
PCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization 
International Bureau

(43) International Publication Date
13 October 2011 (13.10.2011)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIN
(10) International Publication Number

WO 2011/126831 Al

Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, 
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO, 
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, 
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, 
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, 
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, 
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, 
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, 
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, 
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, 
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, ΓΓ, LT, LU, 
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, 
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to the identity of the inventor (Rule 4.17(())

— as to applicant's entitlement to apply for and be granted 
a patent (Rule 4.17(H))

Published:
— with international search report (Art. 21(3))

(51) International Patent Classification: (81)
H01L 29/06 (2006.01)

(21) International Application Number:
PCT/US2011/030304

(22) International Filing Date:
29 March 2011 (29.03.2011)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
12/754,194 5 April 2010 (05.04.2010) US

(71) Applicant (for all designated States except US): 
NORTHROP GRUMMAN SYSTEMS CORPORA­
TION [US/US]; 1840 Century Park East, Los Angeles, 
California 90067 (US).

(72) Inventors; and
(75) Inventors/Applicants for US only): PESETSKI, Aaron

A. [US/US]; 2442 Heather Stone Drive, Gambrills, Mary­
land 21054 (US). BAUMGARDNER, James E.
[US/US]; 908 Taxus Drive, Apt. 302, Odenton, Maryland 
21113 (US). UEWIS, Rupert M. [US/US]; 9412 Wood­
song Court, Laurel, Maryland 20723 (US).

(74) Agent: HARRIS, Christopher P.; Tarolli, Sundheim, 
Covell & Tummino LLP, 1300 East Ninth Street, Suite 
1700, Cleveland, Ohio 44114 (US).

(54) Title: PHASE QUANTUM ΒΓΓ

W
O

 20
11

/1
26

83
1 A

l

44-J

FIG. 3
(57) Abstract: A phase quantum bit is disclosed. In one embodiment, 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 in­
ductive component of the phase quantum bit.
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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 2π 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

4



WO 2011/126831 PCT/US2011/030304

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. 5 is 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.

7
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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.

8
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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.

9
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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.
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