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A quantum qubit coupling structure is provided. The quan 
tum qubit coupling structure includes a plurality of qubits 
and a variable capacitor electrically connected between the 
plurality of qubits to vary coupling constants of the plurality 
of qubits. 
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1. 

MULTI-QUBIT COUPLING STRUCTURE 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims priority from Korean Patent 
Application No. 10-2014-0165502, filed on Nov. 25, 2014, 
in the Korean Intellectual Property Office, the disclosure of 
which is incorporated herein in its entirety by reference. 

BACKGROUND 

1. Field 
The present disclosure relates to a multi-qubit coupling 

Structure. 

2. Description of the Related Art 
A quantum bit, (qubit), is a basic unit of information in 

quantum computers. A qubit may indicate at least two 
different quantities and may be an actual physical device in 
which information is stored or may be a unit of information 
extracted from a physical qubit device. 

Conventionally, classical information storage devices 
encode two different states classified with the labels of “0” 
and '1'. In this case, a quantity of coding a bit state is 
determined based on the laws of classical physics. 

However, a qubit may include two different physical 
States classified with the labels of “O'” and “1”. In this 
scenario, a quantity of coding a bit state is determined based 
on the laws of quantum physics. Thus, if a physical quantity 
of storing the states mechanically operates as a quantum, a 
quantum information storage device may be additionally 
located in the Superposition between “0” and “1”. That is, 
the qubit may exist in both “0” and “1” states at the same 
time, and thus, quantum computation with regard to both of 
the “0” and “1” states may be performed at the same time. 
Therefore, it may be understood that a qubit having a pure 
discrete state (0 or 1) is in a classical state and a qubit with 
a Superposition of states is in a quantum state. Accordingly, 
N qubits may be in a superposition of 2' states. 

SUMMARY 

Provided are a multi-qubit coupling structures to easily 
implement a multi-qubit circuit by tuning coupling constants 
of qubits as desired and a system including the multi-qubit 
coupling structure. 

Additional aspects will be set forth in part in the descrip 
tion which follows and, in part, will be apparent from the 
description, or may be learned by practice of the presented 
exemplary embodiments. 

According to an aspect of an exemplary embodiment, a 
multi-qubit coupling structure includes a plurality of qubits, 
and a variable capacitor electrically connected to the plu 
rality of qubits, wherein the variable capacitor is configured 
to vary coupling constants of the plurality of qubits. 

According to another exemplary embodiment, the plural 
ity of qubits are Superconducting qubits formed by using 
Superconducting materials. 

According to another exemplary embodiment, the plural 
ity of qubits have a stack structure including a first Super 
conducting material layer, a second Superconducting mate 
rial layer, and a dielectric layer between the first and the 
second Superconducting material layers. 

According to another exemplary embodiment, the vari 
able capacitor comprises Superconducting materials. 

According to another exemplary embodiment, the vari 
able capacitor includes a first planar pattern, a second planar 
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2 
pattern, and an intermediate layer between the first and the 
second planar patterns, wherein the intermediate layer has a 
dielectric constant which varies based on an applied Voltage. 

According to another exemplary embodiment, the inter 
mediate layer is formed of at least one of ferroelectric 
materials and piezoelectric materials. 

According to another exemplary embodiment, the first 
and the second planar patterns are formed of Superconduct 
ing materials. 

According to another exemplary embodiment, the first 
planar pattern, the second planar pattern, and the plurality of 
qubits are formed of the same Superconducting materials. 

According to another exemplary embodiment, the first 
and the second planar patterns are formed of Superconduct 
ing materials. 

According to another exemplary embodiment, the vari 
able capacitor is electrically connected to the plurality of 
qubits via Superconducting materials. 

According to another exemplary embodiment, the multi 
qubit coupling structure further includes an electrode pattern 
configured to apply a Voltage to the intermediate layer of the 
variable capacitor and the first planar pattern of the variable 
capacitor, formed on a Substrate, a material layer, formed on 
the Substrate, configured to cover the electrode pattern and 
the first planar pattern, an insulating layer, formed on the 
material layer, and at least one via-hole of a first via-hole and 
a second via-hole, wherein the first via-hole is formed in the 
material layer and the insulating layer and is configured to 
electrically connect a first qubit and the first planar pattern, 
and the second via-hole is formed in the insulating layer and 
is configured to electrically connect a second qubit and the 
second planar pattern, wherein the second planar pattern is 
formed on a portion of the material layer which corresponds 
to the first planar pattern, and a portion of the material layer 
which corresponds to an intermediate portion between the 
first and second planar patterns forms the intermediate layer, 
the plurality of qubits are formed on the insulating layer. 

According to another exemplary embodiment, the at least 
one via-hole is filled with the same Superconducting mate 
rials as that of the plurality of qubits. 

According to another exemplary embodiment, the multi 
qubit coupling structure further includes a Substrate, and an 
electrode pattern formed on the substrate in order to apply a 
voltage to the variable capacitor, wherein the variable 
capacitor includes a first planar pattern formed on the 
Substrate, an intermediate layer formed on the first planar 
pattern and having a dielectric constant which varies based 
on an applied Voltage, and a second planar pattern formed on 
the intermediate layer. 

According to another exemplary embodiment, the multi 
qubit coupling structure further includes a material layer 
formed on the substrate in order to cover the electrode 
pattern and the first planar pattern, wherein a portion of the 
material layer which corresponds to an intermediate portion 
between the first and the second planar patterns, forms the 
intermediate layer. 
T According to another exemplary embodiment, the 

multi-qubit coupling structure further includes an insulating 
layer formed on the material layer, wherein the plurality of 
qubits are formed on the insulating layer. 

According to another exemplary embodiment, the insu 
lating layer covers the second planar pattern, and the first 
planar pattern is electrically connected to a first qubit from 
among the plurality of qubits through a first via-hole formed 
in the material layer and the insulating layer. 

According to another exemplary embodiment, the second 
planar pattern is electrically connected to a second qubit 
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from among the plurality of qubits via a second via-hole 
formed in the insulating layer. 

According to another exemplary embodiment, the mate 
rial layer is formed of at least one of ferroelectric materials 
and piezoelectric materials. 5 

According to another exemplary embodiment, the first 
and the second planar patterns are formed of Superconduct 
ing materials. 

According to an aspect of an exemplary embodiment, a 
multi-qubit coupling structure includes a plurality of qubits, 10 
and a variable capacitor electrically connected to the plu 
rality of qubits, wherein the variable capacitor is a tunable 
Superconducting capacitor configured to vary coupling con 
stants of the plurality of qubits based on adjustment of a 
Voltage applied to the variable capacitor. 15 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and/or other aspects will become apparent and 
more readily appreciated from the following description of 
the exemplary embodiments, taken in conjunction with the 
accompanying drawings in which: 

FIG. 1 depicts a conceptual view of a multi-qubit coupling 
structure, according to an exemplary embodiment; 

FIG. 2 depicts a schematic cross-sectional view of a 
multi-qubit coupling structure, according to an exemplary 
embodiment; and 

FIGS. 3 to 10 depict views illustrating procedures for 
manufacturing the multi-qubit coupling structure of FIG. 2, 
according to an exemplary embodiment. 

25 

30 

DETAILED DESCRIPTION 

Hereinafter, a multi-qubit coupling structure and a system 
including the same will be described with reference to the 
accompanying drawings. Like reference numerals in the 
drawings denote like elements. Sizes of components in the 
drawings may be exaggerated for convenience of explana 
tion. The inventive concept may be embodied in many 
different forms and should not be construed as being limited 
to the embodiments set forth herein. It will be understood by 
those skilled in the art that when a component, Such as a 
layer, a film, a region, or a plate, is referred to as being “on” 
another component, the component can be directly on the 
other component or intervening components may be present. 45 
The terms “comprises”, “comprising', or any other varia 

tions thereof, are intended to cover a non-exclusive inclu 
Sion, such that a process or method that comprises a list of 
steps does not include only those steps but may include other 
steps not expressly listed or inherent to Such process or 50 
method. Similarly, one or more devices or sub-systems or 
elements or structures proceeded by "comprises ... a does 
not, without more constraints, preclude the existence of 
other devices or other sub-systems or other elements or other 
structures or additional devices or additional sub-systems or 55 
additional elements or additional structures. 

Unless otherwise defined, all technical and scientific 
terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art. The system, 
methods, and examples provided herein are illustrative only 
and not intended to be limiting. 
A qubit, which is a basic unit of quantum computers, may 

be generated by using a Josephson junction. Qubits may be 
expanded in a quantum-mechanical manner to form a multi 
qubit circuit through coherent coupling. Multi-qubit cou 
pling to form the multi-qubit circuit may be achieved using 
capacitive coupling or inductive coupling. In inductive 
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4 
coupling, since the multi-qubit coupling takes place near the 
qubits, a magnetic flux within a qubit structure is changed 
and a qubit state may be affected by the changed magnetic 
flux. In capacitive coupling, there is no influence of the 
magnetic flux and less constrained position, and thus, form 
ing the capacitive coupling is easy. However, it is not easy 
to generate coupling constants necessary for a desired multi 
qubit state by using a fixed capacitor. 

In a multi-qubit coupling structure, according to an exem 
plary embodiment, since a tunable Superconducting capaci 
tor is formed between qubits, coupling constants of the 
qubits may be turned as desired, and thus, a multi-qubit 
circuit having a desired structure may be easily imple 
mented. 

FIG. 1 depicts a conceptual view of a multi-qubit coupling 
structure, according to an exemplary embodiment, and FIG. 
2 depicts a schematic cross-sectional view of a multi-qubit 
coupling structure, according to an exemplary embodiment. 

Referring to FIGS. 1 and 2, the multi-qubit coupling 
structure may include a plurality of qubits 10 and 20 and a 
variable capacitor 50 electrically connected between the 
plurality of the qubits 10 and 20. The variable capacitor 50 
may vary coupling constants of the plurality of qubits 10 and 
20. 

FIGS. 1 and 2 show that the multi-qubit coupling structure 
includes a pair of qubits 10 and 20 and the variable capacitor 
50 electrically connected between the qubits 10 and 20 as an 
example. However, the embodiment is not limited thereto. 
The multi-qubit coupling structure may embody various 
structures, for example, a structure in which three or more 
qubits are included and a variable capacitor is electrically 
connected between two qubits is arranged in at least one 
location. 
The qubits 10 and 20 may be superconducting qubits, 

formed using Superconducting materials. For example, as 
shown in FIG. 2, the qubit 10 may have a stack structure 
including first and second Superconducting material layers 
11 and 15 and a dielectric layer 13 between the first and 
second Superconducting material layers 11 and 15, and thus, 
the qubit 10 may form a Josephson junction. Also, as shown 
in FIG. 2, the qubit 20 may have a stack structure including 
first and second Superconducting material layers 21 and 25 
and a dielectric layer 23 disposed between the first and 
second Superconducting material layers 21 and 25, and thus 
the qubit 20 may also form a Josephson junction. 
The first Superconducting material layers 11 and 21 and 

the second Superconducting material layers 15 and 25 may 
be formed of Superconducting materials such as aluminum 
(Al) and niobium (Nb), according to an exemplary embodi 
ment. The dielectric layers 13 and 23 may include vacant 
spaces or dielectric materials. A Josephson junction is made 
by separating two Superconductors by non-Superconducting 
materials or a vacant space. Furthermore, cooper pairs may 
be tunneling in the Josephson junction. The cooper pairs 
may be electron pairs which are not affected by an electrical 
resistance within the Superconductors and may be in the 
same quantum state. In addition, the cooper pairs may be 
expressed by the same wave function, according to an 
exemplary embodiment. 
The variable capacitor 50 may be formed of supercon 

ducting materials, according to an exemplary embodiment. 
The variable capacitor 50 may include first and second 
planar patterns 51 and 55 and an intermediate layer 53 
disposed between the first and second planar patterns 51 and 
55 and having a dielectric constant which varies with 
applied Voltages. 
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The first and second planar patterns 51 and 55 may be 
formed of conductive materials or of Superconducting mate 
rials to form a capacitor. For example, at least one of the first 
and second planar patterns 51 and 55 may be formed of the 
same Superconducting materials as those used to form the 
qubits 10 and 20. 
The intermediate layer 53 is formed of materials having a 

variable dielectric constant which varies with applied volt 
ages, and thus electric capacity of the variable capacitor 50 
may vary based on a Voltage change. For example, the 
intermediate layer 53 may be formed of ferroelectric mate 
rials or piezoelectric materials. 

Since the intermediate layer 53 is formed of materials 
having dielectric constant which varies with the applied 
Voltages, the variable capacitor 50 may vary the coupling 
constants of the qubits 10 and 20 connected to both ends of 
the variable capacitor 50. That is, the variable capacitor 50 
may control the coupling constants between the qubits 10 
and 20, wherein the qubit 10 is electrically connected to the 
first planar pattern 51, and the qubit 20 is electrically 
connected to the second planar pattern 55. 
The multi-qubit coupling structure may be a structure in 

which the variable capacitor 50 and the qubits 10 and 20 are 
stacked on a substrate 1. Also, as shown in FIG. 2, the 
multi-qubit coupling structure may further include electrode 
patterns 3 and 5 which are formed on the substrate 1 in order 
to apply a voltage to the variable capacitor 50. 

Referring to FIG. 2, the electrode patterns 3 and 5 and the 
first planar pattern 51 of the variable capacitor 50 may be 
formed on the substrate 1, and a material layer 7 may be 
formed on the Substrate 1 in order to cover the electrode 
patterns 3 and 5 and the first planar pattern 51. The second 
planar pattern 55 may be formed on a portion of the material 
layer 7 which covers the first planar pattern 51. The inter 
mediate layer 53 may correspond to a portion of the material 
layer 7 disposed between the first planar pattern 51 and the 
second planar pattern 55. 

FIG. 2 illustrates that the variable capacitor 50 is formed 
on the substrate 1, and the qubits 10 and 20 are formed on 
the variable capacitor 50. In such stack structure including 
the variable capacitor 50 and the qubits 10 and 20, an 
insulating layer 9 may further be formed between the 
variable capacitor 50 and the qubits 10 and 20 in order to 
reduce an unintended interaction between the variable 
capacitor 50 and the qubits 10 and 20. That is, the insulating 
layer 9 may be formed on the material layer 7, and the qubits 
10 and 20 may be formed on the insulating layer 9. In this 
case, the insulating layer 9 may be formed of dielectric 
materials, for example, insulating materials, such as silicon 
oxide (SiO) and silicon nitride (SiNX), to make sure the 
quantum state of the qubits 10 and 20 consisting of cooper 
pairs is not affected. 
The variable capacitor 50 and the qubits 10 and 20 may 

be stacked on the substrate 1, and the electrode patterns 3 
and 5 may be formed on the substrate 1 in order to apply a 
voltage to the variable capacitor 50. 
The substrate 1 may be formed of insulating materials 

having high heat loss (Q) values in order to minimize an 
effect on a coherence state of the qubits 10 and 20. For 
example, the Substrate 1 may be a Sapphire Substrate or a 
silicon Substrate on which an insulating material Such as 
SiO, and SiNx is formed. 
The electrode patterns 3 and 5 may be formed on the 

Substrate 1 by using metallic materials, for example, metallic 
materials such as gold (Au) and copper (Cu). The variable 
capacitor 50 may be formed to change the coupling con 
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6 
stants of the qubits 10 and 20 according to a change of a 
voltage applied thereto via the electrode patterns 3 and 5. 
The first planar pattern 51 of the variable capacitor 50 

may be formed on the substrate 1, on which the electrode 
patterns 3 and 5 are formed, in order to form the variable 
capacitor 50. The material layer 7 may be formed on the 
substrate 1 in order to cover the electrode patterns 3 and 5 
and the first planar pattern 51. The second planar pattern 55 
of the variable capacitor 50 may be formed on a portion of 
the material layer 7 which covers the first planar pattern 51. 
In the stack structure in which the first planar pattern 51, the 
material layer 7, and the second planar pattern 55 are 
included, a portion of the material layer 7 which corresponds 
to an intermediate portion between the first planar pattern 51 
and the second planar pattern 55 may be the intermediate 
layer 53. Therefore, the variable capacitor 50 may include 
the first and second planar patterns 51 and 55 and the 
intermediate layer 53 between the first and second planar 
patterns 51 and 55. 
The material layer 7 may be formed of materials having 

dielectric constants which vary with applied Voltages Such 
that the intermediate portion between the first planar pattern 
51 and the second planar pattern 55 is used as the interme 
diate layer 53. For example, the material layer 7 may be 
formed of ferroelectric or piezoelectric materials. 
The insulating layer 9 may be further formed on the 

material layer 7, and the qubits 10 and 20 may be formed on 
the insulating layer 9. 
The variable capacitor 50 and the qubits 10 and 20 may 

be electrically connected to each other by using Supercon 
ducting materials. 

For example, in the above stack structure, respective 
electrical connections between the qubit 10 and the first 
planar pattern 51 and between the qubit 20 and the second 
planar pattern 55 may be formed through via holes so that 
the variable capacitor 50 may be electrically connected to 
the qubits 10 and 20. A first via-hole (60a of FIG.9) may be 
formed in the material layer 7 and the insulating layer 9 for 
an electrical connection 60 between the qubit 10 and the first 
planar pattern 51. Also, a second via-hole (70a of FIG.9) 
may be formed in the insulating layer 9 for an electrical 
connection 70 between the qubit 20 and the second planar 
pattern 55. According to the embodiment, at least one 
via-hole of the first and second via-holes 60a and 70a hole 
may be included in the multi-qubit coupling structure, and 
the electrical connections 60 and 70 may be formed by 
filling the Superconducting materials used to form the qubits 
10 and 20 into the at least one via-hole. In the present 
embodiment, the electrical connections 60 and 70 are 
formed by filling both of the first and second via-holes 60a 
and 70a, but the embodiment is not limited thereto. One of 
the electrical connections may be formed via one of the first 
and second via-holes 60a and 70a and the other electrical 
connection may be formed by using another method. In 
addition, instead of forming via-holes, electrical connections 
may be formed by using various methods during stacking 
and patterning processes when the multi-qubit coupling 
structure is manufactured. 

FIGS. 2 and 9 illustrate that the first via-hole 60a is 
formed in the material layer 7 and the insulating layer 9 for 
the electrical connection 60 between the qubit 10 and the 
first planar pattern 51 and that the second via-hole 70a is 
formed in the insulating layer 9 for the electrical connection 
70 between the qubit 20 and the second planar pattern 55. 
The first and second via-holes 60a and 70a are filled with the 
superconducting materials used to form the qubits 10 and 20 
such that the electrical connections 60 and 70 may be 
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respectively formed between the qubit 10 and the first planar 
pattern 51 and between the qubit 20 and the second planar 
pattern 55. The electrical connections 60 and 70 may be 
formed by filling metallic materials into the first and second 
via holes 60a and 70a, according to another exemplary 
embodiment. 

FIGS. 3 to 10 depict views for explaining a manufacturing 
procedure of the multi-qubit coupling structure of FIG. 2, 
according to an exemplary embodiment. 

Referring to FIG. 3, first, the substrate 1 is prepared. The 
Substrate 1 may be formed of insulating materials having 
high Q values in order to minimize an influence on a 
coherence state of the qubits 10 and 20. For example, the 
Substrate 1 may be a sapphire Substrate or a silicon Substrate 
on which an insulating material. Such as SiO2 or SiNX, is 
formed. 

Referring to FIGS. 4 and 5, the electrode patterns 3 and 
5, and the first planar pattern 51 of the variable capacitor 50 
are formed on the substrate 1. The electrode patterns 3 and 
5 may be formed first on the substrate 1, and then the first 
planar pattern 51 may be added on the substrate 1. Alterna 
tively, after the first planar pattern 51 is formed, the elec 
trode patterns 3 and 5 may be added. The first planar pattern 
51 may be separated from the electrode patterns 3 and 5. 
according to an exemplary embodiment. 
The electrode patterns 3 and 5 may be formed of a 

metallic material Such as Au or Cu, in order to apply a 
Voltage to the variable capacitor 50, according to an exem 
plary embodiment. The first planar pattern 51 may be 
formed of conductive materials or of Superconducting mate 
rials so that the first planar pattern 51 comprises a capacitor 
together with the second planar pattern 55 and the interme 
diate layer 53. For example, the first planar pattern 51 may 
be formed of the same Superconducting materials as those 
used to form the qubits 10 and 20. 

The electrode patterns 3 and 5 and the first planar pattern 
51 may be formed of the same metallic materials, and in this 
case, the electrode patterns 3 and 5 and the first planar 
pattern 51 may be simultaneously formed on the substrate 1, 
according to another exemplary embodiment. 
As shown in FIG. 6, the material layer 7 may be formed 

on the substrate 1 in order to cover the electrode patterns 3 
and 5 and the first planar pattern 51. A portion of the material 
layer 7 which corresponds to an intermediate portion 
between the first planar pattern 51 and the second planar 
pattern 55 may be the intermediate layer 53 of the variable 
capacitor 50. The material layer 7 may be formed of mate 
rials having dielectric constants which vary based on an 
applied voltage. For example, the material layer 7 may be 
formed of ferroelectric materials or piezoelectric materials. 
As shown in FIG. 7, the second planar pattern 55 may be 

formed on a portion of the material layer 7 which covers the 
first planar pattern 51 so as to form the variable capacitor 50. 
The portion of the material layer 7 which corresponds to the 
intermediate portion between the first planar pattern 51 and 
the second planar pattern 55 may be the intermediate layer 
53. The second planar pattern 55 may be formed of con 
ductive materials or of Superconducting materials, so that 
the second planar pattern 55 may comprise a capacitor 
together with the first planar pattern 51 and the intermediate 
layer 53. For example, the second planar pattern 55 may be 
formed of the same Superconducting materials as those used 
to form the qubits 10 and 20. The second planar pattern 55 
may be formed of the same materials as or different mate 
rials from the first planar pattern 51. 

While the variable capacitor 50 is being formed by 
forming the second planar pattern 55, the insulating layer 9 
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8 
may be formed on the material layer 7 to cover the second 
planar pattern 55 as shown in FIG.8. Then, as shown in FIG. 
9, the first via-hole 60a is formed in the insulating layer 9 
and the material layer 7 to reach the first planar pattern 51, 
and the second via-hole 70a is formed in the insulating layer 
9 to reach second planar pattern 55. 
As shown in FIG. 10, the first via-hole 60a and the second 

via-hole 70a may be filled with conductive materials in 
order to form the electrical connections 60 and 70 between 
the qubit 10 and the first planar pattern 51 and between the 
qubit 20 and the second planar pattern 55 respectively. 
Following that, the plurality of qubits 10 and 20 may be 
formed on the insulating layer 9. As a result, the multi-qubit 
coupling structure may be obtained. 
As described above, in the multi-qubit coupling structure 

according to the one or more of the above embodiments, a 
coupling between the qubits 10 and 20 may be controlled by 
using the variable capacitor 50, that is, a tunable Supercon 
ducting capacitor, instead of using a fixed capacitor. 
As described above, in the multi-qubit coupling structure 

according to the one or more of the above embodiments, 
when a voltage applied to the variable capacitor 50 is 
adjusted, coupling constants of the qubits 10 and 20 may be 
controlled. Since the variable capacitor 50 is used, coupling 
constants necessary for a multi-qubit state may be easily 
acquired without any influence of a magnetic flux or limi 
tation on locations. Also, a multi-qubit circuit having a 
desired structure may be easily implemented by frequently 
tuning the coupling constants of the qubits 10 and 20 
according to necessity. 

According to a multi-qubit coupling structure according 
to an embodiment, the capacitor which is connected between 
qubits may be formed to have the intermediate layer having 
the dielectric constant which varies with the applied voltage, 
and thus, a desired multi-qubit circuit may be easily imple 
mented by tuning the coupling constants of the plurality of 
qubits according to necessity. 

It should be understood that the exemplary embodiments 
described therein should be considered in a descriptive sense 
only and not for purposes of limitation. Descriptions of 
features or aspects within each exemplary embodiment 
should typically be considered as available for other similar 
features or aspects in other exemplary embodiments. 

Benefits, other advantages, and solutions to problems 
have been described above with regard to specific embodi 
ments. However, the benefits, advantages, solutions to prob 
lems, and any component(s) that may cause any benefit, 
advantage, or solution to occur or become more pronounced 
are not to be construed as a critical, required, or essential 
feature or component of any or all the claims. 

While specific language has been used to describe the 
disclosure, any limitations arising on account of the same are 
not intended. As would be apparent to a person in the art, 
various working modifications may be made to the method 
in order to implement the inventive concept as taught herein. 
The drawings and the forgoing description give examples 

of embodiments. Those skilled in the art will appreciate that 
one or more of the described elements may well be com 
bined into a single functional element. Alternatively, certain 
elements may be split into multiple functional elements. 
Elements from one embodiment may be added to another 
embodiment. For example, orders of processes described 
herein may be changed and are not limited to the manner 
described herein. Moreover, the actions of any flow diagram 
need not be implemented in the order shown; nor do all of 
the acts necessarily need to be performed. Also, those acts 
that are not dependent on other acts may be performed in 
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parallel with the other acts. The scope of embodiments is by 
no means limited by these specific examples. Numerous 
variations, whether explicitly given in the specification or 
not. Such as differences in structure, dimension, and use of 
material, are possible. The scope of embodiments is at least 
as broad as given by the following claims. 
What is claimed is: 
1. A multi-qubit coupling structure comprising: 
a plurality of qubits: 
a variable capacitor electrically connected to the plurality 

of qubits: 
a Substrate; and 
an electrode pattern formed on the substrate to apply a 

voltage to the variable capacitor, 
wherein the variable capacitor is configured to vary 

coupling constants of the plurality of qubits, 
wherein the variable capacitor comprises: 

a first planar pattern formed on the substrate; 
an intermediate layer formed on the first planar pattern 

and having a dielectric constant which varies based 
on an applied Voltage; and 

a second planar pattern formed on the intermediate 
layer, 

wherein the multi-qubit coupling structure further com 
prises a material layer formed on the substrate to cover 
the electrode pattern and the first planar pattern, and 

wherein a portion of the material layer, which corresponds 
to an intermediate portion between the first and the 
Second planar patterns, forms the intermediate layer. 

2. The multi-qubit coupling structure of claim 1, wherein 
the plurality of qubits are superconducting qubits formed by 
using Superconducting materials. 

3. The multi-qubit coupling structure of claim 2, wherein 
the plurality of qubits have a stack structure comprising: 

a first Superconducting material layer; 
a second Superconducting material layer; and 
a dielectric layer between the first and the second super 

conducting material layers. 
4. The multi-qubit coupling structure of claim 1, wherein 

the variable capacitor comprises Superconducting materials. 
5. The multi-qubit coupling structure of claim 1, wherein 

the intermediate layer is formed of at least one of ferroelec 
tric materials and piezoelectric materials. 

6. The multi-qubit coupling structure of claim 5, wherein 
the first and the second planar patterns are formed of 
Superconducting materials. 

7. The multi-qubit coupling structure of claim 6, wherein 
the first planar pattern, the second planar pattern, and the 
plurality of qubits are formed of the same superconducting 
materials. 

8. The multi-qubit coupling structure of claim 1, wherein 
the first and the second planar patterns are formed of 
Superconducting materials. 
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9. The multi-qubit coupling structure of claim 8, wherein 

the first planar pattern, the second planar pattern, and the 
plurality of qubits are formed of the same superconducting 
materials. 

10. The multi-qubit coupling structure of claim 1, wherein 
the variable capacitor is electrically connected to the plu 
rality of qubits via Superconducting materials. 

11. The multi-qubit coupling structure of claim 1, further 
comprising an insulating layer formed on the material layer, 

wherein the plurality of qubits are formed on the insulat 
ing layer. 

12. The multi-qubit coupling structure of claim 11, 
wherein the insulating layer covers the second planar pat 
tern, and 

the first planar pattern is electrically connected to a first 
qubit from among the plurality of qubits through a first 
via-hole formed in the material layer and the insulating 
layer. 

13. The multi-qubit coupling structure of claim 12, 
wherein the second planar pattern is electrically connected 
to a second qubit from among the plurality of qubits via a 
second via-hole formed in the insulating layer. 

14. The multi-qubit coupling structure of claim 1, wherein 
the material layer is formed of at least one of ferroelectric 
materials and piezoelectric materials, and the first and the 
Second planar patterns are formed of superconducting mate 
rials. 

15. A multi-qubit coupling structure comprising: 
a plurality of qubits: 
a variable capacitor electrically connected to the plurality 

of qubits, 
a substrate; and 
an electrode pattern formed on the substrate to apply a 

Voltage to the variable capacitor, 
wherein the variable capacitor is a tunable superconduct 

ing capacitor configured to vary coupling constants of 
the plurality of qubits based on adjustment of a voltage 
applied to the variable capacitor, 

wherein the variable capacitor comprises: 
a first planar pattern formed on the substrate; 
an intermediate layer formed on the first planar pattern 

and having a dielectric constant which varies based 
on an applied voltage; and 

a second planar pattern formed on the intermediate 
layer, 

wherein the multi-qubit coupling structure further com 
prises a material layer formed on the substrate to cover 
the electrode pattern and the first planar pattern, and 

wherein a portion of the material layer, which corresponds 
to an intermediate portion between the first and the 
second planar patterns, forms the intermediate layer. 


