectric
portion 52A insulates the contact spring pin 50A from the
second ground electrode 3. A shape of the coaxial wire
dielectric portion 52A 1s a cylindrical shape. FIG. 9 shows,
as an example of a cross section of the coaxial wire dielectric
portion 52A, a coaxial wire dielectric portion 52A-1 and a
coaxial wire dielectric portion 52A-2.

10

15

20

25

30

35

40

45

50

55

60

65

12

The conductive contact portion 14-1 1s provided between
the substrate bottom surface ground electrode 13-1 and a
second contact portion 31-1. The conductive contact portion
14-2 1s provided between a substrate bottom surface ground
clectrode 13-2 and a second contact portion 31-2. As
described above, the conductive contact portion 14-1 and the
conductive contact portion 14-2 are examples of the second
extension portion 14.

The superconducting micro bump may be provided
instead of the conductive contact portion 14-1 and the
conductive contact portion 14-2.

Here, the superconducting complex quantum computing,
circuit QC 1ncludes a pressing member P (not shown), which
presses the first ground electrode 2 against the first surface
S1 of the circuit substrate 1, on an upper side of the first
ground electrode 2. Here, the pressing member P presses the
first ground electrode 2 against the first surface S1 of the
circuit substrate 1 1n a direction opposite to the elastic force
of the spring S1A.

The pressing member P presses the first ground electrode
2 against the first surface S1 of the circuit substrate 1,
thereby causing the first ground clectrode 2 to be adhered to
the circuit substrate 1 and causing the circuit substrate 1 to
be adhered to the second ground electrode 3. The pressing
member P 1s a leal spring or a contact spring pin, as an
example.

With this configuration, the substrate bottom surface
ground electrode 13-1 and the substrate bottom surface
ground electrode 13-2 are adhered to the second ground
clectrode 3, and the potentials thereof are equalized with the
potential of the ground portion GE. As a result, since the
potential of the outer ring 41 1s effectively the same as that
of the ground portion GE wvia the second capacitance C2, 1t
1s possible to cause the control signal to the quantum bit to
reach the inner disk 40 and the Josephson junction 42 that
form the quantum bit with almost no leakage or crosstalk.

Returning to FIG. 1, description of the superconducting
complex quantum computing circuit QC 1s continued.

The superconducting resonator 7 reads out the state of the
quantum bit 4 by interacting with the quantum bit 4. The
four adjacent superconducting resonators 7-1 to 7-4 are
aggregated by the observation electrode 8. As described
above, the read state of the quantum bit 4 1s fetched as the
observation signal to the observation signal line 3B via the
observation electrode 8.

Here, the superconducting resonator 7 and the observation
clectrode 8 will be described with reference to FIGS. 10 and
11.

FIG. 10 1s a diagram showing an example of the super-
conducting resonator 7 and the observation electrode 8
according to the present embodiment. The superconducting
resonator 7 has a meandering shape on the first surface S1,
as an example. The shape of the superconducting resonator
7 may be any shape as long as the superconducting resonator
7 functions as the resonator. For example, the superconduct-
ing resonator 7 may have a straight linear shape or a
U-shaped curved shape instead of the meandering shape.

The observation electrode 8 includes an observation sub-
strate through-electrode 80. The observation substrate
through-electrode 80 has the same characteristics as the
through-electrode 10 except that the observation substrate
through-electrode 80 1s provided at a diflerent place 1n the
circuit substrate 1.

FIG. 11 1s a diagram showing an example of a cross
section of a part of the observation electrode 8 of the
superconducting complex quantum computing circuit QC
according to the present embodiment. A shape of the obser-
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vation substrate through-electrode 80 1s a cylindrical shape.
FIG. 11 shows, as an example of the cross section of the
observation substrate through-electrode 80, an observation

substrate through-electrode 80-1 and an observation sub-
strate through-electrode 80-2.

The observation signal line 5B includes a contact spring
pin S0B and a coaxial wire dielectric portion 52B. The
contact spring pin 50B includes the spring 51B 1nside, and
presses the circuit substrate 1 against the first ground elec-
trode 2 by elastic force of the spring 51B. The coaxial wire
dielectric portion 52B 1nsulates the contact spring pin 50B
from the second ground electrode 3. A shape of the coaxial
wire dielectric portion 52B 1s a cylindrical shape. FIG. 11
shows, as an example of the cross section of the coaxial wire
dielectric portion 52B, a coaxial wire dielectric portion
52B-1 and a coaxial wire dielectric portion 52B-2.

In the present embodiment, a case 1s described 1n which
the control signal line 5 1s arranged to extend from the inside
ol the second non-contact portion 30 included 1n the second
ground electrode 3 1n the direction perpendicular to the
second surface S2 of the substrate surface S from the lower
side. However, the present embodiment i1s not limited
thereto. The control signal line 3 may be arranged to extend
from the inside of the first non-contact portion 20 included
in the first ground electrode 2 1n a direction perpendicular to
the first surface S1 of the substrate surface S from an upper
side.

That 1s, the control signal line 5 may be arranged 1nside
the first non-contact portion 20 included 1n the first ground
clectrode 2 at a position corresponding to the position of the
quantum bit 4 1ncluded 1n the wiring pattern CP formed on
the first surface S1.

In a case where the control signal line 5 1s arranged to
extend from the inside of the first non-contact portion 20
included in the first ground electrode 2 1n the direction
perpendicular to the first surface S1 of the substrate surface
S from the upper side, the filter pattern 6 may not be
provided in the superconducting complex quantum comput-
ing circuit QC.

Further, there may be a case where, for each quantum bit
4 and the observation electrode 8, the control signal line 5
1s arranged to extend from the inside of the second non-
contact portion 30 included in the second ground electrode
3 in the direction perpendicular to the second surface S2 of
the substrate surface S from the lower side, and a case where
the control signal line 5 1s arranged to extend from the inside
of the first non-contact portion 20 included in the first
ground electrode 2 1n the direction perpendicular to the first
surface S1 of the substrate surface S from the upper side.

Note that, 1n the present embodiment, the case where the
pressing member P presses the first ground electrode 2
against the first surface S1 of the circuit substrate 1 1s
described. However, the present embodiment 1s not limited
thereto. The pressing member P may press the second
ground electrode 3 against the second surface S2 of the
circuit substrate 1. Further, the superconducting complex
quantum computing circuit QC may include two types of
pressing members, that 1s, a pressing member that presses
the first ground electrode 2 against the first surface S1 of the
circuit substrate 1, and a pressing member that presses the
second ground electrode 3 against the second surface S2 of
the circuit substrate 1.

As described above, the superconducting complex quan-
tum computing circuit QC according to the present embodi-
ment includes the circuit substrate 1, the first ground elec-
trode 2, and the second ground electrode 3.
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In the circuit substrate 1 the wiring pattern CP of the
circuit element, which includes the quantum bit 4 and the
observation electrode 8 for observing the state of the quan-
tum bit 4, and the ground pattern GP which 1s at the ground
potential are formed on the substrate surface S, and the
circuit substrate 1 includes the through-electrode 10 which
connects the first ground pattern GP1 formed on the first
surface S1 of the substrate surface S and the second ground
pattern GP2 formed on the second surface S2, which 1s the
surface opposite the first surface S1, inside the substrate.

The first ground electrode 2 includes the first contact
portion 21 which 1s 1n contact with the first ground pattern
(GGP1 formed on the first surface S1 of the circuit substrate 1,
and the first non-contact portion 20 which has a shape
corresponding to the shape of the wiring pattern CP formed
on the first surface S1.

The second ground electrode 3 includes the second con-
tact portion 31 which 1s in contact with the second ground
pattern GP2 formed on the second surface S2 of the circuit
substrate 1.

With this configuration, 1n the superconducting complex
quantum computing circuit QC according to the present
embodiment, 1t 1s possible to suppress the generation and
extension of the unnecessary electromagnetic mode (a reso-
nance phenomenon of electromagnetic waves) 1n a space on
an upper side of the quantum bit 4 or 1n the circuit substrate
1, and thus 1nteraction or crosstalk between the quantum baits
can be suppressed.

In the superconducting complex quantum computing cir-
cuit QC, the first ground electrode 2 causes the space on the
upper side of the quantum bit 4 to be small, compared to a
case where the first ground electrode 2 1s not provided. The
unnecessary electromagnetic mode may occur 1n the space
on the upper side of the quantum bit 4. In the superconduct-
ing complex quantum computing circuit QC, a mode fre-
quency of the unnecessary electromagnetic mode can be
detuned from the frequency of the quantum bit 4. Further, 1n
the superconducting complex quantum computing circuit
QC, the extension of the unnecessary electromagnetic mode
in the space on the upper side of the quantum bit 4 1is
localized, and thus 1t 1s possible to suppress crosstalk of the
control signal of the quantum bit 4 over a wide range.

The through-electrode 10 can suppress the generation of
the unnecessary electromagnetic mode 1n the circuit sub-
strate 1 and can suppress the crosstalk of the control signal
between the quantum bits 4 over the wide range.

Further, the superconducting complex quantum comput-
ing circuit QC according to the present embodiment further
includes the pressing member P that presses the first ground
clectrode 2 against the first surface S1 of the circuit substrate
1, or presses the second ground electrode 3 against the
second surface S2 of the circuit substrate 1.

Here, the first ground electrode 2 1s in contact with the
ground pattern GP via the first extension portion 12 formed
by the superconductor having the extensibility higher than
the extensibility of the ground pattern GP.

The second ground electrode 3 1s 1n contact with the
ground pattern GP via the second extension portion 14
formed by the superconducting bodies having the extensi-
bility higher than the extensibility of the ground pattern GP.

With this configuration, 1n the superconducting complex
quantum computing circuit QC according to the present
embodiment, 1t 1s possible to remove a gap between the first
ground electrode 2 and the ground pattern GP on the first
surface S1 of the circuit substrate 1 or a gap between the
second ground electrode 3 and the ground pattern GP on the
second surface S2 of the circuit substrate 1, and thus it 1s
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possible to suppress crosstalk with both the control signal
and the observation signal which are propagated to the
adjacent control signal line 5.

Further, in the superconducting complex quantum com-
puting circuit QC according to the present embodiment, the
quantum bit 4 includes a first electrode (1n the example, the
inner disk 40) which has a first coupling capacitance (in the
example, the first capacitance C1) with the ground portion
GE, and a second electrode (in the example, the outer ring
41) which has a second coupling capacitance (1n the
example, the second capacitance C2) with the ground por-
tion GE larger than the first coupling capacitance (in the
example, first capacitance C1) and which 1s connected to the
first electrode (in the example, the inner disk 40) by the
Josephson junction 42.

With this configuration, 1n the superconducting complex
quantum computing circuit QC according to the present
embodiment, shielding from the unnecessary electromag-
netic mode, which propagates through the metal electrode
(in the example, the inner disk 40 and the outer ring 41)
constituting the quantum bit 4, 1s possible with the outer ring
41, and thus 1t 1s possible to suppress an error rate of the
quantum bit 4. Here, the unnecessary electromagnetic mode,
which propagates through the metal electrode (in the
example, the inner disk 40 and the outer ring 41) constituting
the quantum bit 4, 1s, for example, an unnecessary electro-
magnetic mode that remains even though the first ground
clectrode 2, the through-electrode 10, and the like are
included.

In the related art, two metal electrodes forming the
quantum bit are symmetrical with respect to the ground
clectrode, or the metal electrode on one side 1s grounded. A
case where the two metal electrodes are symmetrical with
respect to the ground electrode 1s a case where a coupling
capacitance between one metal electrode of the two metal
clectrodes and the ground electrode 1s equal to a coupling
capacitance between the other metal electrode of the two
metal electrodes and the ground electrode. Further, 1n a case
where the metal electrode on one side of the two metal
clectrodes forming the quantum bit 1s grounded i1s a case
where the metal electrode on one side has an equivalent
function as the ground electrode.

In the superconducting complex quantum computing cir-
cuit QC according to the present embodiment, 1t 1s possible
to eliminate an influence of potential fluctuation of a ground
clectrode surface by not short-circuiting the metal electrode
on one side of the two metal electrodes forming the quantum
bit to the ground electrode.

Further, in the superconducting complex quantum com-
puting circuit QC according to the present embodiment, the
circuit substrate 1 includes, at the quantum bit correspon-
dence position, which 1s the position of the second surface
S2 corresponding to the position of the quantum bit 4
included in the first ground pattern GP1 formed on the first
surface S1, the central electrode 60, a surrounding electrode
that surrounds the surroundings of central electrode 60 (in
the example, the substrate bottom surface ground electrode
13), and the connection electrode 62 which connects the
central electrode 60 and the surrounding electrode (1n the
example, the substrate bottom surface ground electrode 13).

With this configuration, 1n the superconducting complex
quantum computing circuit QC according to the present
embodiment, in a case where the control of the quantum bat
4 1s ofl, 1t 1s possible to suppress leakage of the energy of the
quantum bit 4 to the outside due to the interaction between
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the quantum bit 4 and the control signal line 5. Therefore, 1t
1s possible to suppress an error rate of calculation of the
quantum bit 4.

Further, the superconducting complex quantum comput-
ing circuit QC according to the present embodiment further
includes the control signal line 5. The control signal line 5
1s arranged inside the first non-contact portion 20 included
in the first ground electrode 2 1n the position corresponding
to the position of the quantum bit 4 included in the wiring
pattern CP formed on the first surface S1, or inside of the
second non-contact portion included 1n the second ground
clectrode 3 at the position corresponding to the quantum bat
correspondence position, which 1s the position of the second
surface S2 corresponding to the position of the quantum bait
4 included 1n the wiring pattern CP formed on the first
surface S1, and supplies the control signal to the quantum bit
4.

With this configuration, 1n the superconducting complex
quantum computing circuit QC according to the present
embodiment, 1t 1s possible to secure a constant density of the
wiring pattern CP regardless of the number of quantum bits
4 on the substrate surface S of the circuit substrate 1.
Therefore, it 1s possible to suppress an increase in the
density of the wiring pattern CP on the substrate surface S
of the circuit substrate 1.

Conventionally, the control signal line i1s introduced from
the side surface of the substrate and controls the quantum
bits arranged on the two-dimensional plane of the surface of
the substrate from the periphery of the substrate. In a
conventional circuit, as the number of quantum bits
increases, the wiring density of the circuit increases, which
eventually reaches 1ts limiut.

On the other hand, in the superconducting complex quan-
tum computing circuit QC according to the present embodi-
ment, a three-dimensional structure 1s made in which the
control signal line 5 1s arranged on the second surface S2 on
the lower side of the circuit substrate 1 or the first surface S1
on the upper side. Therefore, it 1s possible to secure the
constant density of the wiring pattern CP regardless of the
number of quantum bits 4. In the superconducting complex
quantum computing circuit QC according to the present
embodiment, 1t 1s possible to secure the constant density of
the wiring pattern CP regardless of the number of quantum
bits 4. Therefore, 1t 1s possible to ensure expandability
toward a large-scale circuit.

Further, in the superconducting complex quantum com-
puting circuit QC according to the present embodiment, the
frequency band of the control signal supplied to the quantum
bit 4 through the control signal line 5 1s the microwave band.

In the superconducting complex quantum computing cir-
cuit QC according to the present embodiment, 1t 1s possible
to use a microwave signal for the control and the observa-
tion. Therefore, as compared to the control by radio fre-
quency (RF) according to the related art, it 1s possible to
minimize a surface current area through which the ground
clectrode flows, and 1t 1s possible to suppress fluctuation of
an electrode potential.

Modified Example of Metal Electrode Constituting Quan-
tum Bit

In the above-described embodiment, the case where the
inner disk 40, which 1s the metal electrode constituting the
quantum bit 4, and the outer ring 41 form the concentric
metal electrodes 1s described. However, a shape of the metal
clectrode constituting the quantum bit 4 1s not limited to the
concentric circle.

Here, a modified example of the shape of the metal
clectrode constituting the quantum bit 4 will be described
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with reference to FIGS. 12 to 18. In the modified example,
parts different from the metal electrode (FIG. 4) constituting
the quantum bit 4 of the above-described embodiment wall
be mainly described.

FIG. 12 1s a diagram showing an example of a quantum
bit 4a according to the modified example of the present
embodiment. The quantum bit 4a includes an mner disk 40aq,
an outer ring 41a, a Josephson junction 42a, a quantum bit
hand portion 43a-1, and a quantum bit hand portion 43a-2.

Unlike the outer ring 41 (FIG. 4), the outer ring 41a 1s not
closed and has a gap 44a.

FIG. 13 1s a diagram showing an example of a quantum
bit 45 according to the modified example of the present
embodiment. The quantum bit 45 includes an inner disk 405,
an outer ring 415, a Josephson junction 425, a quantum bit
hand portion 435-1, and a quantum bit hand portion 435-2.

Unlike the outer ring 41 (FIG. 4), the outer ring 415 1s not
closed and has a gap 44b. Unlike the outer ring 41a (FIG.
12), the outer ring 415 1s not directly connected to the
quantum bit hand portion 435.

The outer ring 415 has a convex portion 45b6-1 and a
convex portion 455-2. The quantum bit hand portion 435-1
has a tip portion 465-1, and the quantum bit hand portion
43b-2 has a tip portion 465-2. The convex portion 455-1 and
the convex portion 455-2 form concave portions according,
to shapes of the tip portion 465-1 and a tip portion 465H-2.

FIG. 14 1s a diagram showing an example of a quantum
bit 4¢ according to the modified example of the present
embodiment. The quantum bit 4¢ 1includes a first rectangle
40¢, a second rectangle 41c, a Josephson junction 42¢, a
quantum bit hand portion 43c¢-1, and a quantum bit hand
portion 43¢-2

The first rectangle 40¢ and the second rectangle 41¢ are
connected by the Josephson junction 42¢. A distance
between the first rectangle 40¢ and a substrate top surface
ground electrode 11¢-6 1s large enough to make the value of
the first capacitance C1 sufliciently smaller than the value of
the second capacitance C2. In FIG. 14, as an example, an
area of the first rectangle 40c¢ 1s reduced and the distance
between the first rectangle 40¢ and the substrate top surface
ground electrode 11¢-6 1s increased. A length of a side of the
second rectangle 41¢ facing the first rectangle 40c¢ 1s longer
than a length of a side of the first rectangle 40¢ facing the
second rectangle 41c.

The quantum bit hand portion 43¢-1 and the quantum bt
hand portion 43¢-2 are not directly connected to the second
rectangle 41c.

Shapes of a substrate top surface ground electrode 11¢-35
and a substrate top surface ground eclectrode 11c-6 are
different from those of the substrate top surface ground
clectrode 11-5 (FI1G. 4) and the substrate top surface ground
clectrode 11-6 (FIG. 4) according to a shape of the first
rectangle 40¢ and a shape of the second rectangle 41c.

FIG. 15 1s a diagram showing an example of a quantum
bit 4d according to the modified example of the present
embodiment. The quantum bit 44 includes a first rectangle
40d, a second rectangle 414, a Josephson junction 424, a
quantum bit hand portion 43d-1, and a quantum bit hand
portion 43d-2

A distance between the first rectangle 404 and the sub-
strate top surface ground electrode 11d-6 1s large enough to
make the value of the first capacitance C1 sufliciently
smaller than the value of the second capacitance C2. In FIG.
15, as an example, an area of the first rectangle 40d 1s
reduced and the distance between the first rectangle 404 and
the substrate top surface ground electrode 11d-6 1s increased.
In the example shown 1n FIG. 15, a length of a side of the
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second rectangle 414 facing the first rectangle 404 1s equal
to a length of a side of the first rectangle 404 facing the
second rectangle 41d. The length of the side of the second
rectangle 41d facing the first rectangle 404 and the length of
the side of the first rectangle 404 facing the second rectangle
414 may not be equal as 1n the first rectangle 40c¢ and the
second rectangle 41¢ 1n FIG. 14.

The quantum bit hand portion 43d-1 has a bent tip portion
46d-1, and the quantum bit hand portion 434-2 has a bent tip
portion 46d-2. A substrate top surface ground electrode
11d-5 has a convex portion 1104. The tip portion 46d-1, the
tip portion 46d-2, and the convex portion 110d face the
second rectangle 41d. In the quantum bit 44 of FIG. 15, due
to the tip portion 46d-1, the tip portion 46d-2, and the
convex portion 1104, the second capacitance C2 becomes
large, compared to the case where the tip portion 46d-1, the
tip portion 46d4-2, and the convex portion 1104 are not
provided.

FIG. 16 1s a diagram showing an example of a quantum
bit 4e according to the modified example of the present
embodiment. The quantum bit 4e 1ncludes a first rectangle
40e, a cross 41e, and a Josephson junction 42e¢. Each of a
cross part 43e-1 and a cross part 43e-2 1s shown as a part of
a cross ol a quantum bit adjacent to the quantum bit 4e.

The first rectangle 40e and the cross 41e are connected by
the Josephson junction 42e.

Shapes of a substrate top surface ground electrode 11e-5
and a substrate top surface ground electrode 1le-6 are
different from those of the substrate top surface ground
clectrode 11-5 (FIG. 4) and the substrate top surface ground
clectrode 11-6 (FIG. 4) according to a shape of the first
rectangle 40e and a shape of the cross 41e.

FIG. 17 1s a diagram showing an example of a quantum
bit 4f according to the modified example of the present
embodiment. The quantum bit 4f includes a first rectangle
407, a cross 41/, and a Josephson junction 42f Each of a cross
part 43/-1 and a cross part 437-2 1s shown as a part of a cross
of a quantum bit adjacent to the quantum bit 4/

The quantum bit 4f (FIG. 17) 1s different from the
quantum bit 4e (FIG. 16) 1n that a distance between the first
rectangle 40f (FIG. 17) and a substrate top surface ground
clectrode 11/-2 (FIG. 17) 1s larger than a distance between
the first rectangle 40e (FIG. 16) and a substrate top surface
ground electrode 11e-2 (FIG. 16). In the example, the shape
of the part of the substrate top surface ground electrode
11e-2 (FIG. 16) facing the cross 41e (FI1G. 16) and the first
rectangle 40e (FIG. 16) 1s a straight line. In contrast, the
shape of the part of the substrate top surface ground elec-
trode 11/-2 (FI1G. 17) facing the cross 41f (FIG. 17) and the
first rectangle 40f (FI1IG. 17) 1s a curved line. Therefore, a
distance between the first rectangle 40/ (FIG. 17) and the
substrate top surface ground electrode 11/-2 (FIG. 17) 1s
large.

In the quantum bit 4/ (FI1G. 17), the distance between the
first rectangle 40/ (FIG. 17) and the substrate top surface
ground electrode 11/-2 (FIG. 17) 1s large, so that the first
capacitance C1 1s smaller than that of the quantum bit 4e
(FIG. 16).

FIG. 18 1s a diagram showing an example of a quantum
bit 4¢g according to the modified example of the present
embodiment. The quantum bit 4¢ includes a first electrode
40g, a second eclectrode 41g, a Josephson junction 42¢g, a
quantum bit hand portion 43g-1, and a quantum bit hand
portion 43g-2.

The first electrode 40g and the second electrode 41g are
connected by the Josephson junction 42g. The first electrode
40¢g and the second electrode 41¢g each have a comb-shaped
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shape, and form a comb-shaped electrode by facing each
other. In the example shown 1n FIG. 18, the first electrode
40¢g has two teeth and the second electrode 41¢ has three
teeth.

A distance between the first electrode 40¢ and the sub-
strate top surface ground electrode 11g-6 1s large enough to
make the value of the first capacitance C1 sufliciently
smaller than the value of the second capacitance C2. In FIG.
18, as an example, an area of the first electrode 40g 1s
reduced and the distance between the first electrode 40g and
the substrate top surface ground electrode 11g-6 1s increased.

In the above-described modified examples, the inner disk
40a, the mner disk 405, the first rectangle 40¢, the first
rectangle 40d, the first rectangle 40e, the first rectangle 40/,
and the first electrode 40g are examples of the first electrode.
The outer ring 414, the outer ring 415, the second rectangle
41c, the second rectangle 414, the cross 41e, the cross 417,
and the second electrode 41g are examples of the second
clectrode.

A coupling capacitance between the second electrode and
the ground portion GE is larger than a coupling capacitance
between the first electrode and the ground portion GE. A
potential difference between the first electrode and the
second electrode 1s hardly affected by fluctuation of the
potential due to the unnecessary radiation electric field E,
compared to a case where the coupling capacitance between
the second electrode and the ground portion GE 1s not larger
than the coupling capacitance between the first electrode and
the ground portion GE.

Modified Example of Filter Pattern

In the above-described embodiment, the case where, 1n
the filter pattern 6, the central electrode 60 and the substrate
bottom surface ground electrode 13 are connected by the
four connection electrodes 62 has been described. However,
the present invention 1s not limited thereto.

Here, modified examples of the filter pattern 6 will be
described with reference to FIGS. 19 to 21. In the modified
examples, parts diflerent from the filter pattern 6 (FI1G. 6) of
the above-described embodiment will be mainly described.

FIG. 19 1s a diagram showing an example of a filter
pattern 6a according to the present embodiment. The filter
pattern 6a includes a central electrode 60a and a connection
clectrode 62a. The central electrode 60q 1s surrounded by a
substrate bottom surface ground electrode 13a via a gap
portion 61a. The central electrode 60a and the substrate
bottom surface ground electrode 13a are connected by one
connection electrode 62a.

The number of connection electrodes 62 1s not limited to
the case of four described in FIG. 6 or the case of one
described 1n FIG. 19, and the number of connection elec-
trodes 62 may be two, three, five or more.

FIG. 20 1s a diagram showing an example of a filter
pattern 65 according to the present embodiment. The filter
pattern 6o includes a central electrode 606 and a connection
clectrode 62b. The central electrode 605 1s surrounded by a
substrate bottom surface ground electrode 135 via a gap
portion 615. The central electrode 605 and the substrate
bottom surface ground electrode 135 are connected via the
connection electrode 625b.

In the filter pattern 65, the central electrode 605 and the
connection electrode 6256 are integrally provided. The cen-
tral electrode 605 and the connection electrode 626 form a
curved contour, as an example. A width of the connection
clectrode 6256 (FI1G. 20) becomes narrow 1n a direction from
the central electrode 606 toward the substrate bottom surface
ground electrode 135.
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The number of connection electrodes 625 1s not limited to
the case of one described in FIG. 20, and may be two or
more.

FIG. 21 1s a diagram showing an example of a filter
pattern 6¢ according to the present embodiment. The filter
pattern 6c¢ includes a central electrode 60c, a connection
electrode 62¢-1, and a connection electrode 62¢-2. The
central electrode 60c¢ 1s surrounded by a substrate bottom
surface ground electrode 13¢ via a gap portion 615-1 and a
gap portion 615-2. The central electrode 60c and the sub-
strate bottom surface ground electrode 13¢ are connected via
the connection electrode 62¢-1 and the connection electrode
62c-2.

A shape of the central electrode 60c¢ 1s a rectangle.

The number of connection electrodes 62¢-1 and the
number of connection electrodes 62¢-2 1s not limited to the
case of two described i FIG. 21, and may be one or three
Oor more.

Although some embodiments are described in detail with
reference to the drawings, a specific configuration i1s not
limited to the above description, and various design changes
and the like are possible 1n a scope not departing from the
gi1st of the invention.

REFERENCE NUMERALS LIST

QC: Superconducting complex quantum computing cir-
cuit
1: Circuit substrate
S: Substrate surface
S1: First surface
S2: Second surface
. First ground electrode
: Second ground electrode
: Quantum bt
: Control signal line
. Filter pattern
. Superconducting resonator
: Observation electrode
9. Capacitor
10: Through-electrode
10, 11: Substrate top surface ground electrode
12: First extension portion
13: Substrate bottom surface ground electrode
14: Second extension portion
20: First non-contact portion
21: First contact portion
30: Second non-contact portion
31: Second contact portion
40: Inner disk
41: Outer ring
42: Josephson junction
43: Quantum bit hand portion
45: Substrate bottom surface ground electrode
46: tip portion
50: Contact pin
60: Central electrode
61: Gap portion
61, 62: Connection electrode
80: Observation substrate through-electrode
P: Pressing member
CP: Wirning pattern
GP: Ground pattern
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What 1s claimed 1s:
1. A superconducting complex quantum computing circuit
comprising;

a circuit substrate 1n which a wiring pattern of a circuit
clement, which includes a plurality of quantum bits and
a plurality of measurement electrodes for observing a
state of the quantum bit, and a plurality of ground
pattern which are at a ground potential are formed on
a substrate surface, and that includes a plurality of
through-substrate electrodes which connect the ground
pattern formed on a first surface of the substrate surface
and the ground pattern formed on a second surface,
which 1s a surface opposite the first surface, inside the
substrate;

a first ground electrode that includes a first contact portion
which 1s 1n contact with the ground pattern formed on
the first surface of the circuit substrate, and a first
non-contact portion which has a shape corresponding to
a shape of the wiring pattern formed on the first surface;

a second ground electrode that includes a second contact
portion which 1s 1n contact with the ground pattern
formed on the second surface of the circuit substrate:

a plurality of control signal lines that are provided with a
contact spring pin at each tip, the pin being 1n contact
with a position corresponding to the quantum bit to
press the first surface of the circuit substrate against the
first ground electrode or to press the second surface of
the circuit substrate against the second ground elec-
trode; and

a pressing member that presses the first ground electrode
against the first surface of the circuit substrate or
presses the second ground electrode against the second
surface of the circuit substrate,

wherein the first ground electrode 1s 1 contact with the
ground pattern via a first extension portion formed by
a superconducting material having extensibility higher
than extensibility of the ground pattern, and

the second ground electrode 1s 1n contact with the ground
pattern via a second extension portion formed by a
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superconducting material having extensibility higher
than the extensibility of the ground pattern.

2. The superconducting complex quantum computing
circuit according to claim 1, wheremn the quantum bat
includes a first electrode that has a first coupling capacitance
with a ground portion, and a second electrode that has a
second coupling capacitance with a ground portion larger
than the first coupling capacitance and that 1s connected to
the first electrode either by a single Josephson junction or by
a plurality of Josephson junctions.

3. The superconducting complex quantum computing
circuit according to claim 2, wherein the circuit substrate
includes, at a quantum bit correspondence position, which 1s
a position on the second surface, corresponding to a position
of the quantum bit included in the wiring pattern formed on
the first surface, a central electrode, a surrounding electrode
that surrounds the surroundings of the central electrode, and
a single or a plurality of connection electrodes that connects
the central electrode and the surrounding electrode.

4. The superconducting complex quantum computing
circuit according to any one of claims 1 to 3, wherein the
control signal line i1s arranged inside the first non-contact
portion 1ncluded 1n the first ground electrode at a position
corresponding to a position of the quantum bit included 1n
the wiring pattern formed on the first surface or inside a
second non-contact portion included in the second ground
clectrode at a position corresponding to a quantum bit
correspondence position, which 1s a position of the second
surface corresponding to the position of the quantum bit
included in the wiring pattern formed on the first surface,
and supplies a control signal to the quantum bat.

5. The superconducting complex quantum computing
circuit according to claim 4, wherein the first non-contact
portion and the second non-contact portion have a width and
a height with sizes smaller than a wavelength of the control
signal.

6. The superconducting complex quantum computing
circuit according to claim 5, wherein a frequency band of the
control signal 1s a microwave band.
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