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CRYOGENIC ELECTRONIC DEVICE AND METHOD OF CONSTRUCTING A
CRYOGENICS ELECTRONIC DEVICE

BACKGROUND
Technical Field
[0001] The present disclosure generally relates to cryogenic electronic devices, and more
particularly, to a method of a bonding a chip to a substrate that can operate in cryogenic or

sub-cryogenic temperatures.

Description of the Related Art

[0002] Flip-chip bonding is often used in electrical devices which are intended to be used
at low temperatures. Bump bonds are often used on the periphery of a chip, or across the
entire chip, to allow signals to escape. In the case where the chip is bonded to a PCB or
laminate material, the difference in thermal expansion of the two materials can limit the
viable size of the chip that can be used without thermal expansion causing the chip to pull

away from the bonded substrate.

SUMMARY
[0003] According to one embodiment, a cryogenic electronics device includes a
semiconductor chip flip-chip bonded to a substrate. A plurality of bump bonds are
concentrated in a bump region of the semiconductor chip. A plurality of circuit elements is
concentrated in a predefined region of the semiconductor chip, wherein the predefined region
and the bump region are separate regions. This construction prevents and/or reduces damage
to the bonds caused by different coefficients of thermal expansion of the semiconductor chip
and the substrate.
[0004] According to an embodiment, the plurality of circuit elements include qubits, and
the semiconductor chip is a silicon chip.
[0005] According to an embodiment, one or more standoffs are arranged in a region of
the semiconductor chip away from the bump region. The standoffs provide mechanical
stability to the structure due to the concentration of the bumps in the bump region.
[0006] According to an embodiment, the one or more standoffs separates the
semiconductor chip and the substrate. The standoffs provide mechanical stability to the

semiconductor chip and the substrate.
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[0007] According to an embodiment, the bump region is substantially circular. The
substantially circular arrangement provides an advantage in the number of bumped
connections that can be included in the structure without subjecting the combined chip and
substrate to excessive damage due to mismatch of thermomechanical properties of each.
[0008] According to one embodiment, a cryogenic electronics device includes a first
substrate and a second substrate joined to the first substrate. A plurality of bump bonds are
concentrated in a contiguous bump region of the first substrate, and a plurality of circuit
elements are arranged in a predefined region of the first substrate that is separate from the
bump region. The construction prevents and/or reduce damage to the bonds caused by
different coefficients of thermal expansion of the semiconductor chip and the substrate.
[0009] In one embodiment, the bump region includes a plurality of substrates and the
predefined region are not located between any portion of the bump region. This structure
permits signals from the bumps to be exported to the exterior of the structure.

[0010] In one embodiment, the circuit elements include a plurality of qubits, and the
plurality of bump bonds in the bump region of the first substrate is configured to provide a
signal to the plurality of qubits. There may be less interference by this arrangement.

[0011] In one embodiment, the bump region is an area of the first substrate that includes
bump bonds and signal lines. A more concentrated bump region permits the inclusion of
more qubits in the device.

[0012] In one embodiment, the bump region is area of the first substrate that excludes the
plurality of qubits. The separation of the predefined region from the bump region provides
for a more efficient structure that permits the inclusion of more qubits.

[0013] In one embodiment, the bump region is an area of the first substrate that excludes
circuit elements. A differently-sized bump region that excludes other circuit elements can
permit more qubits to be arranged in the device.

[0014] In one embodiment, a numerical design criterion includes at least one of: greater
than a number (n) of bumps arranged in an area less than x; or, a density of at least n
bumps/area.

[0015] According to an embodiment, a thermal contraction of the bump region is defined
as a relative value including at least one of: the thermal contraction of the bump region
experiences less than a percentage x of a thermal contraction of the first substrate; the thermal
contraction of the bump region experiences less thermal contraction than a different
predefined region; the thermal contraction of the bump region has a predetermined expansion

between the first substrate and the second substrate; and/or the bumps are arranged to be
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within a percentage of a minimum coefficient of thermal expansion mismatch for a thermal
excursion from room temperature to a base temperature.

[0016] In one embodiment, the device further includes a plurality of substrate connectors.
Each substrate connector is respectively connected to one portion of the bump region. At least
some nodes of the substrate connectors are wired to the first substrate. More qubits can be
arranged on the structure with the plurality of bump regions.

[0017] According to one embodiment, a method of constructing a cryogenics electronic
device includes flip-chip bonding a semiconductor chip to a substrate. A plurality of bump
bonds are arranged in a bump region of the semiconductor chip. A plurality of qubits are
arranged in a predefined region of the semiconductor chip. The predefined region and the
bump region are separate regions. One or more standoffs are arranged in a region of the
semiconductor chip away from the bump region. The one or more standoffs separate the
semiconductor chip and the substrate. The method provides a structure with
reduced/prevented damage to the bonds caused by different coefficients of thermal expansion

of the semiconductor chip and the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] The drawings are of illustrative embodiments. They do not illustrate all
embodiments. Other embodiments may be used in addition to or instead. Details that may
be apparent or unnecessary may be omitted to save space or for more effective illustration.
Some embodiments may be practiced with additional components or steps and/or without all
the components or steps that are illustrated. When the same numeral appears in different
drawings, it refers to the same or like components or steps.
[0019] FIG. 1 illustrates a conventional flip chip structure in which solder bumps are
arranged around a periphery of the chip.
[0020] FIG. 2 illustrates a flip chip structure in which the solder bumps are arranged in a
solder region, consistent with an illustrative embodiment.
[0021] FIG. 3 is a graph illustrating a ratio of maximum stress on the bumps versus an
area of the chip N and the area M along the periphery of N, consistent with an illustrative

embodiment.

[0022] FIG. 4 illustrates multiple ‘pigtail’ connections to an inner chip which leads to

other connections for wiring the inner chip, consistent with an illustrative embodiment.
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DETAILED DESCRIPTION

Overview

[0023] In the following detailed description, numerous specific details are set forth by
way of examples to provide a thorough understanding of the relevant teachings. However, it
is to be understood that the present teachings may be practiced without such details. In other
instances, well-known methods, procedures, components, and/or circuitry have been
described at a relatively high level, without detail, to avoid unnecessarily obscuring aspects
of the present teachings. It is also to be understood that the present disclosure is not limited
to the depictions in the drawings, as there may be fewer elements or more elements than
shown and described.

[0024] In discussing the present technology, it may be helpful to describe various salient
terms. In one aspect, spatially related terminology such as “front,” “back,” “top,” “bottom,”

2%

“beneath,” “below,” “lower,” above,” “upper,” “side,” “left,” “right,” and the like, is used
with reference to the direction of the Figures being described. Since components of
embodiments of the disclosure can be positioned in a number of different directions, the
directional terminology is used for purposes of illustration and is in no way limiting. Thus,
it will be understood that the spatially relative terminology is intended to encompass different
directions of the device in use or operation in addition to the direction depicted in the figures.
For example, if the device in the figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented “above” the other elements or

29

features. Thus, for example, the term “below” can encompass both an orientation that is
above, as well as, below. The device may be otherwise oriented (rotated 90 degrees or viewed
or referenced at other directions) and the spatially relative descriptors used herein should be
interpreted accordingly.

[0025] As used herein, the terms “coupled” and/or “electrically coupled” are not meant
to mean that the elements must be directly coupled together—intervening elements may be
provided between the “coupled” or “electrically coupled” elements. In contrast, if an element
is referred to as being “directly connected” or “directly coupled” to another element, there
are no intervening elements present. The term “electrically connected” refers to a low-ohmic
electric connection between the elements electrically connected together. As used herein, the
term “mechanically tolerant” relates to electrical properties not being significantly affected
by the mechanical alignment between subject components. In addition, the term “base

temperature” is defined as an operating temperature for the device in a cryogenic or sub-

cryogenic range.
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[0026] As used herein, certain terms are used indicating what may be considered an

29 LC 29 LC 29 LC

idealized behavior, such as “lossless,” “superconductor,” “superconducting,” “absolute
zero,” which are intended to cover functionality that may not be exactly ideal but is within
acceptable margins for a given application. For example, a certain level of loss or tolerance
may be acceptable such that the resulting materials and structures may still be referred to by
these “idealized” terms.

[0027] Although the terms first, second, third, etc., may be used herein to describe various
elements, these elements should not be limited by these terms. These terms are only used to
distinguish one element from another. For example, a first element could be termed a second
element, and, similarly, a second element could be termed a first element, without departing
from the scope of example embodiments. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed items.

[0028] Example embodiments are described herein with reference to schematic
illustrations of idealized or simplified embodiments (and intermediate structures). As such,
variations from the shapes of the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, may be expected. Thus, the regions illustrated in the figures are
schematic in nature and their shapes do not necessarily illustrate the actual shape of a region
of a device and do not limit the scope.

[0029] It is to be understood that other embodiments may be used and structural or logical
changes may be made without departing from the spirit and scope defined by the claims. The
description of the embodiments is not limiting. In particular, elements of the embodiments
described hereinafter may be combined with elements of different embodiments.

[0030] The present disclosure generally relates to flip chip bonded structure that can, for
example, support connecting qubit devices in a modular way. Superconducting quantum
computing is an implementation of a quantum computer in superconducting electronic
circuits. Quantum computation studies the application of quantum phenomena for
information processing and communication. Various models of quantum computation exist,
and the most popular models include the concepts of qubits and quantum gates. A qubitis a
generalization of a bit that has two possible states, but can be in a quantum superposition of
both states. A quantum gate is a generalization of a logic gate, however the quantum gate
describes the transformation that one or more qubits will experience after the gate is applied
on them, given their initial state.

[0031] The ability to include more superconducting qubits is salient to being able to

realize the potential of quantum computers. However, it is challenging to yield quantum
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processors on a monolithic qubit chip that have the desired qubit characteristics, such as
frequency, fidelity, etc. A modular architecture constructed of smaller modular units of
devices that are interconnected can make it more feasible to realize a large-scale quantum
processor. However, such modular architecture may involve connections between qubits on
separate physical chips and/or supporting circuitry for the qubit chip. Various quantum
phenomena, such as superposition and entanglement, do not have analogs in the world of
classical computing and therefore may involve special structures, techniques, and materials
in order to assemble electronic devices that may operate in a cryogenic environment.

[0032] In one aspect, the teachings herein are based on the inventors’ insight that directly
applying conventional integrated circuit techniques for interacting with computing elements
to superconducting quantum circuits may not be effective because of the unique challenges
presented by quantum circuits that are not presented in classical computing architectures.
Indeed, many of the systems and architectures discussed herein are operated in a cryogenic
environment and may involve superconductivity. Accordingly, embodiments of the present
disclosure are further based on recognition that issues unique to quantum circuits have been
taken into consideration when evaluating applicability of conventional integrated circuit
techniques to building superconducting quantum circuits, and, in particular, to electing
methods and architectures used for connecting components of a quantum computer. The
techniques described herein may be implemented in a number of ways. Example

implementations are provided below with reference to the following figures.

Example Architecture

[0033] FIG. 1 illustrates in 100A a top view of a conventional flip chip structure in which
solder bumps 110 are arranged around a periphery of a chip 105, and in 100B, a side view
of the flip chip structure. The chip 105 may be a qubit chip, but the present disclosure is not
limited to qubit chips. The bumps 110 are concentrated in a portion of the chip 105 rather
than being spread uniformly across the chip area. By concentrating the bump bonds in an
area of the chip, the maximum stress induced by temperature excursion is reduced.

[0034] The chip 105 is bonded to a dissimilar material 115 (such as a printed circuit
board, a laminate, or a flexible material) via the bumps 110. The chip 105 and the dissimilar
material 115 have dissimilar thermal coefficients of expansion. When the structure is cooled
to cryogenic temperatures for quantum computing operations, the difference in thermal
expansion of the dissimilar materials can damage the connection of the bump bonds and cause

a failure in operation of the chip 105. As the chip 105 and the dissimilar material 115 substrate



WO 2023/218300 PCT/IB2023/054686

and chip are thermally mismatched, there will be a stress on the bumps when undergoing a
cooling cycle. Therefore, for a given bump metallurgy (including both the bump material as
well as the under-bump metallurgy which binds the bump to the chip and substrate), there is
a maximal amount of stress that can be tolerated before failure. This stress is due to the lateral
distance between bumps combined with the CTE mismatch

[0035] The flip-chip structure of FIG. 2 overcomes the problems caused by thermal
expansion differences between the bonding of the chip 105 to the dissimilar material 115 in
structures such as shown in FIG. 1. It is shown that the arrangement of the bumps 210 are
concentrated in a solder region 225. By limiting a maximum distance between the bumps
210, the damage from CTE mismatch is reduced and/or overcome. The concentration of the
bump bonds in one region of the chip reduce a maximum difference over which the
differential contraction can act between a chip and the substrate. Additional features of the

present disclosure are disclosed herein.

Example Embodiments

[0036] FIG. 2 illustrates a flip chip structure 200 in which the solder bumps 210 are
arranged in a solder region 225, consistent with an illustrative embodiment. The chip 205 is
bonded to the substrate 215. The substrate 215 may be, for example, a PCB or laminate
material that typically has a different coefficient of thermal expansion (CTE) than the chip
205.

[0037] Arranging the bumps 210 in one region (e.g., the solder region 225) of the chip
reduces the maximum difference over which differential contraction can act between the chip
205 and substrate 215. A plurality of circuit elements may be arranged in a pre-defined region
207. The pre-defined region 207 may include qubits as some of the circuit elements, or have
only qubits arranged therein. Standoffs 230 support other portions of chip 205 that do not
have bumps. The standofts 230 provide mechanical stability and the arrangement of standoffs
230 at the far end of the chip 205 prevent stresses caused by the chip 205 pushing down at
the unsupported ends. These standoffs 230 may be a constructed of a small number of bumps
(which would be sacrificial in that they could change shape or crack under thermal stress).
Alternatively, the standoffs 230 may be non-bonding standoffs made by stud bumping, or
standard CMOS techniques using reactive ion etching (RIE), additive techniques, etc.
[0038] Although FIG. 2 shows two standoffs 230, it is to be understood that there may
be only one standoff, or more than the two standoffs 230 shown. The placement of the

standoffs 230 are not limited to the positions shown, but are selected so that the arrangement
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of the chip 205 on the substrate 215 is substantially level. In an embodiment, the one or more
standoffs separate the semiconductor chip and the substrate. The standoff may not be attached
to both the semiconductor chip and substrate, and may serve to prevent contact from a tilting
in the area that does not have bumps.

[0039] FIG. 3 illustrates is a graph illustrating a ratio of maximum stress on the bumps
versus an area of the chip N and the area M along the periphery of N, consistent with an
illustrative embodiment. The area for the bumps is then M?-N2. The largest spacing between
bumps is M/V2 and the differential expansion will be A(CTE)* V2*M where A(CTE) is the
total fractional change in dimension experienced over the range of temperatures experienced
by the substrate.

[0040] In one embodiment, these bumps are collected into a circle of equal area. The
maximum spacing of bumps is now V((M2-N?)/p). The advantage offered in terms of
expansion for a fixed number of bumps (i.e. bump area) can be provided by the ratio: M*
V(p/2)/ N(M2-N2) = \(p/2)N(1-(N/M)?). For small or few bumps (e.g., N slightly less than
M) the advantage is compelling.

[0041] In one embodiment (e.g., in a case typically experienced), N/M~0.8 and 2-fold
improvement in the stress experienced may be expected, corresponding to a ~4-fold increase
in the number of qubits while preserving the same stress (and therefore rate of failure) of the
chip to substrate bond. Other geometries (such as bumps on only two sides) may provide
more or less advantage but the general trend will be preserved if the most space-efficient
arrangement for the bump bonds is used, which is a circular arrangement.

[0042] FIG. 4 illustrates multiple substrate connections 425 to an inner chip 405 which
can lead to other connections for wiring the inner chip, consistent with an illustrative
embodiment. Instead of a single attachment, in this embodiment there are four substrates
425 attached at one per edge. In this case, the substrates 425 may be realized as ‘pigtail’
connections made of a rigid or a flexible material. In the case of a flexible material, it may
be salient to have a rigid or at least stiffened backer on the substrates 425, which contacts the
bumps arrays 410, for practical purposes of assembly. The inner chip 405 is the active portion
of the chip, which in this example is a qubit chip. Element 415 is an interposer that may be
used for additional connections. It may be advantageous for the remaining portion of the
pigtail 425 to have a flexible construction to relieve any stress on the bump array 410 if the
other end of the pigtail 425 is connected to wiring (not pictured in this drawing).

[0043] In the multiple-attachment case such as shown in FIG. 4, the chip size would be

different than in the single array case discussed with regard to FIG. 2. The area of each
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individual patch would be Y of that in the previous example, and the ratio of stress to a
conventional structure versus the arrangement shown in FIG. 4 would increase by an
additional factor of 2. In addition, the number of qubits that can be included in the diagonally
stripped region would also increase by a further factor of 4.

[0044] Further advantages may be obtained by using the corners of the chip 405 for
additional substrates 425. Note that while the overall chip size increases when using the bump
bond pattern such as shown in FIG. 4, the number of qubits which can be included is larger

than known heretofore.

Conclusion

[0045] The descriptions of the various embodiments of the present teachings have been
presented for purposes of illustration, but are not intended to be exhaustive or limited to the
embodiments disclosed. Many modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and spirit of the described
embodiments. The terminology used herein was chosen to best explain the principles of the
embodiments, the practical application or technical improvement over technologies found in
the marketplace, or to enable others of ordinary skill in the art to understand the embodiments
disclosed herein.

[0046] While the foregoing has described what are considered to be the best state and/or
other examples, it is understood that various modifications may be made therein and that the
subject matter disclosed herein may be implemented in various forms and examples, and that
the teachings may be applied in numerous applications, only some of which have been
described herein. It is intended by the following claims to claim any and all applications,
modifications, and variations that fall within the true scope of the present teachings.

[0047] The components, operations, steps, features, objects, benefits, and advantages that
have been discussed herein are merely illustrative. None of them, nor the discussions relating
to them, are intended to limit the scope of protection. While various advantages have been
discussed herein, it will be understood that not all embodiments necessarily include all
advantages.  Unless otherwise stated, all measurements, values, ratings, positions,
magnitudes, sizes, and other specifications that are set forth in this specification, including
in the claims that follow, are approximate, not exact. They are intended to have a reasonable
range that is consistent with the functions to which they relate and with what is customary in

the art to which they pertain.
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[0048] Numerous other embodiments are also contemplated. These include
embodiments that have fewer, additional, and/or different components, steps, features,
objects, benefits and advantages. These also include embodiments in which the components
and/or steps are arranged and/or ordered differently.

[0049] While the foregoing has been described in conjunction with exemplary
embodiments, it is understood that the term “exemplary” is merely meant as an example,
rather than the best or optimal. Except as stated immediately above, nothing that has been
stated or illustrated is intended or should be interpreted to cause a dedication of any
component, step, feature, object, benefit, advantage, or equivalent to the public, regardless
of whether it is or is not recited in the claims.

[0050] It will be understood that the terms and expressions used herein have the ordinary
meaning as is accorded to such terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific meanings have otherwise been
set forth herein. Relational terms such as first and second and the like may be used solely to
distinguish one entity or action from another without necessarily requiring or implying any
such actual relationship or order between such entities or actions. The terms “comprises,”
“comprising,” or any other variation thereof, are intended to cover a non-exclusive inclusion,
such that a process, method, article, or apparatus that comprises a list of elements does not
include only those elements but may include other elements not expressly listed or inherent
to such process, method, article, or apparatus. An element proceeded by “a” or “an” does
not, without further constraints, preclude the existence of additional identical elements in the
process, method, article, or apparatus that comprises the element.

[0051] The Abstract of the Disclosure is provided to allow the reader to quickly ascertain
the nature of the technical disclosure. It is submitted with the understanding that it will not
be used to interpret or limit the scope or meaning of the claims. In addition, in the foregoing
Detailed Description, it can be seen that various features are grouped together in various
embodiments for the purpose of streamlining the disclosure. This method of disclosure is
not to be interpreted as reflecting an intention that the claimed embodiments have more
features than are expressly recited in each claim. Rather, as the following claims reflect, the
inventive subject matter lies in less than all features of a single disclosed embodiment. Thus,
the following claims are hereby incorporated into the Detailed Description, with each claim

standing on its own as a separately claimed subject matter.

10
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CLAIMS
1. A cryogenic electronics device, comprising:
a semiconductor chip;
a substrate flip-chip bonded to the semiconductor chip;
a plurality of bump bonds concentrated in a bump region of the semiconductor chip;
and
a plurality of circuit elements arranged in a predefined region of the semiconductor

chip, wherein the predefined region and the bump region are separate regions.

2. The cryogenic electronics device of claim 1, wherein the semiconductor chip has a

coefficient of thermal expansion (CTE) that is different from a CTE of the substrate.

3. The cryogenic electronics device according to any of the previous claims, wherein:
the plurality of circuit elements include qubits; and

the semiconductor chip comprises a silicon chip.

4. The cryogenic electronics device of claim 3, wherein a number of qubits in the

predefined region are capped.

5. The cryogenic electronics device according to any of the previous claims, further
comprising one or more standoffs arranged in a region of the semiconductor chip that is

away from the bump region.

6. The cryogenic electronics device of claim 5, wherein the one or more standoffs separate

the semiconductor chip and the substrate.

7. The cryogenic electronics device according to any of the previous claims, wherein the
substrate comprises a printed circuit board or a laminate structure, and wherein the

substrate is differently-sized than the semiconductor chip.

8. The cryogenic electronics device according to any of the previous claims, wherein the

bump region is substantially circular.

9. A cryogenic electronics device comprising:

11
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a first substrate;

a second substrate joined to the first substrate;

a plurality of bump bonds concentrated in a contiguous bump region of the first
substrate; and

a plurality of circuit elements in a predefined region of the first substrate separate

from the bump region.

10. The cryogenic electronics device of claim 9, wherein:
the bump region comprises a plurality of substrates; and

the predefined region is not located between any portion of the bump region.

11. The cryogenic electronics device according to any of the previous claims 9 to 10,
wherein:

the predefined region includes a plurality of qubits; and

the plurality of bump bonds in the bump region of the first substrate is configured to

provide a signal to the plurality of qubits.

12. The cryogenic electronics device of claim 11, wherein the bump region comprises an

area of the first substrate that excludes the plurality of qubits.

13. The cryogenic electronics device of claim 12, wherein the bump region comprises an

area of the first substrate that includes bump bonds and signal lines.

14. The cryogenic electronics device of claim 12, wherein the bump region comprises an

area of the first substrate that excludes circuit elements.

15. The cryogenic electronics device according to any of the previous claims 9 to 14,
wherein:

the bump region is packed to maximize a density of the bumps; and

signals from the bumps are carried through one or more subsurface interconnect

levels.

16. The cryogenic electronics device according to any of the previous claims 9 to 15,

further comprising a numerical design criterion comprising at least one of’

12
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including greater than a number (n) of bumps arranged in an area less than x; and/or

including a density of at least n bumps/area.

17. The cryogenic electronics device according to any of the previous claims 9 to 16,
wherein a thermal contraction of the bump region is defined as a relative value comprising
at least one of:

the thermal contraction of the bump region experiences less than a percentage x of a
thermal contraction of the first substrate;

the thermal contraction of the bump region experiences less thermal contraction
than a different predefined region;

the thermal contraction of the bump region has a predetermined expansion between
the first substrate and the second substrate; and/or

the bumps are arranged to be within a percentage of a minimum coefficient of
thermal expansion mismatch for a thermal excursion from room temperature to base

temperature.

18. The cryogenic electronics device according to any of the previous claims 9 to 17,
further comprising a plurality of substrate connectors, wherein:
each substrate connector is respectively connected to a portion of the bump region;
and

at least some nodes of the substrate connectors are wired to the first substrate.

19. The cryogenic electronics device of claim 18, wherein:
the plurality of substrate connectors comprises four; and

a stiffened backer is arranged to support the substrate connectors.

20. A method of constructing a cryogenics electronic device, comprising:

flip-chip bonding a semiconductor chip to a substrate;

arranging a plurality of bump bonds in a bump region of the semiconductor chip;

arranging a plurality of qubits in a predefined region of the semiconductor chip,
wherein the predefined region and the bump region are separate regions; and

arranging one or more standoffs in a region of the semiconductor chip away from the
bump region such that the one or more standoffs separates the semiconductor chip and the

substrate.
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