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PHASE QUANTUM BIT

TECHNICAL FIELD
[0001] The present invention relates generally to superconductor circuits, and
more particularly to a phase quantum bit.

BACKGROUND
[0002] A phase quantum bit is essentially an LC resonator and can be formed
from an inductor shunting a Josephson junction. The physical Josephson junction
consists of two parts, an ideal Josephson junction and a shunting capacitor. The
shunting capacitor can be supplied by the capacitance of the Josephson junction and
the inductance can be supplied by the parallel combination of the inductor and the
dynamic inductance of the junction. A control circuit is employed to write to the
phase quantum bit and a readout circuit is employed to read from the phase
quantum bit. The coherence time of the quantum bit is determined in part by the
quality factor (Q) of the resonant circuit. Since the control and readout circuits are
coupled to the resonant circuit, they load the circuit and reduce the quality factor (Q).
In addition, any noise present in the control or readout circuits couples directly to the
resonant circuit resulting in decoherence.
[0003] A well established technique within the quantum computing community
for reducing decoherence resulting from dielectric loss associated with Josephson
junctions is to replace the internal capacitance of the Josephson junction with an
explicit external capacitor. This can be accomplished by substantially increasing the
critical current density of the junction and reducing its area to maintain a constant
critical current. As a result, the dynamic inductance of the junction remains constant,
but the capacitance is reduced substantially. The missing capacitance is made up
with an external shunt capacitor. While this technique can improve poor
performance caused by lossy junctions, it does nothing to improve poor performance
caused by coupling to control and readout circuits.
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SUMMARY
[0004] In one aspect of the invention, a phase quantum bit is provided. The
phase quantum bit may comprise a Josephson junction and a distributed element
coupled to the Josephson junction. The distributed element provides a capacitive
component and an inductive component of the phase quantum bit.
[0005] In another aspect of the invention, a quantum circuit is provided. The
quantum circuit comprises a phase quantum bit comprising a Josephson junction
and a transmission line coupled to the Josephson junction, a control circuit coupled
to the transmission line for biasing the phase quantum bit and a readout circuit
coupled to the transmission line for reading the phase quantum bit. The
transmission line provides a capacitive component and an inductive component of
the phase quantum bit. A shunt impedance is coupled to a second end of the
transmission line with a first end of the transmission line being coupled to the
Josephson junction.
[0006] In yet another aspect of the present invention, a method of forming a
phase quantum bit is provided. The method comprises forming a Josephson
junction, forming a distributed element that provides a capacitive component and an
inductive component of the phase quantum bit and coupling a first end of the

distributed element to the Josephson junction.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. 1 illustrates a schematic diagram of a superconductor quantum
circuit in accordance with an aspect of the present invention.
[0008] FIG. 2 illustrates a top view with a cutout portion of a phase quantum
bit that employs a transmission line coupled to a Josephson junction in accordance
with an aspect of the present invention.
[0009] FIG. 3 illustrates a cross-sectional view with a cutout portion of the
phase quantum bit of FIG. 2 in accordance with an aspect of the present invention.
[0010] FIG. 4 illustrates a top view of a phase quantum bit configured to
reduce susceptibility to noise caused by control and readout circuitry in accordance

with an aspect of the present invention.
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[0011] FIG. 5 is a plot of the RF voltage amplitude and current amplitude
along the length of and aligned with the length of the transmission line of FIG. 4 in
accordance with an aspect of the present invention.

[0012] FIG. 6 illustrates an example of a method for forming a phase quantum

bit in accordance with an aspect of the present invention.

DETAILED DESCRIPTION
[0013] A superconductor phase quantum bit is provided that includes a
distributed element coupled to a Josephson junction. The distributed element can
replace a shunting capacitor and a shunting inductor. The phase quantum bit can
employ a technique of shrinking the Josephson junction to reduce the internal
capacitance of the junction but, rather than adding an external shunting capacitor, a
distributed element such as a transmission line resonator is employed to provide the
necessary capacitance of the phase quantum bit. The length of the transmission line
supplies both the missing capacitive component and the shunt inductive component
needed to complete the circuit. A shunting impedance can be coupled to the
distributed element to provide increased tunability and/or increase the quality factor
(Q) of the phase quantum bit. The working definition of the quality factor (Q) of the
phase quantum bit is defined as the bandwidth of the resonator divided by the center
frequency of the resonator. The text book definition of the quality factor (Q) of the
phase quantum bit is defined as 21 times (the energy stored in the resonator divided
by the energy loss in one cycle). Both definitions apply in aspects of the present
invention.
[0014] FIG. 1 illustrates a schematic diagram of a superconductor quantum
circuit 10 in accordance with an aspect of the present invention. The superconductor
quantum circuit 10 includes a superconducting phase quantum bit 11 formed from a
distributed element 14 coupled in parallel or shunted with a Josephson junction 12.
The Josephson junction 12 can be of a reduced size to minimize the internal
capacitance of the Josephson junction 12. The distributed element 14 can be a
transmission line such as a coplanar waveguide, a slot line waveguide, a stripline
waveguide, a microstrip waveguide or other type of transmission line geometry or a

complex distributed filter. The phase quantum bit 11 can also include a shunting
3
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impedance Zs 16 coupled to and in parallel with the distributed element 14. In one
aspect of the invention, Zs is a short circuit. However, Zs could be any arbitrary
reactive network, including an open circuit, an inductor, a capacitor, a Josephson
junction, a transmission line or a combination thereof.

[0015] The shunting impedance increases tunability and/or the quality factor
(Q) of the phase quantum bit. For example, the use of a capacitor as the shunting
impedance increases tunability but decreases the Q of the phase quantum bit. The
use of an inductor as the shunting impedance decreases the tunability but increases
the Q, while the use of another transmission line (e.g., of a different width) increases
the tunability and increases the Q of the phase quantum bit.

[0016] The superconductor quantum circuit 10 also includes a control circuit
18 that is magnetically coupled to the distributed element 14. The control circuit 18
applies a bias current to the phase quantum bit 11 to tune the frequency of the
phase quantum bit 11 and set its state. The superconductor quantum circuit 10 also
includes a readout circuit 20 that is magnetically coupled to the distributed element
14. The readout circuit 20 reads the magnetic flux state of the phase quantum bit 11
to determine if the phase quantum bit 11 contains a photon.

[0017] FIG. 2 illustrates a top view with a cutout portion 40 of a phase
quantum bit 30 that employs a transmission line 34 coupled to a Josephson junction
32 in accordance with an aspect of the present invention. The cutout portion is
employed to illustrate that the length of the transmission line 34 is substantially
greater than the width of the transmission line 34 and further provide views of a first
end 42 of the transmission line 34 and a second end 44 of the transmission line 34.
For example, the length of the transmission line can be about 5000 microns long
while the width of the transmission line can be about 20 microns wide. The
transmission line 34 is a coplanar waveguide 34 which can be fabricated using a
single metal layer with open portion 38 to form the waveguide 34. The coplanar
waveguide is a gradiometer configuration making it less susceptible to coupling to
external magnetic fields. It is to be appreciated that other transmission line
geometries can be employed to form the phase quantum bit 30. The transmission
line 34 is used to form the resonator with the first end 42 that shunts the Josephson
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junction 32 and the second end 44 that is shorted to provide the shunting
impedance.

[0018] The Josephson junction 32 can be formed on a first layer with the
transmission line 34 being formed on a second layer. A contact 36 that extends
through an intermediate layer couples to the Josephson junction 32 through a
conductive line 35 and to the first end 42 of the transmission line 34. The second
layer can overly the first layer or the first layer can overly the second layer. The first
layer can be formed of multiple layers since the Josephson junction is formed of a
dielectric layer sandwiched between two superconductor layers.

[0019] FIG. 3 illustrates a cross-sectional view with a cutout portion 50 of the
phase quantum bit 30 of FIG. 2 in accordance with an aspect of the present
invention. The phase quantum bit 30 is formed over a substrate layer 52. An
intermediate layer 54 overlies the substrate layer 52. The Josephson junction 32
resides in the intermediate layer 54 and is formed of a dielectric layer sandwiched
between two superconducting layers. The conductive line 35 extends from the
Josephson Junction 32 to the contact 36 that extends through the intermediate layer
54 to a top layer 56 that includes the transmission line 34. A variety of processing
techniques can be employed to form the phase quantum bit 30.

[0020] For example, a metal-insulator-metal trilayer consisting of two
superconducting metal layers separated by a thin dielectric layer can be deposited
over the substrate and etched halfway through to define the Josephson junction 32.
A different mask can be employed to etch the trilayer to define the conductive line 35
and an insulating layer can be deposited over the structure to form the intermediate
layer 54. The intermediate layer 54 can be etched to form the contact 36 and the top
of the Josephson junction 32. The metal layer 56 can be deposited over the
intermediate layer 54 and etched to form the transmission line 34 with the first end of
the transmission line 34 coupled to the contact 36.

[0021] FIG. 4 illustrates a top view of a phase quantum bit 70 configured to
reduce susceptibility to noise caused by control and readout circuitry in accordance
with an aspect of the present invention. The phase quantum bit 70 of FIG. 4 has a
similar layout to the phase quantum bit 30 of FIG. 2 in which a transmission line 74

with open portions 76 in the form of a coplanar waveguide is used to form the
5
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resonator with a first end 78 that shunts a Josephson junction 72 and second end 80
that is shorted. FIG. 5is a plot 90 of the RF voltage amplitude 94 and current
amplitude 92 along the length of and aligned with the length of the transmission line
74. Since the second end 80 is a short, it is a voltage node with the current being at
its maximum. The first end 78, which shunts the Josephson junction 72, is almost a
voltage node, with the current rising to about 85% of its maximum value. Toward the
middle of the transmission line 74, at about 40% from the first end 78 is a current
node at a zero RF current location 86 (see dash line 96) where the RF current and
thus the RF magnetic field drops to zero. A readout circuit 84 and a control circuit 82
are designed to produce and measure DC magnetic field. By inductively coupling
the readout circuit 84 and the control circuit 82 at the zero RF current location 86, the
readout circuit 84 and the control circuit 82 are only weakly coupled to the RF field
and thus do not load the Q of the resonator. In addition, any RF noise in the readout
and control circuits 84 and 82 will be unable to decohere the quantum bit.

[0022] It is to be appreciated that the resonant frequency varies more slowly
with applied flux in the phase quantum bit of FIG. 4. While this is a disadvantage in
that it means the quantum bit may be less tunable, it is an advantage in that the
quantum bit is less sensitive to low frequency noise coupling that causes
decoherence.

[0023] In view of the foregoing structural and functional features described
above, a methodology in accordance with various aspects of the present invention
will be better appreciated with reference to FIG. 6. While, for purposes of simplicity
of explanation, the methodology of FIG. 6 is shown and described as executing
serially, it is to be understood and appreciated that the present invention is not
limited by the illustrated order, as some aspects could, in accordance with the
present invention, occur in different orders and/or concurrently with other aspects
from that shown and described herein. Moreover, not all illustrated features may be
required to implement a methodology in accordance with an aspect of the present
invention.

[0024] FIG. 6 illustrates an example of a method 100 for forming a phase
quantum bit in accordance with an aspect of the present invention. At 102, a

Josephson junction coupled to a conductive line is formed over a substrate layer. At
6
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104, an intermediate layer is formed over the Josephson junction and the conductive
line. The intermediate layer can be a dielectric layer. At 106, a contact is formed
through the intermediate layer to the conductive line to provide a contact from the
Josephson junction to the top of the intermediate layer. At 108, a distributed element
is formed on a second layer overlying the intermediate layer with a first end of the
distributed element being coupled to the Josephson junction by the contact. At 110,
a shunting impedance is coupled to a second end of the distributed element. The
shunting impedance can be any arbitrary reactive network, including a short circuit,
an open circuit, an inductor, a capacitor, a Josephson junction, a transmission line or
a combination thereof.

[0025] What have been described above are examples of the invention. It is,
of course, not possible to describe every conceivable combination of components or
methodologies for purposes of describing the invention, but one of ordinary skill in
the art will recognize that many further combinations and permutations of the
invention are possible. Accordingly, the invention is intended to embrace all such
alterations, modifications, and variations that fall within the scope of this application,

including the appended claims.
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CLAIMS
What is claimed is:

1. A phase quantum bit comprising:

a Josephson junction; and

a distributed element coupled to the Josephson junction, the distributed element
providing a capacitive component and an inductive component of the phase quantum
bit.

2. The phase quantum bit of claim 1, wherein the distributed element is a

transmission line.

3. The phase quantum bit of claim 2, wherein the transmission line is one of a
coplanar waveguide, a slot line waveguide, a stripline waveguide and a microstrip

waveguide.

4. The phase quantum bit of claim 1, further comprising a shunting impedance
coupled to a second end of the distributed element with a first end of the distributed

element being coupled to the Josephson junction.

5. The phase quantum bit of claim 4, wherein the shunting impedance is a short.
6. The phase quantum bit of claim 4, wherein the shunting impedance is an open.
7. The phase quantum bit of claim 4, wherein the shunting impedance is at least

one of a capacitor, an inductor, a transmission line and a second Josephson junction.
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8. The phase quantum bit of claim 1, further comprising a control circuit coupled to
the distributed element for biasing the phase quantum bit and a readout circuit coupled

to the distributed element for reading the phase quantum bit.

9. The phase quantum bit of claim 8, wherein the control circuit and/or the readout
circuit are coupled to the distributed element at a location where the magnitude of the

radio frequency (RF) current is approximately zero.

10. A quantum circuit comprising:
a phase quantum bit comprising:

a Josephson junction;

a transmission line coupled to the Josephson junction, the transmission
line providing a capacitive component and an inductive component of the phase
quantum bit; and

a shunt impedance coupled to a second end of the transmission line with
a first end of the transmission line being coupled to the Josephson junction; and
a control circuit coupled to the transmission line for biasing the phase quantum
bit; and
a readout circuit coupled to the transmission line for reading the phase quantum
bit.

11.  The quantum circuit of claim 10, wherein the transmission line is one of a
coplanar waveguide, a slot line waveguide, a stripline waveguide and a microstrip

waveguide.

12.  The quantum circuit of claim 10, wherein the shunting impedance is a short at the

second end of the transmission line.
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13.  The quantum circuit of claim 10, wherein the shunting impedance is an open at

the first end of the transmission line.

14.  The quantum circuit of claim 10, wherein the shunting impedance is at least one

of a capacitor, an inductor, a transmission line and a second Josephson junction.

15.  The quantum circuit of claim 10, wherein the control circuit and the readout circuit
are coupled to the transmission line at a location where the magnitude of the radio

frequency (RF) current is approximately zero.

16. A method of forming a phase quantum bit, the method comprising:

forming a Josephson junction;

forming a distributed element that provides a capacitive component and an
inductive component of the phase quantum bit; and

coupling a first end of the distributed element to the Josephson junction.

17.  The method of claim 16, wherein the forming a distributed element comprises

forming a second end of the distributed element that is shorted.

18.  The method of claim 16, further comprising forming a shunting impedance
coupled to a second end of the distributed element, wherein the shunting impedance is
at least one of an open circuit, a capacitor, an inductor, a transmission line and a

second Josephson junction.

19.  The method of claim 16, further comprising forming an intermediate layer
between the Josephson junction and the distributed element and forming a contact
through the intermediate layer to couple the Josephson junction to the distributed

element.

10
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20.  The method of claim 16, further comprising:

forming a control circuit coupled to the distributed element adjacent a first
location for biasing the phase quantum bit; and

forming a readout circuit coupled to the distributed element adjacent the first
location for reading the phase quantum bit, wherein the first location is at a location
where the magnitude of the radio frequency (RF) current of the phase quantum bit is

approximately zero.

11



PCT/US2011/030304

WO 2011/126831

1/4

L "Old

ONI//

1INO™ID
av3ad

57

1INO™ID
TOHLINOD

o)



WO 2011/126831

2/4

FIG. 2

PCT/US2011/030304

— 56
— 54
— 52

FIG. 3

J




PCT/US2011/030304

WO 2011/126831

3/4

HLON3T
| 60

%
“u,
%,
,
%
Yy,
%,
,
m,

AANLITdNVY

)

%
“t,
%,
“,
%
Yy

iy,
%,
\\\\\\\\\\
\\\\\\\\\\\
Yy,

\\\\\\\\\\\

7
I\ |\\\\\\\\\\\\\\\\\\\\\\\\\\\S§\\\\\\\\\\\\\\\\\
y Ol4

9
T ) HLON3T >

%
Dt
i

Z




WO 2011/126831 PCT/US2011/030304

4/4

f—’IOO
/—102

FORMING A JOSEPHSON JUNCTION COUPLED TO A
CONDUCTIVE LINE OVER A SUBSTRATE LAYER

[

FORMING AN INTERMEDIATE LAYER OVER THE JOSEPHSON
JUNCTION AND THE CONDUCTIVE LINE

¢ /—106

FORMING A CONTACT THROUGH THE INTERMEDIATE LAYER
COUPLING THE CONTACT TO THE JOSEPHSON JUNCTION

[

FORMING A DISTRIBUTED ELEMENT ON A SECOND LAYER
OVERLYING THE INTERMEDIATE LAYER COUPLING THE
DISTRIBUTED ELEMENT TO THE JOSEPHSON JUNCTION BY THE
CONTACT

[

COUPLING A SHUNTING IMPEDANCE TO A SECOND END OF THE
DISTRIBUTED ELEMENT

FIG. 6
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