(43) International Publication Date
19 September 2013 (19.09.2013)

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2013/137959 A2

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
HO1L 27/18 (2006.01) HO1L 39/24 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
HO1L 39/02 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

. e HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

(21) International Application Number: KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

PCT/US2012/070066 ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(22) International Filing Date: NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
17 December 2012 (17.12.2012) RW, SC, SD, SE, 3G, SK, SL, SM, ST, SV, SY, TH, TJ,

™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,

(25) Filing Language: English IM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
13/330,270 19 December 2011 (19.12.2011) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(71) Applicant: NORTHROP GRUMMAN SYSTEMS TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
CORPORATION [US/US]; 2980 Fairview Park Drive, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Falls Church, Virginia 22042-4511 (US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(72) Imventors: TALVACCHIO, John J.; 3650 Grosvenor E/[Ii)’ QQPII\I](EBE’I\IB‘IEDC F,li(?)G’ CL CM, GA, GN, GQ, GW,
Drive, Ellicott Drive, Maryland 21042 (US). FOLK, Erica > T T T ’

C.; 405 Applegate Court, Linthicum Heights, Maryland Declarations under Rule 4.17:
21090 (US). MCLAUGHLIN, Sean R.; 1704 Matisse _ to the identi the i tor (Rule 4.17(i
Court, Severn, Maryland 2114 (US). PHILLIPS, David as o the identity of the inventor (Rule 4.17(1)
J.; 3016 Bicknell Road, Richmond, Virginia 23235 (US).  —  as fo applicant’s entitlement to apply for and be granted a
. . patent (Rule 4.17(i1))
(74) Agent: HARRIS, Christopher P.; Tarolli, Sundheim,
Covell & Tummino LLP, 1300 East Ninth Street, Suite Published:
1700, Cleveland, Ohio 44114 (US). —  without international search report and to be republished
(81) Designated States (unless otherwise indicated, for every upon receipt of that report (Rule 48.2(g))

kind of national protection available). AE, AG, AL, AM,

(54) Title: LOW TEMPERATURE RESISTOR FOR SUPERCONDUCTOR CIRCUITS

10

12
ya
TRANSITION
METAL ALLOY
RESISTOR

......... -

INTEGRATED CIRCUIT

14

SUPERCONDUCTING
CIRCUIT ELEMENT

wo 2013/137959 A2 [N 00000000 0 O A

FIG. 1

(57) Abstract: A integrated circuit and methods for fabricating the circuit are provided. The circuit integrates at least one circuit ele-
ment formed from a material that is superconducting at temperatures less than one hundred milliKelvin and at least one resistor con -
nected to the circuit element. The resistor is formed from an alloy of transition metals that is resistive at temperatures less than one
hundred milliKelvin.



WO 2013/137959 PCT/US2012/070066

LOW TEMPERATURE RESISTOR FOR SUPERCONDUCTOR CIRCUITS

RELATED APPLICATIONS
[0001] This application claims priority from U.S. Patent Application Serial

No. 13/330,270, filed 19 December 2011, which is incorporated herein in its entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to superconductors, and more

particularly to methods of forming low temperature resistors.

BACKGROUND

[0003] Superconducting circuits are one of the leading technologies proposed

for quantum computing and cryptography applications that are expected to provide
significant enhancements to national security applications where communication
signal integrity or computing power are needed. They are operated at temperatures
<100 millikelvin. Materials used for electrical resistors in superconductor circuits
operated at temperatures of 4.2K are not suitable for millikelvin operation since they
have transitions to superconductivity — zero dc resistance — in the range

between 4.2K and millikelvin. An example resistor material in this group is thin-film
molybdenum. Other materials used for resistors at 4.2K are incompatible with
processes in a silicon semiconductor foundry where it is desirable to fabricate
superconducting control circuits. An example resistor material in this group is an
alloy of gold and palladium (AuPd). Gold and copper are serious contaminants in

silicon semiconductor foundries.

SUMMARY
[0004] In one aspect of the invention, a superconducting circuit is provided
that integrates circuit elements formed from materials that are superconducting at
temperatures less than one hundred milliKelvin and resistors connected to the circuit
elements. The resistor is formed from an alloy of transition metals that is resistive at

temperatures less than one hundred milliKelvin.
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[0005] In another aspect of the invention, a method is provided for creating a
superconducting circuit. A first layer of material that is superconducting at
temperatures less than one hundred milliKelvin is deposited on an insulating
substrate. A second layer of material, formed from an alloy of transition metals that
remains resistive at temperatures less than one hundred milliKelvin, is deposited.
The second layer of material is in contact with the first layer of material.

[0006] In yet a further aspect of the invention, a superconducting circuit is
provided including a circuit element formed from a superconducting material and a
resistor connected to the circuit element. The resistor being formed from an alloy of
transition metals having an atomic ratio selected such that a ratio of the number of
valance electrons to atoms within the alloy is between about 5.35 and about 5.95.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. 1 illustrates a functional block diagram of an integrated circuit in

accordance with an aspect of the present invention.

[0008] FIG. 2 illustrates an exemplary implementation of an integrated circuit
assembly for use in milliKelvin temperature applications in accordance with an
aspect of the present invention.

[0009] FIG. 3 illustrates a circuit structure in its early stages of fabrication.
[0010] FIG. 4 illustrates a schematic cross-sectional view of the structure of
FIG. 3 after a photoresist material layer has been patterned in accordance with an
aspect of the present invention.

[0011] FIG. 5 illustrates a schematic cross-sectional view of the structure of
FIG. 4 after the etch step to extend openings in the superconductor material layer in
accordance with an aspect of the present invention.

[0012] FIG. 6 illustrates a schematic cross-sectional view of the structure of
FIG. 5 after undergoing a strip of the photoresist material layer in accordance with an
aspect of the present invention.

[0013] FIG. 7 illustrates a schematic cross-sectional view of the structure of
FIG. 6 after depositing a layer of resistive material.
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[0014] FIG. 8 illustrates a schematic cross-sectional view of the structure of
FIG. 7 after a second photoresist material layer is applied to cover the structure and
patterned and developed to expose open regions.

[0015] FIG. 9 illustrates a schematic cross-sectional view of the structure of
FIG. 8 after the exposed resistive material is etched away to expose the layer of
superconducting material.

[0016] FIG. 10 illustrates a schematic cross-sectional view of the structure of
FIG. 9 after the second photoresist material layer is stripped.

[0017] FIG. 11 illustrates a schematic cross-sectional view of the structure of
FIG. 10 after an insulator layer has been deposited.

DETAILED DESCRIPTION

[0018] FIG. 1 illustrates a functional block diagram of an integrated circuit 10

containing elements (e.g., 12) that are resistive in accordance with an aspect of the
present invention. While it will be appreciated by one of skill in the art that the
resistivity of materials will generally vary with the operating conditions, particularly
temperature, materials having substantially no resistance in the operating conditions
of a circuit are referred to herein as “superconducting materials.” Specifically, for the
purpose of this document, a superconducting material is a material having a
transition temperature (T¢) greater than an operating temperature of the circuit. In
one implementation, the circuit can be used within an operating environment of a
quantum circuit, such that the operating temperature is less than one hundred
millikelvin.
[0019] The circuit 10 includes a resistor 12, formed from an alloy of transition
metals that has significant resistance in an operating environment of the circuit, and
at least one circuit element 14 formed from a superconducting material that is
superconducting in the operating environment. For example, the circuit element 14
can include any of a capacitor, a spiral inductor, a Josephson junction, or any of a
number of other circuit elements commonly used in superconductor applications.
The superconducting material can include any metal, carbon allotrope, alloy,
ceramic, or other pure element known to exhibit superconductivity at low
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temperatures. Since a number of materials possess this property at milliKelvin
temperatures, the superconducting material can be selected as a low cost material
compatible with semiconductor processing techniques.
[0020] In accordance with an aspect of the present invention, the alloy of
transition metals used to form the resistor 12 can be selected such that a total ratio
of valance electrons to atoms within the alloyed material is within a specified range.
Specifically, the alloy can exhibit normal conductivity when the ratio of valance
electrons to atoms is greater than five and less than six. The term “transition metal”
refers to any element found within the d-block of the periodic table, specifically those
within Groups 3-11. By “valance electrons,” it is meant the combined number of
electrons in the outermost s subshell and the outermost d subshell of a given atom.
Accordingly, for the purpose of this application, the number of valance electrons
associated with each atom is equal to four for the Group 4 transition metals, five for
the Group 5 transition metals, and so on.
[0021] In one implementation, the metals forming the alloy can be selected
from a group comprising titanium, vanadium, zirconium, niobium, molybdenum,
hafnium, tungsten, tantalum, and rhenium. The alloy can comprise two or more than
two metals from that group, so long as the overall ratio of valance electrons to atoms
falls between five and six. To ensure that the alloy has the desired resistivity in the
millikelvin range, an atomic ratio of the metals comprising the alloy can be selected
to maintain a valance electrons to atoms ratio between about 5.35 to about 5.95. In
one implementation, the resistor 12 is designed to provide a sheet resistance
between one to ten ohms/square, and has a resistor-film thickness of twenty to two
hundred nanometers. Accordingly, the film provides a resistivity of two to two
hundred micro-ohm-cm at the milliKelvin operating temperature. In one
implementation, the sheet resistance and thickness are selected to provide a
resistivity between ten and fifty micro-ohm-cm.
[0022] The use of the class of transition metal alloys described herein allows
for a number of advantages. The described alloys have a sheet resistance
substantially independent of temperature in the 15 to 100 milliKelvin operating
temperature range. They are non-magnetic and can be used in semiconductor
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processing equipment without the risk of contaminating the semiconductor
equipment for other processes. As alloys, they are relatively insensitive to minor
changes in impurities and defects, particularly when compared to pure elements.
They are chemically stable at temperatures associated with semiconductor
processing, typically 130 to 300°C. This includes stability against chemical reactions
as well as interdiffusion with neighboring film layers. This chemical stability allows
for a low vapor pressure and resistance to corrosion. Many of these alloys can be
applied with thin-film deposition processes that are consistent with other portions of
the superconducting circuit fabrication process, and can be patterned via a dry
etching process. Finally, the selected group of materials contains members that are
relatively common and low cost.

[0023] FIG. 2 illustrates an exemplary implementation of an integrated circuit
assembly 50 for use in milliKelvin temperature applications in accordance with an
aspect of the present invention. The integrated circuit assembly 50 comprises an
insulating substrate 52 that serves as a structural support for the assembly. The
substrate 52 can be formed from any material having sufficient rigidity to serve as a
substrate for a semiconductor circuit assembly that is an insulator at milliKelvin
temperatures. In one implementation, the substrate 52 comprises a silicon wafer.
[0024] A thin-film resistor 54 can be fabricated on the substrate. In
accordance with an aspect of the present invention, the resistor layer 54 can be
formed from an alloy of transition metals having a specific ratio of valance electrons
to atoms. In the illustrated implementation, the resistor 54 is fabricated from an alloy
of titanium and tungsten, with an atomic ratio of tungsten to titanium of approximately
five to one (i.e., approximately 17% of the atoms comprising the alloy are tungsten
and approximately 83% are titanium). The selected alloy provides a sheet
resistance of 3.06 ohm/square, a thickness of 154 nm, and a resistivity of 47 micro-
ohm-cm. It will be appreciated, however, that these quantities can vary, for example,
from a composition of 67% tungsten/33% titanium to a composition of 98%
tungsten/2% titanium. This corresponds to a range of compositions by weight

of 88.5% tungsten/11.5% titanium to 99.5% tungsten/0.5% titanium.



WO 2013/137959 PCT/US2012/070066

[0025] First and second superconducting traces 56 and 58 can be fabricated
on the substrate 52 proximate to the thin film resistor 54. The superconducting
traces 56 and 58 can be formed from aluminum, niobium, or some other
superconductor material. Each superconducting trace 56 and 58 is electrically
connected to the thin-film resistor 54 at respective terminals 62 and 64. The entire
assembly can be covered by a second insulating layer 66. The use of the
titanium/tungsten alloy provides a number of advantages. The alloy exhibits a
negligible temperature dependance in its resistance at low temperatures. The alloy
is not magnetic and does not contaminate the equipment for semiconductor
processing. Further, the deposition process can be performed at room temperature
in argon gas, and a reactive ion etching process, using fluorine-based gases, is well
established for the alloy.
[0026] Turning now to FIGS. 3-12, fabrication is discussed in connection with
formation of a resistor for use in milliKelvin temperatures. It is to be appreciated that
the present example is discussed with respect to a resistor, however, the
methodology can be employed for forming a variety of different devices for use in a
low temperature environment. FIG. 3 illustrates a circuit structure 100 in its early
stages of fabrication. FIG.3 represents the circuit structure after deposition of a
superconducting material layer 102 on an insulating substrate 104. The
superconductor material layer 102 can be deposited via any appropriate deposition
technique including Low Pressure Chemical Vapor Deposition (LPCVD), Plasma
Enhanced Chemical Vapor Deposition (PECVD), Atomic Layer Deposition (ALD),
sputtering or spin on techniques. In the illustrated implementation, the
superconducting material is deposited via sputtering. The material used to fabricate
the superconductor material layer 102 can include, for example, aluminum, niobium,
or some other superconductor material. The superconductor material layer 102 will
reside on another, insulator layer 104 that provides mechanical support for the
superconductor material layer 102.
[0027] Next, as represented in FIG. 4, a photoresist material layer 108 is
applied to cover the structure and is then patterned and developed to expose an
open region 110 in the photoresist material layer 108. The photoresist material
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layer 108 can have a thickness that varies in correspondence with the wavelength of
radiation used to pattern the photoresist material layer 108. The photoresist material
layer 108 may be formed over the superconductor material layer 102 via spin-coating
or spin casting deposition techniques, selectively irradiated and developed to form
the open region 110. The developer utilized in the developing of the photoresist has
no effect on the protective barrier layer 106.
[0028] FIG. 5 illustrates the circuit structure 100 after performing an etch step
on the superconductor material layer 102 to form an opening 114 in the
superconductor material layer 102. The etch can be, for example, a dry chlorine
based plasma etch. For example, the superconductor material layer 102 can be
anisotropically etched with a plasma gas(es) containing chlorine ions, in a
commercially available etcher, such as a parallel plate Reactive lon Etch (RIE)
apparatus, Inductively Coupled Plasma (ICP) reactor or, alternatively, an electron
cyclotron resonance (ECR) plasma reactor to replicate the mask pattern of the
patterned photoresist material layer 108 to thereby create the opening pattern in the
superconductor material layer 102. Alternatively, the etch may be a wet etch.
Preferably, a selective etch technique is used to etch the superconductor material
layer 102 at a relatively greater rate as compared to the patterned photoresist
material layer and underlying layer (not shown).
[0029] The photoresist material layer 108 is then stripped (e.g., via ashing in
an O, plasma) so as to result in the structure shown in FIG. 6. FIG. 7 illustrates the
circuit structure 100 after depositing a layer of resistive material 122 over the
structure of FIG. 6. In the illustrated implementation, the layer of resistive
material 122 is an alloy of titanium and tungsten having an atomic ratio of
approximately five to one, tungsten to titanium, and the layer is deposited via
sputtering. Next, as represented in FIG. 8, a second photoresist material layer 124
is applied to cover the structure and is then patterned and developed to expose open
regions 126 in the second photoresist material layer 124.
[0030] In FIG. 9, the exposed resistive material 122 is etched away to expose
the layer of superconducting material 102. The etch step can be a dry etch or wet
etch that employs an etchant which selectively etches the protective barrier layer 106
7
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at a faster rate than the underlying superconducting material layer 102 and the
overlying photoresist material layer 108. For example, resistive material 122 can be
anisotropically etched with a plasma gas(es), herein carbon tetrafloride (CF,)
containing fluorine ions, in a commercially available etcher, such as a parallel plate
RIE apparatus or, alternatively, an electron cyclotron resonance (ECR) plasma
reactor to replicate the mask pattern of the patterned of the second photoresist
material layer 124. In the illustrated implementation, the etching is performed via
reactive ion etching with fluorine based gases. The second photoresist material
layer 124 is then stripped to provide the structure shown in FIG. 10. In FIG. 11, the
circuit structure 100 is then covered with a second insulating layer 128, such as
silicon or silicon oxide.

[0031] 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. For example, in the fabrication process illustrated in

FIGS. 3-12, the resistive layer can be deposited prior to the deposition of the
superconducting layer, such that the resistive layer is directly between the
superconducting layer and the substrate at one or more locations. 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. An integrated circuit comprising:

a circuit element formed from a material that is superconducting at
temperatures less than one hundred milliKelvin; and

a resistor connected to the circuit element, the resistor being formed from an
alloy of transition metals that is resistive at temperatures less than one hundred

milliKelvin.

2. The integrated circuit of claim 1, an atomic ratio of the transition metals
comprising the alloy being selected such that a ratio of the number of valance
electrons to atoms within the alloy is between about 5.35 and about 5.95.

3. The integrated circuit of claim 1, wherein the transition metals comprising the
alloy are selected as at least two of titanium, vanadium, zirconium, niobium,

molybdenum, hafnium, tungsten, tantalum, and rhenium.

4. The integrated circuit of claim 3, wherein the alloy is an alloy of titanium and
tungsten.
5. The integrated circuit of claim 4, wherein the alloy comprises an atomic ratio

of approximately five atoms of tungsten to each atom of titanium.

6. The integrated circuit of claim 4, wherein the resistor is implemented as a thin
film of the alloy.

7. A method for creating a superconducting circuit comprising:
depositing a first layer of material that is superconducting at temperatures less

than one hundred milliKelvin on an insulating substrate; and
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depositing a second layer of material comprising an alloy of transition metals,
the alloy comprising at least two of titanium, vanadium, zirconium, niobium,
molybdenum, hafnium, tungsten, tantalum, and rhenium, that remains resistive at
temperatures less than one hundred millikelvin, the second layer of material being in
contact with the first layer of material.

8. The method of claim 7, wherein the first layer of material is deposited prior to
the second layer of material.

9. The method of claim 7, wherein the second layer of material is deposited prior
to the first layer of material.

10.  The method of claim 7, an atomic ratio of the transition metals comprising the
alloy being selected such that a ratio of the number of valance electrons to atoms
within the alloy is between about 5.35 and about 5.95.

11.  The method of claim 7, wherein the alloy of transition metals is an alloy of
titanium and tungsten having an atomic ratio of approximately five atoms of tungsten

to each atom of titanium.

12.  The method of claim 7, further comprising depositing the second layer of

material via a sputtering process performed at room temperature in argon gas.

13.  The method of claim 7, further comprising etching the second layer of material
via a reactive ion etching process with fluorine-based gases.

14.  The method of claim 7, further comprising depositing a layer of an insulator

material over the first and second layers of material.

15.  The method of claim 7, wherein the insulating substrate is a silicon wafer.

10
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16.  Anintegrated circuit comprising:

a circuit element formed from a superconducting material; and

a resistor connected to the circuit element, the resistor being formed from an
alloy of transition metals having an atomic ratio selected such that a ratio of the
number of valance electrons to atoms within the alloy is between about 5.35 and
about 5.95.

17.  The integrated circuit of claim 16, wherein the transition metals comprising the
alloy are selected as at least two of titanium, vanadium, zirconium, niobium,

molybdenum, hafnium, tungsten, tantalum, and rhenium.

18.  The integrated circuit of claim 17, wherein the alloy is an alloy of titanium and

tungsten.

19.  The integrated circuit of claim 18, wherein the alloy comprises an atomic ratio

of approximately five atoms of tungsten to each atom of titanium.

20.  The integrated circuit of claim 16, wherein the integrated circuit is configured
for operation at temperatures less than one hundred milliKelvin, such that the
integrated material has substantially no resistance at temperatures less than one
hundred milliKelvin and the alloy of transition metals is resistive at temperatures less

than one hundred milliKelvin.
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