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QUANTUM INFORMATION PROCESSING
DEVICE FORMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[1] This application 1s a National Stage Application under
35 US.C. § 371 and claims the benefit of International

Application No. PCT/US2017/065017, filed on Dec. 7,
2017, which claims priority to U.S. Provisional Application
Ser. No. 62/552,927, filed on Aug. 31, 2017/. The disclosures

of each of those prior applications are incorporated herein by
reference in their entirety.

TECHNICAL FIELD

The present disclosure relates to quantum information
processing device formation.

BACKGROUND

Quantum computing 1s a new computing method that
takes advantage of quantum mechanical phenomena, such as
superposition of two quantum states and entanglement
between the quantum states belonging to separate and
remote entities. In contrast to a digital computer, which
stores and manipulates the information using “bits™ config-
ured to be in two bi-stable states (e.g. a “0” and “17),
quantum computing systems aim to manipulate information
using “qubits” configured to be the superposition of the
quantum states (e. g. al0>+bl1>). Quantum states of each
qubit can be entangled with one another, 1.e., the measure-
ment result of one qubit 1s strongly correlated with the
measurement result of another qubit. These properties pro-
vide a crucial advantage over the classical computer that the

speed ol a quantum computer 1s exponential in the number
ol qubits.

SUMMARY

In general, 1n some aspects, the subject matter of the
present disclosure may be embodied 1n methods, which
include: forming at least part of a quantum information
processing device, which includes: providing a first electri-
cally-conductive layer formed of a first electrically-conduc-
tive material on a principal surface of a substrate, depositing,
a layer of dielectric material on the first electrically-conduc-
tive material, patterning the layer of dielectric matenal to
form a pad of dielectric maternial and to reveal a first region
of the first electrically-conductive layer; depositing a second
clectrically-conductive layer on the pad of dielectric mate-
rial and on the first region of the first electrically-conductive
layer, patterning the second electrically-conductive layer;
and removing the pad of dielectric material using 1sotropic
gas phase etching.

Implementations of the methods may include one or more
of the following features. For example, 1n some implemen-
tations, patterning the layer of dielectric material may reveal
a first region of the first electrically-conductive layer.

In some 1mplementations, patterning the layer of dielec-
tric material may reveal a second region of the first electri-
cally-conductive layer and the second electrically-conduc-
tive layer may be deposited on the second region of the first
clectrically-conductive layer.

In some implementations, removing the at least one
patterned region of dielectric material using 1sotropic gas
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2

phase etching may include etching the at least one patterned
region of dielectric material using a mixture which includes
hydrogen fluoride vapour.

In some 1mplementations, removing the at least one
patterned region of dielectric material using 1sotropic gas
phase etching may include etching the at least one patterned
region ol dielectric material using a mixture which includes
xenon difluoride vapour.

In some implementations, the method further may include
patterning the first electrically-conductive layer so as to
form at least one window 1n the layer of first electrically-
conductive layer.

In some implementations, patterning the second electri-
cally-conductive layer may define a strip of second electri-
cally-conductive matenal.

In some implementations, the substrate may comprise a
s1licon substrate.

In some implementations, the first electrically-conductive
layer may comprise a metallization. Thus, the first electri-
cally-conductive layer may be a first metallization layer.

In some implementations, the first electrically-conductive
layer may be superconducting below a critical temperature.

In some implementations, the first electrically-conductive
layer may comprise aluminium.

In some 1implementations, the layer of dielectric material
may comprise a layer of silicon dioxide.

In some implementations, the second electrically-conduc-
tive layer may comprise a metallization. Thus, second elec-
trically-conductive layer may be a second metallization
layer.

In some 1implementations, the second electrically-conduc-
tive layer may be superconducting below a critical tempera-
ture.

In some 1implementations, the second electrically-conduc-
tive layer may comprise aluminium.

In some implementations, the first and second electri-
cally-conductive layers may be formed of the same electri-
cally-conductive materal.

In some implementations, the first and second electri-
cally-conductive layers may be formed of two, different
clectrically-conductive materials.

In some 1implementations, forming the at least part of the
quantum information processing device may comprise forms-
ing an air bridge.

In some implementations, forming the at least part of the
quantum mnformation processing device may comprise form-
ing a capacitor.

In some implementations, forming the at least part of the
quantum mnformation processing device may comprise form-
ing an inductor.

In some implementations, forming the at least part of the
quantum mformation processing device may comprise form-
Ing a resonator.

In some implementations, forming the at least part of the
quantum information processing device may include using
CMOS-compatible processing steps.

The subject matter of the present disclosure may be
embodied a device obtainable by the any one of the imple-
mentations above.

Implementations may include one or more of the follow-
ing advantages. A suspended structure, such as a metallic
bridge, may be formed which provide a higher degree of
integration and an extended degree of freedom to the circuit
design. Since the electrical connections do not all have to
run within the same layer, the length of the connections can
be reduced or minimised compared to the operating wave-
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length of the microwave. This can eliminate the need to
consider the additional phase shiits introduced by the length
of the connections.

For the purposes of this disclosure, a superconductor
(alternatively, superconducting) material may be understood
as a material that exhibits superconducting properties at or
below a superconducting critical temperature. Examples of
superconductor material include aluminum (superconduct-
ing critical temperature of, e.g., 1.2 kelvin), niobium (super-
conducting critical temperature of, e.g., 9.3 kelvin) and
titanium nitride (superconducting critical temperature of,
e.g., 5.6 kelvin).

The details of one or more implementations are set forth
in the accompanying drawings and the description below.
Other features and advantages will be apparent from the
description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-11] illustrate a top view of a process of pattern-
ing ol a first electrically-conductive layer on a dielectric
substrate and building an electrically-conductive bridge ris-
ing over the first electrically-conductive layer.

FIGS. 2A-21] illustrate a cross section view of a process of
patterning of a first electrically-conductive layer on a dielec-
tric substrate and building an electrically-conductive bridge
rising over the first electrically-conductive layer along
bridge line A-A' shown 1n FIG. 1A.

FIGS. 3A-3] illustrate a cross section view of a process of
patterning of a first electrically-conductive layer on a dielec-
tric substrate and building an electrically-conductive bridge
rising over the first electrically-conductive layer, along a line
B-B' shown i FIG. 1A.

FI1G. 4 1s a process flow diagram of a method of patterning,
of a first electrically-conductive layer on a dielectric sub-
strate and building an electrically-conductive bridge rising
over the first electrically-conductive layer.

FIG. 5 1s a micrograph of an example of a sacrificial
silicon dioxide layer supporting an electrically-conductive
bridge prior to 1sotropic VHF etching and subsequent to
1sotropic VHF etching.

FIG. 6 shows measurements ol quality factors of a reso-
nator comprising a co-planar waveguide at various stages of
the fabrication process.

FIG. 7 shows a schematic diagram of a qubit circuit.

FIGS. 8A and 8B are micrographs of an example of a
sacrificial silicon dioxide layer supporting a continuous
airbridge structure present over a co-planar waveguide prior
to and subsequent to 1sotropic VHF etching.

DETAILED DESCRIPTION

Quantum computing provides coherent processing of
quantum 1nformation stored i1n a plurality of qubits of a
quantum computer. To achieve maximum computational
speed, 1deally the qubits are entangled with one another 1n
a controllable manner such that the quantum state of each
qubit immediately aflects the corresponding quantum states
of the other qubits. Superconducting quantum computing 1s
a promising implementation of quantum computing tech-
nology 1 which quantum circuits are formed at least 1n part
from superconductor materials on a substrate. In certain
implementations, quantum circuit elements are preferably
operated at a cryogenic temperature such that thermal fluc-
tuations do not perturb the coherence of the qubits or cause
loss of the circuit elements at the operating frequency. Other
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4

factors that may lead to loss or decoherence are material
defects such as two-level states (TLS) and undesired radia-
tive coupling.

Therefore, an electrically-conductive layer, which shows
superconducting behaviour below a critical temperature may
be used to form various quantum circuit elements and
components such as Josephson junction, co-planar wave-
guides, LC oscillator, superconducting quantum interference
devices (SQUIDs), inductors, capacitors, among others.
Superconducting quantum computing devices may be multi-
layer systems, however typically only the first electrically-
conductive layer, which may be a metallic layer, forms the
core of the computational basis.

In particular, this disclosure relates to a method of fabri-
cating a suspended electrically-conductive structure, such as
an airbridge for connecting two parts of a patterned electri-
cally-conductive layer on a dielectric substrate.

Many components and connections between the compo-
nents can be defined 1n a electrically-conductive layer sup-
ported by a dielectric substrate. It can be advantageous,
however, to connect diflerent parts of the circuit using a
clectrically-conductive “airbridge,” which rises above the
clectrically-conductive layer and which forms an arch-like
structure. Other circuit elements and connecting strips may
be formed under the airbridge, while electrically discon-
nected from the two parts that are connected by the electri-
cally-conductive airbridge.

These electrically-conductive bridges can be advanta-
geous 1n that they provide a higher degree of integration and
an extended degree of freedom to the circuit design. Since
the electrical connections do not all have to run within the
same layer, the length of the connections can be reduced or
minimised compared to the operating wavelength of the
microwave. This eliminates the need to consider the addi-
tional phase shifts introduced by the length of the connec-
tions.

An electrically-conductive bridge can be fabricated by
reflowing photoresist, depositing metal and stripping the
photoresist. However, the maximum height of the electri-
cally-conductive bridge may be determined by (directly
proportional to) the span of the bridge. This can lead to a tall
structure, which makes the subsequent fabrication procedure
difficult. Furthermore, these structures are not robust against
spinning, sonication and baking. Finally, electrically-con-
ductive bridge structures formed by reflowing photoresist 1s
not compatible with foundry processing.

This disclosure presents a method of fabricating a sus-
pended electrically-conductive structure, such as a metallic
bridge, using an interlayer dielectric (ILD), such as silicon
dioxide, to support the structure. This interlayer dielectric
provides a strong structural support and 1s compatible with
foundry processes.

An 1mportant part of the method 1s removing this inter-
layer dielectric after forming the electrically-conductive
bridge. The method can substantially remove all trace of
dielectric material 1n contact with the electrically-conduc-
tive layer during fabrication. The impact of residual dielec-
tric material will now be explained.

The coherence time of each superconducting qubit
defined by a Josephson junction (for example, Al-AlOx-Al
interface) 1s a key parameter to be optimised for this specific
type of quantum information processing devices. A major
limiting factor to the coherence time of each qubit 1s the
two-level states (TLS) inherently present in a dielectric
substrate, originating from the tunneling between two con-
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figurations of atoms within the dielectric substrate, or 1n
some 1mplementations at the interface between material
layers.

In order to reduce decoherence, single crystal silicon or
sapphire substrates can be used because this reduces the
density of inherent two-level states (TLS). However, 1n
addition to the base substrate, any dielectric layer 1n contact
with the electrically-conductive layer during the course of
fabrication leads to loss around the qubit transition fre-
quency, typically at several GHz. Therefore, even a few
atomic layers of oxide on the surface of the features defined
in the electrically-conductive layer can seriously aflect the
operation of the elements within the quantum information
processing device. For example, the quality factor of a
coplanar waveguide resonator can be aflected by minute
amount of remaining dielectric material near the edge of the
clectrically-conductive features, where the magnitude of
clectric field 1s high. Therefore, 1t 1s a challenge to devise a
foundry compatible fabrication method that minimises the
ellect of the dielectric material mnvolved in the fabrication
process.

This disclosure presents a method that includes steps for
removing the lossy interlayer dielectric after forming the
clectrically-conductive bridge, such as a metallic bridge, and
for selective etching of the layers and for ensuring etchant
access. As a way ol estimating the eflect of the dielectric
matenal, the quality factor of a coplanar waveguide reso-
nator 1s measured before and after fabricating the airbridge
across the coplanar waveguide resonator and compared.

The method will be described 1n detail below 1n relation
to an example employing a metallic layer, 1n particular an
aluminium layer, on a silicon substrate and silicon dioxide as
the mterlayer dielectric. However, the method can be used
with any electrically-conductive and/or superconducting
layer and any dielectric substrates. The techniques disclosed
herein can be used to reduce the effect of dissipation of a
circuit element by selectively removing dielectric material.

Application of the method 1s not limited to this specific
type of quantum information processing devices or confined
to the field of quantum information processing and the
materials are not limited to aluminium on silicon or sap-
phire.

FIGS. 1A-1]J show the processing steps as a top view to
the substrate plane. FIGS. 2A-2] and 3A-3] show the
processing steps as cross section views. In particular, as
shown 1n FIG. 1], this exemplary process aims at fabricating
three vertically running aluminium (Al) strips within an
clectrically-conductive layer 100 on a substrate 10, in this
case a silicon (S1) substrate, and an aluminium bridge 1035
that electrically connects the leftmost aluminium strip 100-1
and the rightmost aluminium strip 100-3, shown to run
horizontally. This method will now be described with ref-
erence to FIGS. 1A-J, 2A-2]J, 3A-3] and 4.

Referring to FIGS. 1A, 2A, 3A and 4, the substrate 10 in
this example may be silicon (step S1). Alternatively, sap-
phire may be used as the substrate 10. Preferably, a single
crystal silicon or sapphire may be used for the substrate to
mimmise the density of the two level states (TLS) within the
substrate, as explained above. The bridge will eventually be
formed along line A to A' 1n FIG. 1A. The cross sections
along this line are shown in FIGS. 2A-2J. Line B to B' will
be referenced to refer to the part of the substrate which does
not support the bridge. The cross sections along this line are

shown 1n FIGS. 3A-31.

Referring to FIGS. 1B, 2B, 3B and 4, a first electrically-
conductive layer 100, for example an aluminium layer, may
be deposited uniformly over the substrate 10 (step S2). As
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discussed above, the components of the quantum i1nforma-
tion processing device, such as capacitors, inductors, copla-
nar waveguide resonators, and transmission lines will be
patterned on the first electrically-conductive layer 100.
Referring to FIGS. 1C, 2C, 3C and 4, the first electrically-
conductive layer 100 may be patterned (step S3). In this
example, two holes 101 are formed “on-bridge,” along line

A to A'1n FIG. 1A, such that the base silicon substrate 10 1s
exposed through the holes 101. The holes 101 correspond to
the parts of the two vertically running trenches, separatmg
the three aluminium strips 100-1, 100-2, 100-3 shown in
FIG. 1], that are positioned under the ﬁnal bridge structure
105. The rest of the trenches 1n the first electrically-conduc-
tive layer 100" may be fabricated atfterwards to be connected
scamlessly to these holes later 1n the fabrication process.
Alternatively, a complete pattern desired on the first elec-
trically-conductive layer 100", for example the two complete
trenches shown in FIG. 1], can be fabricated in this step.
Patterning of the first electrically-conductive layer 100' can
be achieved by the steps including depositing a photoresist
layer, UV exposure, developing the photoresist layer and
anisotropic dry etching such as 1on milling. Unless other-
wise stated, any patterning mentioned below will follow this
procedure.

Referring to FIGS. 1D, 2D, 3D and 4, a layer of dielectric
material 102, for example a silicon dioxide layer may be
deposited over the substrate such that the two holes formed
in the first electrically-conductive layer 100 are covered
(step S4). This layer 102 corresponds to the interlayer
dielectric intended to support the electrically-conductive
bridge structure. Small dimples may be formed over the two
holes 1n the first electrically-conductive layer 100'.

Referring to FIGS. 1E, 2E, 3E and 4, the whole substrate
may be planarized via chemical mechamcal polishing
(CMP) (step S5). This step mimimizes the roughness intro-
duced by the dimples around the two holes, which may
allect the thickness and the uniformity of the subsequent
layers. CMP 1s a well-known technique in the art, 1n which
the substrate 1s mounted on a rotating plate and polished
with a polishing pad, for example a polyurethane foam,
containing the mixture of etchants and abrasive particles.
The two holes remain marked as dotted squares 1n the FIG.
1E although when the CMP process 1s eflective, the position
of the two holes cannot be 1dentified by inspecting the top
surface of the layer of dielectric material 102', 1n this case
the silicon dioxide layer.

Referring to FIGS. 1F, 2F, 3F and 4, the layer of dielectric
material 102", 1n this case the silicon dioxide layer, may be
patterned to form the supporting structure for the electri-
cally-conductive bridge (step S6). In particular, the layer of
dielectric material 102" may be patterned such that the part
of the leftmost strip of the first electrically-conductive layer
100-1 and the part of the rightmost strip of the first electri-
cally-conductive layer 100-3 to be contacted by the bridge
are exposed. The solid line squares 103 represent these parts
of the first electrically-conductive layer 100" that are
exposed. Due to the etching procedure, slopes will form
from the top surtace of the layer of dielectric material 102"
to the first electrically-conductive layer 100', for example 1
the layer of dielectric material 102" 1s a silicon dioxide layer.
These slopes may eventually form the slanted legs of the
bridge structure.

Referring to FIGS. 1G, 2G, 3G and 4, a second electri-
cally-conductive layer 104 may be deposited over the whole
substrate (step S7). Contacts form between the first electri-
cally-conductive layer 100' and the second electrically-
conductive layer 104 at the parts patterned to be exposed 1n
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the previous step 103. Contact parts are shown as trenches
in FIG. 2F, which are partially filled by the second electr-
cally-conductive layer 104 1n FIG. 2G. Therefore, seen from
the top, 1t 1s uniformly the material belonging to the second
clectrically-conductive layer 104, for example, aluminium,
only sunken near the contact parts 103. The first electrically-
conductive layer 100' and the second electrically-conductive
layer 104 may comprise the same material. Alternatively, the
first electrically-conductive layer 100" and the second elec-
trically-conductive layer 104 may comprise diflerent mate-
rials. The first electrically-conductive layer 100' and the
second electrically-conductive layer 104 are not limited only
to metallic materials as long as they exhibit an electrical
conductivity to an extent suitable for the operation of the
quantum computing devices.

Referring to FIGS. 1H, 2H, 3H and 4, the second elec-
trically-conductive layer 104' may be patterned such that
only the portion of the second electrically-conductive layer
corresponding to the bridge remains and the rest 1s removed
(step S8).

Referring also to FIGS. 11, 21, 31 and 4, the remaiming
silicon dioxide 102" may be etched 1sotropically and the
bridge 1s completed (step S9). The 1sotropic etching in this
step may selectively remove only the remaining dielectric
material 102" and may not remove any of the material from
the first electrically-conductive layer 100" and the second
clectrically-conductive layer 104'. In case that the layer of
dielectric material 102" 1s a silicon dioxide layer, the silicon
dioxide may be selectively removed using dry vapor HF
(VHF) etching. For example, a PRIMAXX Dry VHF system
offered by SPTS technology can facilitate such 1sotropic
selective etching of the silicon dioxide layer. Alternatively,
the silicon dioxide may be selectively removed by using
plasma generated with tetrafluoromethane vapour or nitro-
gen trifluoride vapour. In some cases, a dielectric, e.g.,
silicon, may be selectively removed by using a vapour
including xenon difluoride.

Referring to FIGS. 11, 2], 3] and 4, the “off-bridge”™
portion, for example along the line B to B' 1n FIG. 1A, of the
first electrically-conductive layer 100 may be patterned (step
S10).

Referring to FIG. 5, a micrograph of an example of a
sacrificial silicon dioxide layer 102" supporting the metallic
bridge 105 betore and after 1sotropic VHF etching 1s shown.
Unlike the procedure described mn FIGS. 1 to 4, the first
clectrically-conductive layer 100 1s completely patterned
betore depositing additional layers. Also, the silicon dioxide
layer 102" was patterned down to the first electrically-
conductive layer to define a bridge structure before VHFE
ctching. FIG. 5 shows that these alternatives are possible.

Referring to FIG. 6, in order to estimate the effect of the
trace of dielectric material from the interlayer dielectric
material used and removed during the process, the quality
factor of a resonator comprising a co-planar waveguide
resonator can be measured before, during and after fabri-
cating the metallic bridge 105.

These resonators can be defined as co-planar waveguides
on the first electrically-conductive layer 100, in combination
with suitable reflecting structures defined at each end of the
resonator.

A co-planar waveguide includes a strip of metal defined 1n
between the ground planes of metal on both sides of the strip
of metal. Reterring to FIG. 1], the metal strip in the middle
100-2 and the two ground planes 100-1 and 100-3 neigh-
bouring the metal strip 100-2 form a co-planar waveguide.
Co-planar waveguides are used not only for forming a
resonator, but also commonly used for wiring components
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and elements within the superconducting quantum circuits
formed 1n the first electrically-conductive layer 100.

A problem with these co-planar waveguides 1s that, 1n
some 1mplementations, stray modes can occur due to the
cllective segmentation of the ground plane due to other
interfering control wires on the chip. These stray modes can
be suppressed to a large extent by electrically tying the
ground planes with low impedance connections. The elec-
trically-conductive bridge structure which can be fabricated
following the process described herein can serve as such
connections between the ground planes of co-planar wave-
guides.

FIG. 6 shows measurements of the quality factor of the
resonators formed with a co-planar waveguide. The quality
factor of a resonator retlects the degree of damping as
clectromagnetic wave resides within the mode of the reso-
nator. For the purpose of our disclosure, a higher quality
factor represents smaller effect of the trace of the dielectric
material and vice versa.

The top curve of FIG. 6 shows the quality factor measured
from a bare resonator, which comprises a central strip and
two ground planes on each side of the central strip. As
discussed above, stray electromagnetic modes may be pres-
ent but 1t 1s assumed that the quality factor may be largely
isensitive to these stray modes.

For each of the other three resonators, 12 metallic bridge
structures were fabricated to electrically connect the ground
planes, along the length of the resonator to suppress the stray
clectromagnetic modes. Therefore, 1n this example, the
co-planar waveguides were patterned before fabricating the
bridge structures on top. The extra step shown i FIG. 3T and
step S10 was not performed, in which the remaining parts of
the strip of waveguides ofl the metallic bridge structure are

tabricated. As discussed above, the layer of dielectric mate-
rial 102" were removed by dry vapor HF (VHF) etching

(step S9).

The bottom curve of FIG. 6 shows the quality factors
measured without any dry vapor HF (VHF) etching. In this
case, the layer of dielectric material 102" remained as shown
in FIGS. 2H and 3H. It can be observed that the quality
factor overall 1s lower than that measured with the bare
resonator.

It can also be observed that for a higher average photon
number, the decrease of the quality factor is less severe. This
1s because the radiative coupling of two-level states (TLS) 1s
saturated at higher intensities of the electromagnetic wave
modes 1n the resonator. Saturation ol response at a high
excitation intensity 1s one of the unique properties of a
quantum mechanical two-level systems. Therefore, this
saturating eflect may also show that the source of loss of the
clectromagnetic mode is the two-level states (TLS) inher-
ently present in the dielectric material coupled to the elec-
tromagnetic modes of the co-planar waveguides. This may
also suggest that the effect of the dielectric material can be
measured more accurately at a lower intensity regime, in this
example, near where the average photon number 1s 1000 or
less. Near this low intensity regime, 1t can be observed that
the layer of dielectric material 102 reduces the quality factor
from the bare resonator by at least two orders of magnitude.

FIG. 6 also shows the measurements of the quality factor
alter dry vapor HF (VHF) etching was performed for 30
seconds and 90 seconds. At a lower average photon number
regime, 1t can be seen that the dry vapor HF (VHF) etching
for longer than 90 seconds improved the quality factor
slightly, but not by much. This suggests that the optimal
duration of the dry vapor HF (VHF) etching may be around
a minute, for this specific structure. Compared to the bottom
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curve, the quality factor 1s seen to have improved by nearly
two orders of magnitude, although the quality factor mea-
sured with the bare resonator may not be redeemed.

Therelfore, the measurements shown 1n FIG. 6 may dem-
onstrate that the process described herein can minimise the
cllect of the trace of the dielectric matenal used during the
process of Tfabrication of electrically-conductive bridge
structures.

FIG. 7 shows a schematic diagram of a qubait circuit 700.
A qubit 710 may function as an artificial atom or quantum
mechanical two-level system, which can be implemented
with a strongly anharmonic oscillator, which exhibits a
series ol energy levels whose level splitting decreases as the
energy levels go higher. A strongly anharmonic oscillator
may be implemented in the quantum circuits by shunting a
parallel LC resonator, including a capacitor 711 and an
inductor 713, with a Josephson junction 712. The Josephson
junction 712 has a strongly nonlinear current-voltage rela-
tion, which depends on the phase across the junction and
may be regarded as a nonlinear and tuneable inductor. The
Josephson junction 712 may render the LC resonator
strongly nonlinear and anharmonic 1 response to the
applied voltage, therefore may render the qubit 710 an
artificial atom or a quantum mechanical two-level system
comprising a ground state and an excited state. The qubait
710 may be configured such that the main level splitting 1s
around several GHz. This allows the qubit 710 to be
addressed, controlled and measured at microwave frequency
range.

A qubit control circuit 720 may generate these microwave
pulses. The qubit 710 may be addressed by the qubit control
circuit 720 via the interaction between the inductor 713 and
the flux bias coil 721, which may be arranged 1n the vicinity
of the inductor 713 of the qubit 710. The qubit control circuit
720 may generate excitation pulses to prepare the states of
the qubit 710 for quantum computation operations and

measurement pulses to prepare the states of the qubit 710 for
measurements by a SQUID 730.

The SQUID 730, by interacting with the inductor 713
using a SQUID coi1l 731, may transduce a minute change of
flux within the qubit 710 into voltage, which may be
amplified and recorded outside the cryogenic condition.

A plurality of qubits 710 may be connected to one another
by waveguides or resonators electrically connecting a ter-
minal 714 of each qubit 710. The waveguides may include
strip waveguides or co-planar waveguides. The resonators
may be of length corresponding to half the operating micro-
wave wavelength or a quarter of the operating microwave
wavelength. The resonators may be used as a quantum bus,
which facilitates drop-in and drop-out of the qubits to and
from the quantum circuits such that all of the qubits are not
connected to one another all the time. The resonators may
also be used for the purpose of reading out the state of each
qubit. In connecting a plurality of qubits 710, capacitors may
be placed between the terminal 714 of each qubit 710 and
connecting resonators to adjust impedance and coupling
strength.

The design of the qubit circuit 700 1s not limited to this
specific example which exploits the phase across the Joseph-
son junction and may include other types of circuits includ-
ing or not including the Josephson junction, facilitating any
design for artificial atoms or qubits, which can be formed by
patterning one or more of electrically-conductive layers
deposited on a substrate.

The process described herein can be not only used for the
purpose of electric crossovers but also for the circuit ele-
ments used for the qubit circuit 100. For example, parallel-

10

15

20

25

30

35

40

45

50

55

60

65

10

plate capacitors may be formed between the first electri-
cally-conductive layer 100' and the second electrically-
conductive layer 104', which may be the capacitor 711 of the
qubit 710. Inductors may be formed as multiple loops of
clectrically-conductive strips within the first electrically-
conductive layer 100' and the second electrically-conductive
layer 104'. Alternatively, the inductor 713 may be patterned
on the first electrically-conductive layer 100" and the flux
bias coil 721 or the SQUID coil 731 may be patterned on the
second electrically-conductive layer 104' such that they
interact with each other. However, the uses of the process
described herein are not limited to these examples. The
bridge structure 105 may be used for other elements or
components of the quantum circuits.

The process described herein may be used for fabricating,
a substantially suspended structure in the second electri-
cally-conductive layer 104'. For example, a substantially
clongated structure such as a microstrip resonator may be
fabricated 1n the second electrically-conductive layer 104",
Adverse eflects of dielectric material may be minimised 1t
most of the layer of dielectric material 102" 1n contact with
the structure 1s removed, leaving only a mimmum possible
amount of material 1n the layer of dielectric material 102"
enough to mechanically support the structure such that the
structure 1s suspended above the first electrically-conducting
layer 100'. For example, to fabricate a strip resonator struc-
ture 1n the second electrically-conductive layer 104', a
plurality of pillar-type portions may be fabricated from the
layer of dielectric material 102". The pillar portions may be
fabricated by widening the geometry 1n the locations along
the length of the strip resonator structure where the pillars
are to be located. Alternatively, the pillar portions may be
tabricated also by depositing a different dielectric material
for the pillar portions, selective to a different type of etchant
than the one used for the remainder of the layer of dielectric
material 102". Alternatively, the fabrication of pillar por-
tions may be fabricated by fabricating release holes near
where the pillar portions are to be located to locally increase
the etching rate. For example, 11 a 1 um long pillar portion
may be fabricated for every 100 um of a long floating
segment, adverse eflects from dielectric material may be
reduced roughly by a factor of 100.

The process described herein can also be used to fabricate
a continuous airbridge. As discussed above, stray modes
present within a co-planar waveguide can be suppressed to
a large extent by electrically tying the ground planes with
clectrically-conductive airbridge structures. The stray modes
may be suppressed even further 1f the airbridge structures
are present along the entire length of the co-planar wave-
guide.

Referring to FIGS. 8A and 8B, micrographs of an
example of a sacrificial silicon dioxide layer 802" supporting
the electrically conductive bridge 805 before and after
1sotropic VHF etching are shown. In this example, a co-
planar waveguide fabricated 1n the first electrically-conduc-
tive layer 800' runs with a bend, and a continuous metallic
bridge 805 1s present along the entire length of the co-planar
waveguide shown 1n the micrographs, except the openings
made for access of the dry vapor HF to etch the sacrificial
silicon dioxide layer 802". The sacrificial layer 802", which
can be seen through the openings made in the continuous
airbridge 805 i FIG. 8A, 1s removed i FIG. 8B.

The process described herein can also be used for non-
quantum circuit elements such as a part of a cantilever 1n
MEMS devices.

Implementations of the quantum subject matter and quan-
tum operations described 1n this specification may be imple-
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mented 1n suitable quantum circuitry or, more generally,
quantum computational systems, including the structures
disclosed 1n this specification and their structural equiva-
lents, or 1n combinations of one or more of them. The term
“quantum computing systems” may include, but i1s not
limited to, quantum computers, quantum information pro-
cessing systems, quantum cryptography systems, or quan-
tum simulators.

The terms quantum information and quantum data refer to
information or data that i1s carried by, held or stored in
quantum systems, where the smallest non-trivial system 1s a
qubit, e.g., a system that defines the unit of quantum
information. It 1s understood that the term “qubit” encom-
passes all quantum systems that may be suitably approxi-
mated as a two-level system 1n the corresponding context.
Such quantum systems may include multi-level systems,
¢.g., with two or more levels. By way of example, such
systems can include atoms, molecules, electrons, photons,
ions, quantum dots or superconducting qubits. In many
implementations the computational basis states are identi-
fied with the ground and first excited states, however 1t 1s
understood that other setups where the computational states
are 1dentified with higher level excited states are possible. It
1s understood that quantum memories are devices that can
store quantum data for a long time with high fidelity and
elliciency, e.g., light-matter interfaces where light 1s used for
transmission and matter for storing and preserving the
quantum features ol quantum data such as superposition or
quantum coherence.

Quantum circuit elements may be used to perform quan-
tum processing operations. That 1s, the quantum circuit
clements may be configured to make use of quantum-
mechanical phenomena, such as superposition and entangle-
ment, to perform operations on data 1mn a non-deterministic
manner. Certain quantum circuit elements, such as qubits,
may be configured to represent and operate on information
in more than one state simultaneously. Examples of super-
conducting quantum circuit elements that may be formed
with the processes disclosed herein include circuit elements
such as co-planar waveguides, quantum LC oscillators,
qubits (e.g., flux qubits or charge qubits), superconducting
quantum 1interference devices (SQUIDs) (e.g., RF-SQUID
or DCSQUID), inductors, capacitors, transmission lines,
ground planes, among others.

In contrast, classical circuit elements generally process
data 1n a deterministic manner. Classical circuit elements
may be configured to collectively carry out instructions of a
computer program by performing basic arithmetical, logical,
and/or input/output operations on data, in which the data 1s
represented in analog or digital form.

In some 1mplementations, classical circuit elements may
be used to transmit data to and/or receive data from the
quantum circuit elements through electrical or electromag-
netic connections. Examples of classical circuit elements
that may be formed with the processes disclosed herein
include rapid single flux quantum (RSFQ) devices, recipro-
cal quantum logic (RQL) devices and ERSF(Q devices,
which are an energy-etlicient version of RSFQ that does not
use bias resistors. Other classical circuit elements may be
formed with the processes disclosed herein as well.

During operation of a quantum computing system that
uses superconducting quantum circuit elements and/or
superconducting classical circuit elements, such as the cir-
cuit elements described herein, the superconducting circuit
clements are cooled down within a cryostat to temperatures
that allow a superconductor material to exhibit supercon-
ducting properties.
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While this specification contains many specific imple-
mentation details, these should not be construed as limita-
tions on the scope of what may be claimed, but rather as
descriptions of features that may be specific to particular
implementations. Certain features that are described 1n this
specification in the context of separate implementations can
also be implemented 1n combination 1n a single implemen-
tation. Conversely, various features that are described 1n the
context of a single implementation can also be implemented
in multiple implementations separately or in any suitable
sub-combination.

Moreover, although features may be described above as
acting in certain combinations and even 1mtially claimed as
such, one or more features from a claimed combination can
in some cases be excised from the combination, and the
claimed combination may be directed to a sub-combination
or variation of a sub-combination.

Similarly, while operations are depicted 1n the drawings in
a particular order, this should not be understood as requiring
that such operations be performed 1n the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. For example, the
actions recited in the claims can be performed 1n a different
order and still achieve desirable results. In certain circum-
stances, multitasking and parallel processing may be advan-
tageous. Moreover, the separation of various components in
the implementations described above should not be under-
stood as requiring such separation 1n all implementations.

Processes described herein may entail the deposition of
one or more materials, such as superconductors, dielectrics
and/or metals. Depending on the selected material, these
materials may be deposited using deposition processes such
as chemical vapor deposition, physical vapor deposition
(e.g., evaporation or sputtering), or epitaxial techniques,
among other deposition processes. Processes described
herein may also entail the removal of one or more materials
from a device during fabrication. Depending on the material
to be removed, the removal process may include, e.g., wet
cetching techniques, dry etching techniques, or lift-ofl pro-
CEeSSes.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modifications
may be made without departing from the spirit and scope of
the invention. Other implementations are within the scope of
the following claims.

What 1s claimed 1s:
1. A method, comprising:
forming at least part of a quantum information processing
device, comprising:
providing a first electrically-conductive layer formed of
a first electrically-conductive material on a principal
surface of a substrate;
patterning the first electrically-conductive layer mto a
first electrically-conductive base, a second electri-
cally-conductive base, and a center electrically-con-
ductive strip arranged between the first electrically-
conductive base and the second electrically-
conductive base, wherein the center electrically-
conductive strip 1s separated 1rom the first
clectrically-conductive base and the second electri-
cally-conductive base by a first window in the first
electrically-conductive layer and a second window
in the first electrically-conductive layer, respec-
tively;
depositing a layer of dielectric material on the first
electrically-conductive material;
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patterning the layer of dielectric material to form a pad
of dielectric material and to reveal a first region of
the first electrically-conductive layer and a second
region ol the first electrically-conductive layer,
wherein the first region 1s on the first electrically-
conductive base and the second region i1s on the
second electrically-conductive base;

depositing a second electrically-conductive layer on the
pad of dielectric material, on the first region, and on
the second region of the first electrically-conductive
layer;

patterning the second electrically-conductive layer to
obtain a bridge structure, wherein the bridge struc-
ture spans the center electrically-conductive strip;
and

removing the pad of dielectric material using 1sotropic
gas phase etching.

2. The method of claim 1, wherein removing the pad of
dielectric material using isotropic gas phase etching com-
Prises:

etching at least one patterned region of dielectric material

using a mixture which includes hydrogen fluoride
vapour.

3. The method of claim 1, wherein removing the pad of
dielectric material using isotropic gas phase etching com-
Prises:

etching at least one patterned region of dielectric material

using a mixture which includes xenon difluoride
vapour.

4. The method of claim 1, wherein removing the pad of
dielectric material using isotropic gas phase etching com-
Prises:

ctching at least one patterned region of dielectric material

using plasma generated with a mixture which includes
tetrafluoromethane vapour and nitrogen trifluoride
vapour.

5. The method of claim 1, wherein patterning the first
clectrically-conductive layer comprises:

patterming the first electrically-conductive layer so as to

form the first window and the second window in the
first electrically-conductive layer.

6. The method of claim 1, wherein the substrate comprises
a silicon substrate.

7. The method of claim 1, wherein the first electrically-
conductive layer 1s a first metallization layer.
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8. The method of claim 1, wherein the first electrically-
conductive layer 1s superconducting below a critical tem-
perature.

9. The method of claim 1, wherein the first electrically-
conductive layer comprises aluminium.

10. The method of claim 1, wherein the layer of dielectric
material comprises a layer of silicon dioxide.

11. The method of claim 1, wherein the second electri-
cally-conductive layer i1s a second metallization layer.

12. The method of claim 1, wherein the second electri-
cally-conductive layer i1s superconducting below a critical
temperature.

13. The method of claim 1, wherein the second electri-
cally-conductive layer comprises aluminium.

14. The method of claim 1, wherein forming the at least
part ol the quantum information processing device com-
prises forming a capacitor.

15. The method of claim 1, wherein forming the at least
part ol the quantum information processing device com-
prises forming an inductor.

16. The method of claim 1, wherein forming the at least
part of the quantum information processing device com-
prises forming a resonator.

17. The method of claim 1, wherein forming the at least
part of the quantum information processing device includes
using CMOS-compatible processing steps.

18. The method of claim 1, wherein each of the first
clectrically-conductive base and the second electrically-
conductive base are ground planes.

19. The method of claim 1, further comprising patterning
the first electrically-conductive layer subsequent to remov-
ing the pad of dielectric material.

20. The method of claim 1, wherein, after obtaining the
bridge structure and removing the pad of dielectric matenal,
the first electrically-conductive layer and the second elec-
trically-conductive layer form a capacitor of a qubiat.

21. The method of claim 1, wherein, after obtaining the
bridge structure and removing the pad of dielectric matenal,
the first electrically-conductive layer forms an inductor of a
qubit and the second electrically-conductive layer forms a
flux bias coil.

22. The method of claim 1, wherein the first electrically-

conductive layer 1s a single layer of the first electrically-
conductive material.
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