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ABSTRACT OF THE DISSERTATION

Niobium-based Superconducting Silicon Interconnect Fabric for Future Cryogenic Applications

by
Yu-Tao Yang

Doctor of Philosophy in Electrical and Computer Engineering

University of California, Los Angeles, 2022

Professor Subramanian Srikanteswara Iyer, Chair

To build up large-scale quantum systems, four challenges in the existing hardware realization
need to be addressed: (1) I/O management, (2) latency and phase matching in a large system
footprint, (3) the heat and power dissipation as the qubit count scales up, and (4) transmission of
delicate quantum information. To minimize these issues, there are efforts using different
architectures, such as CryoCMOS, 3D stacking, and Josephson-Junction-based (JJ-based)
approach. Superconducting Silicon Interconnect Fabric (Superconducting-IF) is yet another
promising approach, which is an advanced fine-pitch and wafer-scale cryogenic packaging
platform. The proposed architecture, which aims to co-integrate superconducting qubit
control/readout with qubits in a compact way, and the demonstration of the Superconducting-IF
are detailed. The key enabler of Superconducting-IF is the low-temperature assembly

technology, the Au interlayer bonding method, which is demonstrated to be fine-pitch (< 10
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pm), mechanically robust (> 30 MPa), electrically reliable, and quantum-compatible (< 150°C).
The Au interlayer with Nb superconducting interconnects has a transition temperature at 9 K and
is demonstrated to be a low-temperature-compatible process having a high critical current for
integrated superconducting processing applications. On the Superconducting-IF platform,
heterogeneity and flexibility are both demonstrated regarding the die sizes, the inter-die spacing,
and the configuration. For future transmission of delicate quantum information, Superconducting
RF optimization, including insertion loss and crosstalk, is implemented. All the simulated and
measured results on short superconducting links (< 500 um) with 2 and 5 um line/space are far
below the quantum limitation, meaning the superconducting interconnects are suitable to carry
future inter-dielet delicate quantum communication.

This dissertation achieves the following intellectual contributions: (1) the first combination of
heterogeneous integration and advanced packaging with quantum applications, (2) the first
proposal of the architecture of integrated system-on-wafer quantum hardware, (3) the first
demonstration of the Au interlayer bonding to be fine-1/O pitch, mechanically robust, electrically
reliable, and quantum compatible, and (4) the first achievement of low-loss, low-crosstalk, and
20 GHz-broadband RF capability on superconducting short links through advanced packaging.

To sum up, it is promising to use the Superconducting-IF for future large-scale quantum

systems to realize the full strength of quantum computing.
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Chapter 1
Introduction

In this chapter, general introduction to quantum computing is first introduced in the section
1.1, followed by major challenges to realize a large-scale quantum computing in the section 1.2
and objective of this dissertation to resolve the challenges through heterogeneous integration and
advanced packaging in the section 1.3. At the last of this chapter is the organization of this

dissertation.

1.1 Quantum computing

Quantum computing is one of the emerging technologies that can fulfill some requirements of
high performance computing. Compared to traditional deterministic computing through CMOS
and BJT transistors, non-deterministic quantum computing uses quantum mechanical principals
(superposition states, quantum coherence and quantum entanglement) to perform computations
in a parallel and efficient way [1], [2] and to reach exponentially-grew capability of computation.
For one transistor, it stays in the bit “1” or in the bit “0” at a time; while for a quantum bit
(qubit), it can simultaneously in the bit “1” and “0” with a certain probability distribution. This
feature of superposition of two states allows a quantum computer, within the qubit coherent time,
to compute all the possible combination between “1” and “0” in one cycle parallelly, instead of
the serial computing in classical circuits. Quantum entanglement means that in a two-qubit
system, the state of two qubits correlates with each other, meaning the state of one qubit cannot

be described independently without the state of the other.

The physics behind quantum computing is to manipulate quantum particles between the lowest
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energy state, as the state “0”, and the one-step-higher state, as the state “1”. There are various
physical systems that can constitude two-level quantum states and can potentially realize a large-
scale quantum computing[3]: superconductors, photons, trapped atoms, and spin. These types of

qubits are briefly introduced in the following paragraphs.

Superconducting qubits use the principle of quantum harmonic oscillator, a quantum system of
one single particle residing in a parabolic potential. With a boundary set by the potential energy
and the kinetic energy within a particle, a quantum harmonic oscillator with equi-spacing
between each state can be described through the Schrodinger equation. This harmonic system
can be physically realized using circuit designs with proper inductance (potential energy, or
magnetic energy) and capacitance (kinetic energy, or electrostatic energy) in a low-temperature
superconducting region. Circuit designs can also be used to couple two nearby qubits. Without
using superconductors, qubits decohere easily due to the I> X R Joule heating. To utilize the
quantum oscillator for computing, anharmonicity is needed to lock the transition of the particle
within the two lowest states. The anharmonicity can be introduced through the key component in
superconducting qubits: the Josephson junction, which is a tri-layer tunneling junction with a
thin insulation layer separating sections of a superconductor. The quantization of the charge
tunnelling through the junction leads to a cosine term to the parabola in the potential energy,
which is proportional to the junction critical current. The excitation energy of one qubit between
the two lowest states is determined macroscopically by the inductance and the capacitance; the
frequency is designed at 5 — 10 GHz, which is high enough to minimize thermal effects at the

low temperature environment available in dilution refrigerators (~10 mK; kgT/h ~ 0.2 GHz).

Photonic qubits are realized through the polarization state of a photon and are intrinsically free

of decoherence. One-qubit gates (polarization state rotations) can easily be done using
2



‘waveplates’ made of birefringent material. One of the challenges is to achieve the required
interactions between photons for universal multi-qubit control. Knill, Laflamme, and Milburn [4]
report a scalable quantum computing scheme using single-photon sources, detectors, and linear
optical circuits. This scheme relies on quantum interference with auxiliary photons at a beam
splitter and single-photon superconducting nanowire detection to induce interactions non-
deterministically. Regardless of the approach used for photon sources and detectors, this method
leads to major photon loss challenge (~0.1 dB/cm) and degrades the coherence time close to

matter-based qubits.

Trapped atom qubits are based on isolated atomic systems, confined in free space with
nanometer precision using appropriate electric fields from nearby electrodes[5]. This provides
excellent coherence properties of certain energy levels within atoms. Entangling two-qubit
quantum gates can be realized through a laser-induced coupling of the spins mediated by a
collective mode of harmonic motion in the trap. Although the coherence time is long enough and
there are several attempts for a scalable system, such as collections of Coulomb-coupled ions
through photonic interactions [6], and optical lattice [7], the scaling scheme and the relevant

technology are still not mature.

The spin qubits use a small semiconductor nanostructure (GaAs, Si, Ge), and
impurity/impurity complex (Nitrogen vacancy) to binds one or more electrons or holes into a
localized potential with discrete energy levels, similar to an electron bound to an atomic nucleus.
Quantum logic would be accomplished by changing gate voltages to physically move electrons
closer and farther from each other, activating and deactivating the exchange interaction. The
coherence time of spin qubits is demonstrated up to seconds, but the scaling of coupled spin is

still challenging.



Although the quantum coherent time is still a challenge and beyond the scope of this thesis,
the key advantage of superconducting qubit is its scalability by microwave circuit designing and
Si fabrication as well as advanced packaging technologies. Therefore, in this dessertation,

superconducting qubits are the main focus for applications and concepts establishment.



1.2 Challenges in quantum computing

Although parallel quantum computation can attain exponential growth in the computing speed,
before it comes into real applications, four main challenges that need to be addressed are

elaborated in the following paragraphs.

The first challenge is /O management. Between transistors and qubits, in addition to
fundamentally-different working principals, there are two differences during circuit realization
that affect /O management: one is fan-out/fan-in routing; the other one is cloning mechanism
[8]. Regarding the circuit fan-out routing, transistor circuits enable output signals of the logic
gate in the previous stage to feed into multiple gates in the next stage (and vice-versa for fan-in
routing). The degree of fanning out is specified in Rent’s rule [9]: a relationship between the
external I/O count and the number of internal logic gates or transistors. As an example, in the
processor of Iphone X, there are 4.3 billion transistors made with the 10 nm FinFET technology
but only a few hundreds of I/O are required to exchange information with the outside world.
Quantum circuits, on the other hand, do not share the same characteristic as classical circuits.
Quantum information within one qubit does not directly control the state of another qubit. Even
for two-qubit entangled logic gates, the classical readout and control sub-systems are required to
mediate the interactions as well as to prepare and readout the state of the qubits. As for
information cloning, it is doable in classical memory circuits through charge sharing between
two capacitors; while for qubits, there is no fundamental cloning theorem in quantum mechanics
[10]. This indicates no exact copy of each quantum state can be achieved, ensuring the fan-
out/fan-in of information should happen effectively within classical interface outside qubits and

implying that the number of I/O should be as large as the count of qubits for distinct I/O signals.



The I/O count and the interconnect wiring both outspread significantly as the count of qubits
increases since the required I/O count is at least twice of the qubit number. For a large-scale of
qubit array (> one millions of qubits), at least two millions of I/O are required. With a huge
demand of I/O, advance packaging technologies are needed to come into the picture for a large-

scale of qubit array.

The second challenge is the system footprint. Quantum computers nowadays occupy at least
an area of ~ 10 m?. This area includes mounting of racks of room-temperature microwave
control/readout electronics and interfaces with milli-Kelvin qubits at the bottom of a dilution
fridge. This distributed system poses two major problems in signaling: one is phase shift; the
other is time-of-flight latency. The wavelength of the qubit controlling microwave signals (
bwteen 5 — 10 GHz) is in the order of a few to 10s centimeter. This is comparable to the system
size, causing currents and voltages to be the function of space and time and leading to additional
constraints in impedance and phase matching network. For a large-scale qubit array following
the conventional scheme, which will be detailed in the subsection of Chapter 2, millions of
transmission lines that are comparable to or longer than the wavelength will be used for signal
transmission, causing appreciable phase shifts in signals between different lines. It is challenging
to synchronize and equalize broadband signals having different levels of phase shift for precise
phase and amplitude of a microwave tone. For the time-of-flight latency between room-
temperature electronics and qubits at the deep cryogenic environment, the bottleneck is limited
by the readout time (in the order in 100s nanosecond to microseconds) compared to the typical
values (10s nanosecond) in control time. This problem will be amplified when manipulating
multiple qubits in future large-scale array. An instinct way to reduce the latency is to design an

ultra-compact cryogenic system with proximal control/readout electronics at the expense of
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increased thermal load. To reduce latency and to remedy the increased thermal load, a concept to
integrate ultra-low-power superconducting electronics as the qubit control/readout on a wafer-

level system is proposed and is elaborated in Chapter 4.

The third challenge is related to the heat and power dissipation as the qubit count scales up. In
the conventional scheme, the heat and power dissipation increase linearly with the qubit number
because of the previously-mentioned independent I/O issue. As an example, to manipulate 53
qubits, it is required to install 53 cryogenic isolators, nine quantum-limited amplifiers, nine high
electron mobility transistor amplifiers, and about 200 coaxial cables inside a fridge [11] [12]. In
a Bluefors XLD400 dilution refrigerator, the 53 qubits and their periphery electronics already
consume one third of its overall cooling power around 20 pW [13]. Through installing proper
shields to reduce active components, adopting superconducting cables to minimize heat
dissipation, and tolerating a chamber temperature at 30 mK (20 mK is the norm for
superconducting qubits) without raising much noise, there is a chance to achieve one thousand
qubits by this brute-force method using one cooling unit. With multiple cooling units, it is
possible to achieve a large-scale qubit array but the footprint issue gets compounded following
the conventional scheme. Therefore, to control/readout multiple qubits with one transmission
line cable from room temperature electronics to the deep cryogenic environment, a signal
multiplexing technique is a necessity. In Chapter 4, an integration architecture with ultra-low-

power superconducting electronics and superconducting multiplexing is presented.

The last challenge is to preserve delicate quantum information with thermalized environment
and low insertion loss and crosstalk for a large-scale qubit array. The excitation energy in a qubit
from the state “0” to the state “1” corresponds to a frequency of ~5 GHz, eqivalant to a

temperature of 240 mK. To reduce any background excitation by thermal energy, the chamber
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environment is cooled down to 20 mK, much lower than the excitation energy. To power on and
simultaneously to avoid the increase of the chamber temperature caused by the wire induced of
Joule heating (P = I x R), superconducting interconnects are used to decrease the on-chip DC
resistance value by at least three orders of magnitude as compared to using Cu with the same
dimension. For qubit control/readout within microwave superconducting transmission lines,
although the conductor loss (AC resistance by the skin effect « \/7 ) still exists even using
superconductors, the value is at least 30X smaller (inverse propotional to the square root of
conductivity) than using Cu as the interconnect material. As compared to another loss source by
dielectric loss (dielectric conductance and loss tangent loss « f'), the conductor loss is exceeded
by the dielectric loss at a few hundreds of MHz to few GHz and becomes the dominating loss
factor in insertion loss. The threshold for insertion loss (conductor loss + dielectric loss) on
superconducting transmission lines between control/readout qubit should be less than 1 dB loss
[14]. Crosstalk is another factor that degrades quantum information through electromagnetic
energy sharing, which occurs between long coaxial cables and between on-chip transmission
lines. Each coaxial cable spanning from room-temperature electronics to the deep cryogenic
environment (few meter long) has capacitance (~ 100 pF/m for most material [15] with 50 ()
characteristic impedence) and inductance (~250 nH/m) available for coupling interface. To
negate effective singal loops available for crosstalk pickup, this requires additional shielding on
cables, which increases space and thermal load constrains inside a fridge chamber. For on-chip
transmission lines, the threshold for crosstalk is that the value should not surpass the value of
thermal noise (-23 dB with an on-chip pulse of 300 uV [16]) and not become the major noise
source. There are on-chip methods to reduce crosstalk, such as shortened link length, via-fencing

and increasing inter-signa-path distance, when the crosstalk is high. In Chapter 6, an low-loss
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and low-crosstalk RF behavior is optimized and presented through the approach of shortened

link length on the advanced packaging platform, Superconducting-IF.



1.3 Objective of this Dissertation

As mentioned previously, /O management (no quantum cloning theory and no circuit fan-
out), phase shift and latency (large system footprint), the heat and power dissipation per qubit (a
distributed system), and transmission of delicate quantum information (lossy and high crosstalk
environment) are the four major challenges to realize a large-scale superconducting quantum
computing. To minimize these challenges, a heterogeneously integrated superconducting
control/readout system on the same substrate with qubit chips is one of the promising solutions.
In view of this, a heterogeneous integration Si platform called Superconducting-IF, adapted from
the Silicon Interconnect Fabric (Si-IF), is investigated in this dissertation for furture quantum

computing applications.
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1.4 Organization of this Dissertation

This thesis is organized as follows: Chapter 2 introduces the state of the art of the
superconducting quantum computing. Chapter 3 describes the packaging technology, especially
in the superconducting field, and the Si-IF technology. Chapter 4 details the integration concept
using Superconducting IF with superconducting electronics and comparison with existing state
of the art quantum computer. Chapter 5 shows the realization of the Superconducting IF and how
it is adapted from Si-IF. Chapter 6 presents the RF characterization of the superconducting
interconnects on the Superconducting IF to build a low-loss and low-crosstalk integration.

Finally, the conclusion and future outlook of this work are given in Chapter 7.
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Chapter 2
State of the art in the architectures of
superconducting quantum computing

In this chapter, the room-temperature-CMOS architecture is first introduced in the section 2.1,
followed by the CryoCMOS architecture in the section 2.2 and the 3D-stacking architecture in
the section 2.3. As another potential technology for quantum computing, Josephson-junction-
based architecture featuring ultra-low-power-dissipation is briefed in the section 2.4. At the last

of this chapter is the chapter summary.

2.1 Conventional room-temperature CMOS architecture
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Figure 1: Existing control/readout scheme in a quantum computer. Reprinted with permission

© 2018 American Physical Society [17]
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The room-temperature-CMOS architecture is the first approach to realize quantum computing
with distributed systems. For a commonly used rack-mounted quantum computer, there are four
subsystems [17]: (1) a room-temperature FPGA instruction card, (2) room-temperature qubit
control/readout electronics, (3) qubit chips with readout resonator at millikelvin stage, and (4)
room-temperature qubit signal detector. Among all the subsections, only qubit chips sit inside a

dilution fridge, other three subsections are outside a dilution fridge, as shown in Figure 1.

To manipulate the qubit states, a qubit needs to be in an operation region, i.e., excitation from
the ground state “0” to its first excited state “1”. This excitation is achieved through dedicated
microwave signals. Each microwave coaxial cable that carries the signals is thermalized by three
attenuators (-20 dB) that are installed at each cryostat (4K plate, 100mK plate, and base plate).
The attenuators reduce both signals and noise from room-temperature electronics and can
decrease the effective temperature of the microwave radiation from co-axial cables. Following
the excitation pulses, the qubit control pulses are generated, triggered by a waveform generator
and processed by a digital co-processor (FPGA in this case), followed by up-converted frequency

through a [-Q mixer driven by a local oscillator signal to microwave frequencies.

To readout a qubit, a pulsed measurement of the microwave transmission through a coplanar
waveguide resonator is used. The readout pulses are generated through a waveform generator
and are shaped through I-Q mixing with a local oscillator signal for faster ring up and ringdown
of the intracavity field [18], [19]. These signals are then transmitted into the coplanar waveguide
resonator near the qubit with another three -20 dB attenuators. In the pulsed measurement,
another pump signal is sent to the directional coupler at the bottom of the fridge with another
three attenuators, an isolator, and a circulator. The isolator and circulator prevent the qubit chip

from thermal noise and other types of noises. Combined with the the pump signal, the signal
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from the resonator is sent back to room temperature electronics and is amplified by a 40-dB
high-electron-mobility transistor (HEMT) amplifier before leaving the chamber of the dilution

refrigerator.

To detect and analyze the signal exiting from the dilution refrigerator, the signal is first
amplified by low-noise microwave amplifiers, then is de-noised by high pass filter, and is down-
converted to an intermediate frequency. The process signal is then digitized by an ADC and
forwarded to Digital Signal Processor inside the FPGA for feedback trigger. This completes one
cycle of qubit control/readout and the time of each cycle can go as high as millisecond. The

reported fidelity is around 80% (error rate 20%).

The aforementioned control/readout/detection procedure is designed for operation of a few
qubits. When the qubit count increases to 50-100, each qubit on average requires at least one
isolator, one-third amplifier, and two to three coaxial cables. All the hardware components and
cables increase linearly with the number of qubits, meaning one million of isolators, three
hundred thousand of amplifiers, and at least two millions of coaxial cables are require for the
realization of one millions of qubits. This huge amount of hardware causes not only the footprint
problem, but also the latency, phase matching, and scalability issues mentioned in the Chapter 1.
Therefore it is challenging for large-scale quantum computing when the room-temperature-

CMOS architecture is adopted.
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2.2 Cryogenic CMOS (CryoCMOS) architecture

In view of the /O, footprint, latency, and scalability, there is material in integrating either
digital processors, readout circuits, or both inside a fridge and installing functional CMOS chips
as close to qubit chip as possible to reduce any environment noises. The key advantage for this
architecture is that it applies the most well-developed and manufacturable CMOS technology to
realize qubit control/readout circuits; while the disadvantage is obvious: CMOS circuits generate
significant amount of heat, requiring specific design to directly interface with millikelvin-
required qubits. In the following paragraphs, Google [20]-[22], Microsoft [23], and Intel [24]

examples regarding the CryoCMOS architecture are presented.
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Figure 2: Google CryoCMOS architecture. Reprinted with permission © 2019 IEEE [20]-[22]

The CryoCMOS architecture of Google [20]-[22] is presented in Figure 2. The key
improvement is that the CryoCMOS qubit controller is installed at 3K. The control/readout cycle
is achieved by a room-temperature trigger, CryoCMOS qubit control (pulse shaping) at the 3K
cryostat, and room-temperature readout. The CryoCMOS qubit controller is made with the 28-

nm bulk CMOS technology having the function blocks for signal processing, including the in-
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phase and quadrature-phase digital analog converter, digital controller for pulse generator, pulse
controller, and mixer. The shaped pulses are attenuated by 40 dB (two 20 dB attenuators) to have
an amplitude of 10-100 puV before entering the superconducting qubit chip. The qubit output
signals are sent back to room-temperature detectors and analyzers for readout analysis. The clock
frequency is maintained between 0.5 - 3 GHz and the overall DC+AC power is less than 2 mW
at 3K. The instruction set is 2* codewords. As compared to conventional room-temperature rack-
mounting controls, Google’s CryoCMOS example provides similar energy relaxation time ~ 18
ps and specifications corresponding to an overall high-fidelity gate of 99.99% (error rate of

0.01%).
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Figure 3 Microsoft CryoCMOS architecture. Reprinted with permission © 2021 Nature [23]

The CryoCMOS architecture of Microsoft [23] is presented in Figure 3. The key improvement
is that a CryoCMOS control chip wire-bonds to a quantum dot qubit chip at 30 mK on a PCB.
The control/readout cycle is achieved by a room-temperature FPGA trigger, 100-mK
CryoCMOS qubit control (pulse shaping), and room-temperature readout. The CryoCMOS
control chip is made using 28 nm FDSOI technology (control voltage ~ 0.8 V) with digital and

analog function blocks, such as serial peripheral interface, waveform memory, autonomous
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operation of the chip, ring oscillator, and D.C. charge locking; the corresponding qubit readout
signal is between 10 to 50 uV. To compensate the high joule heating disadvantage of
CryoCMOS chips, both the static and dynamic power dissipation are intentionally reduced with
proper technologies and designs. For the static power dissipation (P =1 x V), due to the structural
nature of FDSOI, the leakage current can be decreased to ~3.2 nA for the whole chip,
corresponding to a power of 3.2 nW with a voltage of 1 V. For the dynamic power dissipation (P
= C x V2 x f), the capacitance is reduced through reduction of the transistor count to 100,000 and
the frequency is decreased to at most 10 MHz. The overall dissipated power is around 20 pW at
10 MHz, causing the chamber temperature to increase to around 100 mK. On average, each low-
power CMOS transistor consumes ~0.2 nW at 20 mK. Since this Microsoft example emphasizes

on the architecture and the power dissipation of CryoCMOS, there is no reported qubit gate

fidelity in this work.
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Figure 4 Intel CryoCMOS architecture. Reprinted with permission © 2021 IEEE [24]
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Figure 5 Intel CryoCMOS architecture (cont.). Reprinted with permission © 2021 IEEE [24]

The CryoCMOS architecture of Intel [24] is presented in Figure 4 and Figure 5. The key
improvement is that the CryoCMOS qubit control and readout are integrated as a SoC at 4K. The
control/readout cycle is achieved by room-temperature digital triggers, and 4K CryoCMOS qubit
control and readout. The CryoCMOS microcontroller is made with the 22 nm FinFET
technology having the SoC qubit control/readout (digital and analog function blocks, such as
qubit drive, readout, gate pulsing, memory, microcontroller) and connects to spin qubit chip at a
based temperature of 10 mK. The SoC chip operating at 1.6 GHz clock frequency can
multiplexing control the 16 spin qubits and can send instruction set of 2! codewords per qubit.
This instruction set is 2!'> more than the non SoC approach. The pulse amplitude is 300 pV. The
consumed power including analog and digital is around 439.2 mW. This Intel example provides

the specification for high-fidelity gate of 99.99% (error rate 10-*). The comparison table between
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the conventional scheme and the work of Google, Microsoft, and Intel is shown in Table 1.

Table 1 Comparison between the conventional scheme and the work of Google, Microsoft, and

Intel
. Google [20-22] Microsoft [23] Intel [24]
Conventional (2020) (2021) (2021)
Technology CMOS @ RT CryoCMOS @ 4K CryoCMOS @ mK CryoCMOS @ 4K
Qubit cs‘;':lt:c"; Analog @ 300K | Analog @ 4K | Mixed signal @ 100 mK | Mixed signal @ 4K
Qubit readout Analog to RT Analog to RT Analog to RT Analog to 4K
Qubit type | Superconducting | Superconducting Topological (goal) Spin
clock 0.3-2 GHz 0.5 GHz Few MHz 1.6 GHz
20 uW
Power 20mwW 2.5mwW (10 MHz & 100k CMOS) 439.2 mW
Latency Microsecond
(control/ Milliseconds Milliseconds Milliseconds Ic ¢

readout cycle)

(potential)
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2.3 3D stacking architecture

MIT Lincoln Labs has leveraged their 3D superconducting TiN Through Silicon Via (TSV)
stacking technology to isolate high-coherence superconducting qubits from surrounding noises
and to alleviate interconnect crowding for a large-scale qubit array, as shown in Figure 6. The
three-stack structure includes the top qubit chip, the middle interposer, and the bottom
superconducting multi-chip module (SMCM) chip. The top chip contains high-coherence
superconducting qubits that are fabricated and optimized on a separate silicon wafer. The middle
interposer chip contains TSVs that line with superconducting TiN and connect the top qubit and
the bottom SMCM. The three chips are assembled to form electrical connection through indium
bumps, providing a low-resistance electrical path. The TSV-integrated interposer allows the
multilayer signal routing in the bottom SMCM while retaining isolation of qubits from lossy
dielectrics. The bottom SMCM has multiple planarized superconducting metal layers [25] that
are connected using vias and uses processes of digital superconducting electronics such as
single-flux quantum circuits or traveling-wave parametric amplifiers [21]. No significant impact
on the qubit performance is reported in the three-chip-stacking method compared to the

monolithic and the 2D flip-chip planar integration.

(b)
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Figure 6 3D packaging on a qubit chip. Reprinted with permission [27]
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2.4 Josephson-Junction-based (JJ-based) architecture

Besides the aforementioned CryoCMOS architectures, qubit control/readout through
Josephson-Junction-based superconducting digital circuits is yet another option. The key
attraction is its ultra-low heat dissipation, making superconducting qubit control/readout a
promising way to be integrated proximally with qubits through flip-chip bonding technologies on

the same substrate. The down side is its capability of vary large scale integration.

There are a family of JJ-based circuits: Adiabatic Quantum Flux Parametron (AQFP)[28]
energy-efficient Single Flux Quantum (eSFQ)[29], LR-biased RSFQ logic[30], reciprocal
quantum logic (RQL)[31], Energy-efficient Rapid Single Flux Quantum (ERSFQ) logic[32], and
Rapid Single Flux Quantum (RSFQ)[33]. SFQ is a superconducting digital circuits that use
Josephson Junctions to process quantized and digitized signals at 4K. Information is stored as the
magnetic flux quanta in the form of SFQ voltage pulses. The amplitude for a magnetic quanta
(Po) is 2 mV x ps. In real applications, the voltage amplitude is 200 to 400 uV with a time
domain spread of 5 to 10 ps. AQFP logic is another type of JJ-based circuits that uses the phases
of AC current to determine logic “1” (positive current) or logic “0” (negative current) with a
reset state (zero current). This can further reduce the power dissipation per JJ due to zero static
power dissipation. Ayala et al. [34] in 2021 has used the AQFP technology to demonstrate ultra-
low power superconducting digital processing and memory operation with a clock frequency of 5
GHz. Considering the dissipated power per JJ of 0.008 nW and a Josephson Junction count of

21460, the overall power dissipation is around 170 nW in the demonstrated chip.

In the superconducting circuits, the general power dissipation is categorized as the static

dissipation (P o< I x V) and the dynamic dissipation (P x L x I? x f, or P &y x I x f). The
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detailed power dissipation for each technology is listed in Table 2 (from low to high power
dissipation). Since some of the reference papers only provide the overall energy dissipated per
Josephson Junction without the switching speed, an averaged device on/off switching speed of 5
ps [35] is used during calculation to convert the energy dissipation per JJ to the power dissipation

per JJ.

Table 2 Estimated power consumption of JJ-based family operating at 4 K with a clock

frequency of around 5GHz

Device LR-biased ERSFQ
AQFP [28] | eSFQ[29] RQL [31] RSFQ [33]
at 4K RSFQ [30] [32]
Power
Dissipation 0.008 1.000 1.360 2.000 1.500 8.200
(nW/I))

To integrate with qubits on the same substrate, the operating temperature of JJ-based family
should be reduced to 20 mK. Based on Initiso S et al. [36], with a lower critical current process
and a low voltage, the power dissipation of RSFQ can be reduced to 25 pW per Josephson
Junction at 20 mK, which is 392 times smaller than the dissipation of RSFQ at 4K. Assuming the
same scaling ratio for each type of the JJ-based device, the power dissipation at 20 mK is

presented in Table 3.
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Table 3. Estimated power consumption of JJ-based family operating at 20 mK with a clock

frequency of around SGHz

Device LR-biased
AQFP eSFQ RQL ERSFQ RSFQ
at 20 mK RSFQ
Power
Dissipation 0.02 2.55 3.47 5.10 3.83 20.92
(pW/TJ)
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Syracuse university in 2018 has demonstrated using previous mentioned JJ-based devices to
control [38], [39] and readout [40] qubits on a single integrated Si chip without degrading the
performance of qubits. Both demonstration of qubit control and readout are briefed in the
following paragraphs. The architecture is shown in Figure 7 with the integrated chip of qubit
control and qubit installed in the mK chamber. The detailed SEM image of the circuit is shown

in Figure 8.

(a) 1 () Fabricated chip

Figure 8 SEM image of integrated control with a qubit. Reprinted with permission

© 2019 American Physical Society [37]

For the qubit control, the qubit is manipulated by quantized delta function-like pulses
produced by JJ-based digital logics. Each pulse introduces a discrete rotation of the qubit state
vector in the Bloch sphere, as shown in Figure 9. With a proper timing design, the pulses can be
delivered to a qubit with a timing interval matching to the qubit resonant frequency, ensuring a
coherent rotation and a coherent control. This approach is analogous to a swing receiving a sharp
push in each cycle. Reported by E. Leonard et al.[37], the first trial of one qubit controlled by JJ-

based circuits achieves gate fidelities of 95%. This fidelity can be increased through reduction in
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the critical currents of the JJ-based digital logics and through multi-chip module packaging,
reducing non-superconducting particles on the same chip flowing into qubits. Li et al.[41]
reports with more complex pulse sequences involving irregular pulse interval, the gate fidelity in

excess of 99.99% (error rate < 10*) can be achieved.

Figure 9 Qubit manipulation (a) JJ-based SFQ pulse (b) coherent control of qubits with time-
domain pulse interval matching the qubit resonant frequency (c) discrete rotation of the qubit
state vector in the Bloch sphere. Reprinted with permission © 2019 American Physical Society

[37]

For the qubit readout, the use of propagating quantized flux as a direct probe of the state of a
qubit is first investigated theoretically by Averin et al [42]. With the help of full circuit
simulation [43], an experimental implementation with Josephson Photomultiplier (JPM) has been
realized [40], [44] with the first trial fidelity of 92%. This is the first demonstration of high-
fidelity readout of a superconducting qubit without microwave isolators protecting the qubit from
amplifier noise. Reported by Howington et al.[31]&[37], to mitigate non-superconducting
particles poisoning due to the SFQ circuitry, and to avoid the complexities of fabricated SFQ

circuits and high-coherence qubits on the same chip, a multi-chip packaging module (MCM)
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approach has been adopted to realize the high-fidelity readout of a superconducting qubit.
Although no real number is reported in the literatures [31]&[37] describing how many precents
of gate fidelity can be improved after application of MCM packaging, this passes an important
message that heterogeneous integration with the dielet design by advanced packaging can play a

significant role in quantum computing.
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2.5 Summary

In this chapter, the room-temperature-CMOS architecture is first introduced in the section 2.1.
The conventional distributed system architecture and the hardware setup are detailed. The
conventional approach is challenging to realize a large-scale quantum computing. The
CryoCMOS architectures in the section 2.2 include examples from Google, Microsoft, and Intel.
A comparison table is organized between the conventional architecture and the CryoCMOS
approaches. The 3D-stacking architecture through superconducting TSV from MIT is detailed in
the section 2.3. As another promising technology for quantum computing, Josephson-junction-
based architecture featuring ultra-low-power-dissipation is briefed in the section 2.4. Various
types of JJ-based circuits and their power dissipation are presented. The literature of one qubit
control and one qubit readout by superconducting circuits are introduced with the application of

advanced packaging technologies.
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Chapter 3
Overview of packaging technologies

Semiconductor packaging are leveraged to allow silicon dies with fine micrometer-scale wires
to communicate with the outside centimeter-scale world and simultaneously to provide
assemblies with mechanical supports and protection from outside temperature and humidity
stimulus. In this chapter, packaging technologies related to semiconductor industries are
introduced in the section 3.1. Next, the packaging technologies used in the quantum field are
detailed in the section 3.2. With the past progress in packaging technologies, the advanced
wafer-level integration— Silicon Interconnect Fabric (Si-IF) — is proposed and developed at

UCLA CHIPS and is detailed in the section 3.3.

3.1 Packaging technology evolution

The development of packaging I/O interconnects is driven by the previously mentioned Rent’s
rule [9]: the more gates and functionalities in a die, the higher I/O count a die should have. In the
past four decades, as compared to the 1000 X scaling in semiconductor device technologies, the
packaging dimensions have only scaled by 4-5 X [46]. Recently, due to the demand of high-
performance computing, innovations in the packaging field are blooming. In the subsection
3.1.1, a conventional integration approach is introduced and then in subsection 3.1.2, an

advanced integration is described.

3.1.1 Conventional System Integration

Printed Circuit Board (PCB), as a mainstream packaging platform, plays an indispensable role
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in the packaging industry and is adopted very widely and successfully over the past several
decades. For a PCB assembly, Controlled Collapsed Chip Connection (C4) bumps at 100-150
um pitch, flux, underfill, and molding compound are used first to secure bare dies on
Redistribution-Layer-patterned (RDL) laminates as die carriers. The carriers are then assembled
using wire-bonding and large-pitch (0.4 - 1 mm pitch) Ball Grid Arrays (BGA) [47] on a PCB

having an inter-chip communication in the millimeter to centimeter scale.

r

NCP entrapment

Figure 10 solder extrusion. Reprinted with permission © 2015 IEEE [48]

This type of assembly causes three major problems: (1) the millimeter-to-centimeter-scale
communication causes impedance mismatch, signal latency and data bandwidth issues, (2) the
high coefficient of thermal expansion (CTE) in polymer/organic material generates thermal
stress during the solder reflow heating process (240 — 260 °C) and leads to the PCB substrate
warpage issue. Although the warpage of PCB can be minimized within 0.5% [49] through
balanced distribution of dielectrics and Cu on the front and back sides, the warpage is not low
enough for fine-pitch solders and limits the scaling of these solder-based interconnects, (3) solder
extrusion, as shown in Figure 10, limits the fine-pitch scaling of flip-chip solders and is an

uncontrollable reduction in the distance between bumps, requiring a minimum stand-off distance.
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Although A. Manasson et al. in the reference [50] reveal a fabrication approach through
evaporation to achieve very fine pitch (<10 um) of In bumps, it only shows images after
deposition and does not apply flip-chip bonding to demonstrate the fine-pitch feasibility of
Indium bumps. Flip-chip bonding is the key process to determine whether fine-pitch joints can
be attained without electrically shorting of nearby bumps. Solder materials can also cause
reliability problems, such as intermetallic compound (IMC) formation, which is brittle and is
similar to a ceramic material, and Kirkendall voids, which originate from diffusivity difference
between bumps and under bump metallurgy (UBM) and can lead to electrical opening. Besides
these issues, the height uniformity of bumps, which can vary over 15% and even up to 50% on
5x5 mm? dies [48], [49], is yet another major roadblock as it is very difficult to control during
reflow process. The bump height is directly related to the underlying UBM area, the bumping
process, and the surface tension of liquidus solder during reflow. The resultant tall bumps after
reflow lead to high inductance in the whole interconnect system, eventually affecting data

transmission.
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3.1.2 Advanced System Integration

Due to slowing down of Moore’s law, high performance computing by innovations in the
packaging field is getting more attraction, such as monolithic approaches (System on Chip, and
Wafer Scale Integration), and heterogeneous integration methods (Multichip Module,

interposers, and 3D Integration).

L3 cache

CPU1 | CPU | CPU
cache | 1SL | cache

CPU 1 CPU 1

Figure 11. Apple A15 processor System on Chip (SoC) design with multiple function blocks.

(Picture source [51])

The monolithic method is realized through a high transistor density of >100 million
transistors/mm? and the interconnect technology. The device technology is achieved by the

advancement of Si fabrication techniques in the 5 nm node combined with Dennard’s scaling
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theory [52]. The interconnect technology is advanced by the increase of wiring layers and a
wiring hierarchy of fine-pitch wires (<100 nm) connecting neighboring nodes and larger-pitch
wires (few microns) connecting far nodes. Both evolvements merge more functional blocks in a
single die. Figure 11 shows one of examples of System on Chip (SoC) using the monolithic
method and several intellectual property (IP) and functional blocks necessary for a system are
fabricated on one single Si die. Short inter-block spacings and fine-pitch wiring can be provided
in a SoC, increasing energy efficiency and data bandwidth and reducing signal latency. Three
limitations restrict the further development of SoC: one is the reticle limitation (~ 800 mm?);
another is the complex design in SoC; the other is homogeneity in technology. For the reticle
restriction, even with advanced and denser transistors, the die size still increases to near reticle
limits to accommodate complex functions, such as Central Processing Unit (CPU), Graphics
Processing Unit (GPU), Neural Processing Unit (NPU), system cache, etc. The complex design
in SoC includes IP hardening and Si validation for every tape-out, leading to a high non-
recurring engineering cost and time to market. For homogeneity in technology, due to the
fabrication tool limit, one SoC chip can only apply one technology node, unable to splice various
optimized technology nodes in each function block. The idea of SoC is taken to the next level to
Wafer Scale Integration (WSI) [53] by Gene Amdahl in 1980 to achieve low latency, high
energy efficiency and high data bandwidth. The significant challenge is the wafer yield, making
WSI extremely expensive. One of the immediate way is to design redundant cores and meshing
network, compounding the key advantage of WSI by increasing the length of signal paths and
reducing the system speed. Recently by Cerebras [54], a wafer scale chip is demonstrated using a
12-inch wafer for artificial intelligence and machine learning. Redundant 1.5% extra cores are

included [55] in the design to reduce the impact of defects and it works during fabrication. The
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wafer-scale chip presents a bright future to the chip industry but it is still a homogeneous system

and the overall price for each wafer-scale chip exceeds two millions of US dollars.

The heterogeneous integration methods refer to assemble dielets or components from various
technology nodes and materials on one common substate. Many innovations regarding
heterogeneous integration have been demonstrated [56]-[58]. This method improves the latency
and the bandwidth challenges on traditional PCBs [59] and decreases complex designs as well as
overhead cost on SoCs by splitting a large SoC into small chiplets or dielets [60]. Several works
[61]-[63] have discussed and presented the advantages of heterogeneous integration on different
aspects of architectures, system performance and overall scaling. The earliest heterogeneous
integration method can be traced back to 1980s as the Multi-chip-modules (MCMs), on which
multiple dies are assembled laterally with finer I/O pitch (<100 um) than PCBs [64]. With the
concept of heterogeneous integration and IP reuse, design and manufacturing costs are
significantly reduced up to 41% using MCMs [62]. The substrates for MCM can be ceramic
(Aluminum oxide, Aluminum nitride, and Beryllium Oxide) and organic material (FR-4, and
polyimides) in consideration of the coefficient of thermal expansion, the dielectric constant, and
the thermal conductivity [65]. To further drive compactness and the high-interconnect-density
redistribution layer (RDL) between dielets[57], [66], several materials, such as Si[67], glass [56]
and organic [68], are proposed as the substrate material and are named as an interposer. The
interposer adds an extra level in the packaging hierarchy with on-chip-like wiring ( <4 um pitch)
and the interposer assembly is packaged and assembled on PCBs. To connect to the underlying
PCB, through-silicon vias (TSVs) are added within the Si interposer (200-300 um thick [57]),
minimizing the interposer warpage issue. One of the example adopting the interposer technology

is the M1 Ultra chip assembling two M1 Max on one Si interposer, as shown in Figure 12.
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Figure 12. Apple M1 Ultra on Si interposer.(picture source [69])

The Si interposer that carries M1 Ultra chip has a area ~ 2500 mm?, closing to three times of the
reticle size with the die stitching method [70]. Although the wiring on the interposer can be
scaled down to < 4 um pitch, the die-to-substrate interconnect pitch (I/O pitch, bump pitch) is
around 50 pm, which is limited by the solder extrusion and the warpage issues mentioned in the
subsection 3.1.1. As reported by other works [71]-[75], high performance computing requires an
interconnect pitch of <10 um, which is far below 50 um. In the subsection 3.3, an advanced
packaging technology called the Silicon interconnect Fabric that can achieve sub 10 pum I/O pitch
is introduced. Another heterogeneous integration method adopts vertical stacking of the dies on
top of each other. This is known as 3D integration, reducing the chip area and providing vertical
I/O interfaces between dies using TSVs. 3D integration can be classified as the front-end 3D
(wafer-to-wafer bonding) and the back-end 3D (die-to-wafer bonding) [72]. The key advantage
of wafer-to-wafer bonding is that it can provide a vacuum processing chamber and less

mechanical vibration, offering a clean and flat surface for fine vertical interconnect pitch <1 pm
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[76]. The downside includes homogeneity and yield (defective area on the first wafer bonding to
function area on the second wafer). The key advantages of die-to-wafer bonding are
heterogeneity and known-good-die for a high yield. 3D die-to-wafer bonding has been widely
used for stacking up to 12 memory thinned dies, instead of logic-on-logic due to the thermal

problem, the TSV I/O area, and keep out zone considerations.
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3.2 Packaging in quantum application

As compared to the blooming semiconductor packaging, the packaging in the quantum field is
still in the early development phase and is less discussed due to the small qubit count of 50 -100
and the sparse distribution of qubits. Because the number of qubit is so low, a single metal layer
on a qubit process is sufficient and the most common and easiest way to have qubit dies
communicate with the outside world is through Al wire-bonding. This provides flexibility and
overcomes the chip carrier morphology and the distance between chip and carrier. The biggest
challenge using wire-bonding, however, toward a future large-scale qubit array is the I/O count
and density, as mentioned in the section 1.2. Wire-bonding can only approach the circuit through
its periphery sides, limiting the I/O numbers. As an example, with a 5 X 5 mm? qubit chip, the
I/O count is around 265 with a wire-bonding pitch of 75 pum. Although the I/O count can be
increased through the stacking of multiple PCBs with wire-bonding on each layer, as shown in

Figure 13, the I/O density is still far sparse as compared to the flip-chip MCM method.
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Figure 13. Wiring bonding to qubit chip. Reprinted with permission © 2012 AIP [77], [78]

Using the flip-chip approach, the I/Os can be made with bumps and are distributed across the
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die area, instead only on the die sides. This significantly increases the I/O count and density and
the most important thing is that the flip-chip method allows heterogeneous integration. In the
subsection 3.1.2, the flip-chip interposer method, as shown in Figure 14, and the 3D integration
method, as shown in Figure 6, have been introduced and are used in the integration of qubits

[27] ,[37], [39] without significant degradation to the qubit characteristics.

Figure 14. Flip-chip packaged qubit chip through the interposer technology. Reprinted with

permission © 2019 nature [12]

To be compatible with Josephson junction in qubits, the processing temperature should be less
than 150 °C since Josephson junctions made with a Nb/Al-oxide/Nb tri-layer inside
superconducting dies are extremely sensitive to a high temperature. The electrical
characterization of this tri-layer structure, such as the critical current, the normal state resistance,
and the characteristic voltage, undergoes an irreversible degradation above 150 °C [79]-[81].
When the value of critical current within Josephson junctions varies, both the inductance of the
junctions and the resonant frequency of the qubits can be away from their original designs. As
such, low-temperature solder (In [12][27][82][83], In/Bi/Sn [84], In/Sn [85]) and adhesive
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bonding [86] [87]are adopted in both methods and function as electrical links between dies and
substrates. The comparison is presented in Table 4. Although the solder-based processes are
compatible with quantum circuits, the interconnect pitches over 75 pum are still not dense enough.
As an example, for two millions of I/O, at least a Si area of 11765 mm? is required, not including
the carrier and the Si area for fan-out interconnects, connectors and inter-die spacing. With the
volume constraint at the mK chamber, it is challenging to house such a sparse system, relevant
huge count of coaxial cables and cryoelectronics. Therefore, in the Chapter 4, a new integrated
and compact architecture applying the Superconducting Silicon interconnect Fabric with fine-

pitch (< 10 um) interconnect is introduced.

Table 4. Comparison between the existing flip-chip-demonstrated superconducting assembly

methods

Assembly methods indium/bismuth/tin Indium/Tin Adhesive bonding

for SCE (In/Bi/Sn) solder reflow [84] (In/Sn) [85] [86]
Joints Solder bumps Solder bumps Stud bumps

Temperature Lowest to 70°C 140°C <180 °C

Bonding Duration - - -

Bonding pressure - - -

Joint height Over 20 pm 12 pm 10pm

Bonding strength Below 10 MPa - -

Special treatment 140 °C Flux, Adhesive underfill,
P Water soluble flux two-step reflow reflow

Interconnect pitch 75 pm > 100 pm 80 pm
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3.3 Silicon-Interconnect Fabric (Si-IF) introduction

The Si-IF packaging platform adopts the ideas of wafer scale integration and heterogeneous
integration, allowing heterogeneous unpackaged dielets to populate a Si wafer system through
the flip-chip bonding. Si-IF technology, a board made with Si, aims to replace the classical PCB-
based systems and enables integration of the system on a single packaging hierarchy. As
compared to the organic substrate of PCB in the subsection 3.1.1, Si-IF uses Si as the substrate
material, which is robust enough to reduce the warpage less than < 0.01% [88] in a 300 mm
wafer. This allows I/O to scale down to a finer pitch less than 10 pm using Cu-Cu thermal
compression bonding (TCB), as shown in Figure 15, and enables dielet to be placed in a

proximal way with an inter-dielet spacing of 100 um, as shown in Figure 16.
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Figure 15. 10 um interconnect pitch on Si-IF. Reprinted with permission © 2021 IEEE [89]
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Figure 16 ~ 370 dies (1x1 mm? to 55 mm?) at < 100um inter-dielet spacing on a 100 mm Si-IF.

Reprinted with permission © 2018 IEEE [90]

The wiring dimensions can also be scaled down to < 2um. Due to a much compact system, the
latency can be reduced to the pico-second level (through < 100 um inter-dielet spacing and < 1
um height of joints) and the bandwidth can be increased to over 3 Tbps per mm. Because of
using dielet for integration (instead of packaged chips), the energy consumption per bit can be
reduced to below 0.2 pJ/b. All of these scaling features result in a huge improvement in data
bandwidth (120 to 300 X) and energy consumption per bit (100X) as compared to conventional
PCB-based integration schemes [91], [92]. As compared to the interposer technology, Si-IF can
still improve the data bandwidth (8 to 25 X) and energy consumption per bit (5-26 X). Si as a
substrate material is an excellent heat conductor (149 W/m K), having a better thermal
management as compared to conventional PCB packaging schemes. Using Si as the substrate
material also provides another benefit: front-end-of-line high-tech toolings can be brought to the
back-end-of-line process for advanced packaging development and fabrication. In a traditional
PCB, there are different materials, such as Si, Cu, FR-4, solder, molding compound, underfill,

etc., and multilayer packaging hierarchy. These materials and layers have mismatch thermo-
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mechanical properties, causing Chip-Package-Interaction (CPI) related failures. For Si-IF, there
are only materials same as that constitute dielets, such as Si, Cu, and Si02, and this reduces the
CPI failures. In Chapter 4, the powerful Si-IF is extended to the low-temperature region with
four main changes as the superconducting Silicon Interconnect Fabric (Superconducting-IF) to

be compatible with quantum devices.
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3.4 Summary

In this chapter, packaging technologies, including traditional PCB assembly and advanced
assembly through flip-chip heterogeneous integration, are introduced in the section 3.1. Next, in
the section 3.2, the packaging technologies, including wire-bonding and flip-chip, are used in the
quantum field. Among all the package technologies, it is common to apply large-pitch solder
methods, which are not favorable for high-density I/O integration. Therefore, the advanced
wafer-level integration Si-IF is developed having fine-pitch Cu-Cu TCB (< 10 pum) and is
detailed in the section 3.3. Using Si-IF, the latency can be reduced to the pico-second level
(through < 100 pm inter-dielet spacing and < 1 pum height of joints); the bandwidth can be
increased to over 3 Tbps per mm; the energy consumption per bit can be reduced to below 0.2
pJ/b. This powerful Si-IF technology is extended to the cryogenic field for quantum applications

and is detailed in the Chapter 4.
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Chapter 4
Concept of integrated quantum system on cryogenic Si-IF
- Superconducting Silicon Interconnect Fabric
(Superconducting-IF)

In this chapter, the cryogenic version of the Silicon Interconnect Fabric- Superconducting-IF
is introduced briefly in the section 4.1, followed by the detail of the concept of quantum system
integration on the Superconducting-IF from the aspects of thermal limits of qubit chips and the
deep cryogenic chamber in the section 4.2. The comparison between the proposed concept in this
thesis and the existing schemes shows in the section 4.3. The last part of this chapter is summary

in the section 4.4.

4.1 Superconducting-IF introduction

As introduced in the section 3.3, Si-IF is a powerful system-on-wafer (SoW) advanced
packaging technology that owns important characteristics, including picosecond latency, a large
Si area, fine pitch interconnect (< 10 um), short inter-dielet spacing (< 100 um), metal-to-metal
bonding, no solder and underfill, high bandwidth, and low energy consumption per bit. The
mechanical die-to-substrate alignment accuracy can be achieved within £1 pm in the Si-IF
technology. As compared to the interposer technology, Si-IF can improve the data bandwidth (8
to 25 X) and energy consumption per bit (5-26 X). This powerful Si-IF is extended to the low-
temperature region as the Superconducting Silicon Interconnect Fabric (Superconducting-IF), as

shown in Figure 17. Superconducting-IF will inherit all the features of Si-IF with four process
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changes to accommodate superconducting control/readout chips and qubit chips. First, Nb is
used as the superconducting interconnect material because it is mechanically hard, which
indicates it can withstand high mechanical stress during thermal cycling tests. Besides this, Nb
possesses the highest transition temperature among all existing metals. This allows it to have a
larger critical magnetic field and a higher critical current, both of which are shown in the section
5.2. Both the maturity and already established techniques of superconducting digital processing
make Nb a good candidate to apply on the Superconducting-IF platform. The interconnect
material can be any superconducting material, such as Niobium Nitrite (NbN), Titanium Nitride
(TiN), Niobium Titanium Nitride (NbTiN), and Yttrium barium copper oxide (YBCO), and is
not only limited to Nb. Second, a thin layer ~5 nm of iridium (Ir) is passivated above Nb (in-situ
deposition) to prevent Nb oxidation, which is detailed in the subsection 5.2.1, and to act as an Au
diffusion barrier. Ir has the corrosion-resistant characteristic and it can prevent O from
penetration. The Ir film covers all the Nb interconnects, while the Au film is only deposited on
the bonding pads. Third, Au is selected as the bonding medium since Au has oxidation-resistant,
which is the most important feature for TCB, and soft characteristics and possesses sufficient
diffusivity below 150 °C. One of the future possible applications of the Au bonding is to
integrate with CMOS chips. With a proper system of Au diffusion barriers and sacrificial
diffusion barriers, such as TiN or TaN or Ta, the used thin layer of Au is compatible with CMOS
process. The integrity of these barriers is verified with the past experiments, in which Cu/Au
capping is used for thermal compression bonding [90], [91] with the mentioned barriers on fully
functional chips fabricated by two major foundries (in 16FF and 22FDX nodes). Last but not the
least, the whole fabrication process is carried out below 150 °C, which is explained in the

subsection 3.2, due to temperature-sensitive Josephson junctions. More detailed fabrication
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process is presented in Chapter 5: realization of Superconducting-IF platform.

Die 3
Superconductor
T G
<10 pm Au
Superconducting-IF uperconductor

Figure 17. Superconducting-IF integration scheme with fine-pitch interconnects and proximal

inter-die spacing. © IOP Publishing. Reproduced with permission. All rights reserved.
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4.2 Proposed qubit integrated system on Superconducting-IF

As detailed in the Chapter 2 regarding the existing distributed system and the CryoCMOS
approaches, besides the qubit processor for quantum operation, there exists a separate processor,
in the form of either FPGA or CryoCMOS microcontroller, in charge of pulse
generation/modulation and readout processing. This type of coprocessor operates either at room
temperature (~ a few meters away from a qubit processor) or at 4K (~20 centimeters away from
a qubit processor). In both situations, the coprocessors are far away from a qubit processor and
rely on limited-number of coaxial cables carrying signals of 5-10 GHz for serial inter-processor
communication. This is uncapable of minimizing the previously mentioned problems (I/O
management, phase shift and latency, heat and power dissipation per qubit, and transmission of
delicate quantum information) for a large-scale qubit array in the section 1.2. The best way is to
combine the coprocessor and the qubit processor on the same substrate as an integrated system,
analogous to a massive ENIAC computer invented in 1945 advancing to an integrated CMOS
system [93]. The instant benefit of this integration is replacing serial coaxial cables with parallel
interconnects for communication between the qubit processor and the coprocessor, reducing
significantly the issues of phase shift and latency.

To integrate circuits in charge of pulse generation/modulation and readout processing with a
qubit processor at a millikelvin chamber, the first issue to solve is that thermal phonons
generated by the integrated circuits cannot affect the delicate qubit state. Based on this, Savin et
al. [94] points out five thermal designs, as shown in Figure 18, related to the heat dissipated by
the circuit of different complexity: (1) for the controlling circuits generating < 50 nW of heat, as
shown in Figure 18 (a), controlling circuits can be designed nearby the qubit circuit on top of a 5

X 5 mm? chip and have direct on-chip interconnects, (2) for the controlling circuits generating <
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500 nW of heat, as shown in Figure 18 (b), thermal insulation design is required to interrupt the
spreading of thermal phonons between the controlling circuits and the qubit circuit on top of a 5
X 5 mm? monolithic chip for direct on-chip communication, (3) for the controlling circuits
generating < 10 uW of heat, as shown in Figure 18 (c), the controlling circuits and the qubit
circuit should sit on two separate Si chips and communicate through wire-bonding but can still
on the same chip holder, (4) for the controlling circuits generating >10 uW of heat, as shown in
Figure 18 (d), the controlling circuits and the qubit circuit should sit on two separate Si chips on
two separate chip holders and communicate through wire-bonding, and (5) for the controlling
circuits generating unlimited heat and the chamber temperature is kept at millikelvin, as shown
in Figure 18 (e), controlling circuits and the qubit circuit should communicate through inductive
or capacitive coupling without thermal conduction path between them.

There is a work by Microsoft [23], [95], mentioned in the section 2.2 following the thermal
design (d). That work has a qubit CMOS controlling circuit using the low-power version of 28
nm FDSOI technology with 100,000 transistors operating at few MHz and at 100 mK on a
separate Si chip wire-bonding to a few-qubit processor. On average, each low-power 28 nm
FDSOI CMOS transistor consumes ~0.2 nW at 20 mK. With the advanced 7 nm FinFET, each
transistor can reduce the power consumption to ~0.055 nW (55 pW) at 20 mK with a frequency
of 5 MHz, which is extrapolated from the supercomputer Fugaku having a transistor count of
8.786 billion per node [96] and an overall node of 158,976 [97] and consuming overall power of
a 29899 kW. For a large-scale qubit array, the thermal design (d) is still challenging even using
the most power-efficient 7 nm FinFET technology since the CMOS count has to add up for
circuits with much complex controlling functions. The overall heat of the increased number of
CMOS will exceed the acceptable heat threshold in the thermal design (d) and will warm up the
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substrate carrying a qubit processor.

(a) generated circuit power < 50 nW (b) generated circuit power < 200-500 nW

|

(c) generated circuit power < 1-10 uW  (d) generated circuit power >10 pW

On-chip connection

Thermal insulation
qubits

On-chip connection
l qubits
y

Electrical connection Electrical connection
qubits qubits
\4 ¥

(e) generated circuit power — no limit

i\ Control through coupling

Figure 18. Thermal design with qubits based on the generated power of the control/readout

circuits [94].

Besides the low-power CMOS technology, there is another branch of low-power technology
capable of dissipating less power than the CMOS technology, which is the previously introduced
JJ-based superconducting digital circuit. The estimated power dissipation of JJ-based family
operating at 20 mK is presented earlier in Table 3 in the section 2.4. The power dissipated by the
JJ-based superconducting digital circuit can be in the single digit of pW per JJ for the low-power

SFQ technology and less than 0.1 pW/JJ for the AQFP technology, both of which consume 10 X
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to 100 X less power than the advanced 7 nm FinFET does.

Combining the concept of thermal design (a) & (b), JJ-based superconducting digital circuit,
and the flip-chip packaging technology, quantum system integration on the SoW
Superconducting-IF is proposed. To integrate JJ-based control/readout systems with qubits
through the thermal design (a) & (b) on the SoW Superconducting-IF, the maximum dissipated
power should be less than an overall value of 500 nW and the system architecture is proposed in
the following paragraphs. One thing to note is that the limiting power of 500 nW refers to the
power dissipation in the monolithic way of system realization within the thermal design (a) &
(b). Since there is no literature reporting relevant thermal budget for a system realization using
the heterogeneous flip-chip integration, through which thermal phonons cannot spread through a
common Si substrate on the dielet part [38], the limiting power of 500 nW is borrowed from the
monolithic system realization [94] and is used for the calculation in the following paragraphs.

As introduced in the section 2.4, JJ-based technologies are demonstrated to be capable of qubit
control [37]/readout [40] through multiple quantized pulses. To further expand this idea for a
large-scale qubit array, separate dielets with the different functions are required, such as clock
[98], pulse generation & modulation [99], memory& signal processing [34], multiplexer (MUX)
[100], demultiplexer (DEMUX) [100], analog to digital converter (ADC), digital to analog
converter (DAC) [101], amplifier (Josephson Parametric Amplifier, JPA) [102], and readout
(Josephson Photo Multiplier, JPM) [40]. Since the concept of qubit control/readout through JJ-
based circuits is very new, no literature realizes the control and readout on a single qubit on the
same substrate at the time of writing this thesis and none of the work estimates how many JJ are
needed to control each qubit with an integrated system for a large-scale qubit array. Based on the

power dissipation, a rough calculation regarding the number of qubits that can be housed in an
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existing dilution refrigerator is discussed as follows. To start the calculation, the thermal
boundary conditions should be clarified and there are two competing constraints: one is the
upper-bound power dissipation of 500 nW in the design (b) of an integrated qubit system; the
other is the chamber cooling power of rough 20 uW at 20 mK stage [13]. Since the JJ count is
not pointed out in each above-mentioned function block, the JJ count of 21460 in the function
block of memory & signal processing [34] is assumed and extended to other eight basic blocks,
leading to an overall JJ count of ~ 195,000. Indicated by the qubit control [37] and readout [45],
one qubit control/readout needs at least 10 JJ (4 JJ for control and 6 JJ for readout and under the
assumption of linear scaling), meaning a qubit number of 19,500 can be housed according to all
the assumption. The overall power consumption of 195,000 JJ with the most power-efficient JJ
based technology is ~ 4 nW, which is much smaller than the upper-bound power dissipation of
500 nW in the design (2). Regarding the required coaxial cables, assuming each wire-bonding
connects to one coaxial cable, 28 cables are suggested by the figure in the reference [34], leading
to an overall 252 cables for nine blocks. Each cable consumes on average 0.02 uW [13],
indicating ~ 5 uW for 252 cables in the chamber. Assuming the overall cooling power at the mK
chamber can all be consumed by the cables, it is achievable to have an overall cable number of
1008, equivalent to a JJ count of 780,000 and a qubit count of ~ 78000. Referring to the two
competing constraints (the upper-bound power dissipation in the on-chip design (b) and the
chamber cooling power at 20 mK stage), the number of qubit is actually limited by the chamber
cooling power, not the limit of on-chip power. The number of qubit that can be integrated in this
proposed approach on the Superconducting-IF is much higher than that reported by Krinner ef al.
[13] (~ 1000).

Integrating circuits with qubits on the same substrate generates noise to qubits and there are

50



methods to reduce noise-related errors. Since this thesis focuses on the system level integration,
the methods are briefly introduced. For passive methods, there are many possible ways and two
of the approaches are introduced in the following sentences. One is to use a periodic Al structure
around qubits to capture phonons and prevent qubits from decaying [103], which can potentially
increase the qubit lifetime by two-order of magnitude to over 100 ps. Another method is to
deposit normal metal Cu trap to capture non-superconducting particles [104], through which
qubit decay can be improved by 30X. For active methods, one of the ways is to adopt the
interferometric Josephson isolator [105], which can provide more than 20 dB of protection
against amplified noise. Besides the protecting structures around qubits, there is another way to
reduce noises: using the noise-resistant qubit architecture with a gyrator [106]. This new qubit
structure provides energy levels not dependent on noises and it is naturally protected against the
common noise channels in superconducting circuits.

In the integration scheme in design (b), there exists a thermal insulation structure between the
control/readout circuits and the qubits. One of the approaches to realize the thermal insulation
structure is through the inlay demonstration in Si substrate reported by Dasgupta et al. [107], in
which a quartz inlay (thermal conductivity: 0.78) is used. The process is as follows: (1) Si hole
etching, (2) metal seed layer deposition inside the holes and on quartz dies, (3) quartz dies
assembly inside the holes through metal-to-metal bonding, (4) metal electroplating to fill the
gaps, and (5) lapping and polishing to get a flat surface for future processing. Besides the quartz
inlay, other types of low thermal conductivity material, such as glass fiber (thermal conductivity:
0.043), can also be applied through the inlay approach.

The next step is to connect the wafer-level system to the outside world. Besides the bulk SMA

connectors, there are miniaturization of connectors, such as Hg micro-connector [108], spring
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probes[109], and fuzz buttons. The key for these connectors is that they can withstand
mechanical cooling stress, or thermal shock, and make strong contacts between electrodes even
at low temperature to continuously conduct electrical signals. For Hg micro-connector, due to the
liquidus behavior of Hg, it can flow in the liquid form and fill any gap between electrodes within
connectors. As the temperature drops below 33 K, liquid Hg freezes and becomes solid Hg,
forming strong electrical connection. For spring probes and fuzz buttons, they have the feature of
spring, capable of elastic deformation without fracturing at the same time remaining electrical
connections. The Hg micro-connector, spring probes, and fuzz buttons are good candidates to fix
external cables on the wafer-level system and provide miniaturization to ~ 100 pm.

After solving the miniature issue of connectors, the next issue is the mating cables for the
miniaturized connectors. Besides the common bulk coaxial cables, Hamilton et al. have
developed flexible cables [110] carrying multiple parallel microstrip lines/striplines on a flexible
substrate with a dimension of few centimeter. On these flexible cables, HD4100 polyimide (PI)
are used as the flexible substrate carrying microstrip lines/striplines made with high transition
temperature (Tc) superconductor YBCO and low Tc superconductor Al and Nb with the overall
thickness of flexible cables around 50 pum. The length normalized insertion loss is well less than
0.1 dB/cm and the cross-talk behavior is below ~ -60 dB because of low-loss PI. These flexible
cables have passed five times of thermal cycle test from 4 K to room temperature with consistent
RF performance after each cycle. These flexible superconducting cables are good candidates for
the wafer level integration since they can realize meter-level signal transmission, can connect a
low-temperature chamber to the next higher temperature chamber, and can be anchored by the
miniaturized micro-connectors at the wafer edges. With miniature connectors at the edge of
wafers and on-wafer superconducting multiplexing (1-to-8 multiplexing or 8 bit multiplexer
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[100]), each microstrip line on a flexible cable can replace eight bulk coaxial cables, significantly
increasing the number of qubits inside a dilution fridge. As an example, with 8-bit
superconducting multiplexers, the qubit count in the system can be added up to 624,000 from the
original count of 78,000 using bulk coaxial cables. Through continuous development of flexible
cables and the 16 bits superconducting multiplexing, controlling over one million qubit array is
possible and is not far-reach. The relevant key numbers to achieve a large-scale qubit array is
summarized in Table 5.

Table 5. Potential way to achieve one-million qubits integrated on the superconducting IF

Maximum JJ Maximum JJ count by superconducting
Extrapolate to nine count limited multiplexing
C. Ayala
functional blocks by fridge
[28]
at mK cooling 8 bits [100] 16 bits [100]
capability
~ 12,480,000
~ 780,000 ~ 6,240,000
JJ count 21460 ~ 195,000 (1,248,000
(78,000 qubits) (624,000 qubits)
qubits)
JJ power
0.45 nW 4 nW 16 nW 128 nW 256 nW
dissipation
Cable count 28 252 1,008 1,008 1,008
Cable heat ~0.56
~5mW ~20 mW 20 mW 20 mW
load mW
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4.3 Comparison with existing scheme

Qubit integration with control/readout systems on the Superconducting-IF provides an
alternative to solve the previously mentioned problems: I/O management, latency and phase
shift, heat and power dissipation per qubit, and transmission of delicate quantum information.
Using the fine pitch (< 10 um) interconnects on the Superconducting-IF provides high-density
I/O (= 10,000 per mm?). Through proximal integration (100 um) of control/readout dielet and
qubit on the same wafer and < 1 um height of joints, control/readout signals can be transmitted
on a wafer at the mK chamber and the latency can be reduced to the pico-second level. The
latency of qubit control/readout cycle can be reduced to nanosecond. Since the pulses are
generated on the Superconducting-IF and are close to qubits (much smaller than the wavelength),
the phase shift is not severe as compared to a distributed system. For the issue of heat and power
dissipation to drive one qubit, with superconducting multiplexing techniques and the integrated
superconducting system, the heat from the cables, the cryogenic electronics, and the circuits is
shared by multiple qubits, leading to an overall reduction in the heat and power dissipation. The
architecture comparison between the concept proposed in this work and the convention method
is shown in Figure 19. The FPGA coprocessor, and control/readout electronics sit at room
temperature while only qubit processor sits at deep cryogenic environment. For one
control/readout cycle, signals start with FPGA, then to control electronics, long distance to qubit
processor, and eventually long distance back to readout electronics with quantum information.
The concept proposed in this work is to move the coprocessor and the control/readout electronics
to the deep cryogenic environment and to integrate them with the qubit processor on the

Superconducting-IF platform.
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Figure 19 architecture comparison between this work and the convention method [111]

Table 6 comparison between the concept proposed in this work, the conventional scheme and the

work of Google, Microsoft, and Intel

readout cycle)

. . Google [20-22] Microsoft [23] Intel [24]
[110] This work Conventional (2020) (2021) (2021)
Technology SFQ @ mK CMOS @ RT CryoCMOS @ 4K CryoCMOS @ mK CryoCMOS @ 4K
Qubit control | Digital SFQ pulse . . . .
source @ mK Analog @ 300K Analog @ 4K Mixed signal @ 100 mK | Mixed signal @ 4K
Qubit readout Digital to mK Analog to RT Analog to RT Analog to RT Analog to 4K
Qubit type | Superconducting | Superconducting | Superconducting Topological (goal) Spin
clock | 20-40GHz (goal) 0.3-2 GHz 0.5 GHz Few MHz 1.6 GHz
. 20 uW
Power 0.2 uW/qubit 20mwW 2.5mwW (10 MHz & 100k CMOS) 439.2 mW
Latency Microsecond
(control/ Nanoseconds Milliseconds Milliseconds Milliseconds

(potential)

For one control/readout cycle, instead of going back and forth between the room temperature

environment and the deep cryogenic environment, the qubit control and readout are implemented

in-situ at the deep cryogenic environment, shortening control/readout cycle latency & phase shift
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and providing much faster turnaround speed. As compared to the conventional work, the detailed
comparision between the concept proposed in this work, the conventional scheme and the work
of Google, Microsoft, and Intel in Chapter 2 is presented in Table 6. The significant difference is
the latency per control/readout cycle and the average power required to drive a qubit. As
mentioned in Chapter 1 and the section 4.2, due to proximal integration of control/readout
coprocessor near qubit chips on the same substrate at the mK chamber, the signal transmission
distance is greatly reduced from the meter scale (between a qubit chip and room temperature
electronics) and the centimeter scale (between a qubit chip and 4 K cryostat chips) to the
millimeter or even micrometer scale (within the same cryostat). The relevant latency and phase
shift can therefore be decreased to nanoseconds. For the average power required to drive a qubit,
since superconducting multiplexing methods are applied and the relevant control/readout parts
are closer, the number of I/O cables can be significantly reduced and each cable can control

multiple qubits with a much better signal power efficiency.
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4.4 Summary

In this chapter, the cryogenic version of the Silicon Interconnect Fabric - Superconducting-
IF is introduced briefly in the section 4.1. Superconducting-IF will inherit all the features of Si-
IF, including picosecond latency, a large Si area, fine pitch interconnect (< 10 yum), short inter-
dielet spacing (< 100 um), metal-to-metal bonding, no solder and underfill, high bandwidth, and
low energy consumption per bit. As compared to the interposer technology, Si-IF can improve
the data bandwidth (8 to 25 X) and energy consumption per bit (5-26 X). The Superconducting-
IF uses Nb/Ir as the interconnect material for its excellent property and stability during process.
The Au interlayer bonding is selected for its capability for low-temperature bonding at a JJ-
compatible temperature of below 150 °C. In the section 4.2, the detail of the concept of quantum
system integration on the Superconducting-IF from the aspects of thermal limits of qubit chips (<
500 nW) and the deep cryogenic chamber (< 20 uW) is described and the maximum count of
qubits under the thermal constraint is calculated to be 78,000. Through the development of
flexible cables and the superconducting multiplexing, controlling over one million qubit array is
possible using the quantum system integration on the Superconducting-IF. In the section 4.3, the
comparison between the proposed concept in this thesis and the existing schemes is presented.
Due to proximal integration of control/readout coprocessor near qubit chips on the same
substrate at the mK chamber and superconducting multiplexing methods, the latency per
control/readout cycle and the average power required to drive one qubit can potentially reduced

to nanoseconds and 0.2 pW.
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Chapter 5

Wafer-level Superconducting-IF realization

For the future wafer-level integration of qubit arrays with proximal control/readout systems on
Superconducting-IF, the wafer-level Superconducting-IF packaging platform should be realized
as the first step. The step-by-step realization is detailed in this chapter. On the Superconducting-
IF, it consists of two major parts: one is the Nb interconnects; the other is the Au interlayer fine-
pitch bonding technology. The deposition and fabrication of Nb interconnects is presented in the
section 5.1, including the issue of Nb oxidation and the passivation method to reduce the Nb
oxidation for further processing (subsection 5.1.1) and the logistics to select bonding medium
(subsection 5.1.2). The Au interlayer fine-pitch bonding technology is introduced in the section
5.2 covering pre-bonding check (subsection 5.2.1), Au-Au bonding optimization for low-
temperature applications in the form of design of experiment (subsection 5.2.2), and relevant
electrical test (subsection 5.2.3). Since part of this project is in collaboration with MIT Lincoln
Lab, samples with Au interlayer are shipped to UCLA and flip-chip bonded with the developed
Au interlayer technology. The bonding results is presented in the section 5.3. After all
preliminary experiments showed excellent results, a wafer-scale flip-chip assembly was
demonstrated, as shown in the section 5.4, with the Au interlayer technology on Nb interconnects
with various die sizes from 2 X 2 mm? to 5 X 5 mm? emulating an integrated qubit
control/readout system with fine-pitch interconnects and a proximal die spacing (< 100 um). On
this wafer-scale assembly, there is a large Si area and space for a large-scale qubit
accommodation, die-to-die spacing, fine-wiring fan in and fan out, qubit noise cancellation

methods and connections to the outside world. To populate the wafer-scale assembly, an
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automated bonding procedure is introduced with an average bonding duration of 8.5 s for each

dielet. The summary of this chapter is presented in the last section 5.5.

5.1 Deposition and fabrication of Nb interconnects

As mentioned in the section 4.1, Nb is selected as the interconnect material for its maturity and
easy processing. One major issue is the oxidation problem after processing, making the
superconductivity disappear. In the subsection 5.1.1, the Nb oxidation behavior is detailed, and
in the same subsection, it is explained the Nb surface is passivated with Ir to protection its
superconductivity. In the subsection 5.1.2, since the Nb-Nb direct bonding was tested to be
challenging for a low temperature (<150°C) implementation, various methods were verified and
the Au interlayer technology standed out due to its fine-pitch capability and high bonding

strength at a low bonding temperature.

5.1.1 Nb oxidation issue and top passivation layer

As reported by literatures [112], [113], when pure Nb metal is exposed to air, the surface Nb
layer interacts with Oz gas and becomes Nb oxide (Nb2Os, NbO, NbOo2) with a thickness of
around 2 nm. As part of the surface Nb oxide grows with a larger grain size, the lattice-
mismatch-induced stress between the Nb oxide and beneath Nb (Nb: 3.3 A; Nb,Os: 3.9 A) drives
O to diffuse deeply into bulk Nb below. This is not the same self-limiting process as the
oxidation behavior of Al, forming a dense Al oxide to prevent Oz diffusion further, but is similar
to the oxidation behavior of Cu. This indicates the whole Nb film can get oxidized and causes the
superconductivity of Nb to disappear. In addition to the lattice-mismatch stress, temperature is
another factor causing Oz to penetrate and reacts with Nb. When Nb is heated over 150 °C for a

long time, the O inside Nb diffuses faster based on the Arrhenius equation. Through the Fick’s
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law, the final diffusion profile is a Gaussian distribution from the surface. The O concentration at
the surface is 8 at%, which is the maximum solubility of O in Nb. Within the first diffusion
length, the concentration is 4.88 at%. After three diffusion lengths, the O concentration is below
1 at%.[114], [115]. The transition temperature of Nb drops 1K when 1 atomic percent (at%) of O
exists inside Nb.

Besides the intrinsic oxidation behavior of Nb pure metal, extrinsic causes, such as the
deposition tool and the source problem, can lead to non-superconducting Nb film. At UCLA,
evaporation tools (SLOAN and CHA mark 40-2) were tested for high-quality Nb films but due to
their low-vacuum processing chamber (106-1077 torr) and the periodic shift of metal pellets
inside the chamber, no transition temperature was measured. To breakdown the source of Nb
oxidation, the EDX material analysis was tested on source pellets and a blanket Nb film on a Si
wafer, as shown in Figure 20, with proper vacuum storage process before analysis. Both the
source pellets and the blanket film were oxidized and the oxygen content in the film was twice of
that in the pellets, meaning extra oxygen contaminated the film during deposition and the tools
did not isolate oxygen properly. Another batch of samples with Nb film on Si were deposited
using fresh Nb pellets in both evaporation tools, no Nb superconductivity was observed.
Sputtering tools (Ulvac Jsp-8000 and DC magnetron) were used for testing. With the two-
chamber design and a high-vacuum processing chamber (107-10% torr), the transition
temperature of Nb was successfully measured at 9K, as shown in Figure 21, close to the intrinsic
Tc value of Nb. To further maintain the Tc of Nb and to prevent the Nb intrinsic oxidation
behavior during later processing (DI water cleaning, dehydration baking, PR
coating/baking/patterning/stripping), a thin layer of protective Ir was deposited on top of Nb

sequentially in the same chamber without breaking the vacuum. The deposition parameters were
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as follows: the power and pressure for Nb was 200 W and 5 mTorr, and growth rate was 0.57 A

per second; the power and pressure for Ir was 100 W 3 mTorr, and growth rate was 0.83 A per

second.
(a) Nb pellets for evaporation (b) Blanket structure
Element| Element| Element | Atomic| Weight Element| Element| Element | Atomic| Weight
Number|Symbol [Name |[Conc. |Conc. Number|Symbol | Name |Conc. [Conc.
41 Nb Niobium| 46.00[ 85.27 8 0] Oxygen 44.52| 16.38
6 C Carbon 31.49 7.55 41 Nb Niobium| 32.05| 68.48
8 ) Oxygen 22.51 7.19 14 Si Silicon 23.43| 15.14

Figure 20. EDX elemental composition analysis on (a) a source pellet and (b) blanket Nb
structure on a Si wafer. The oxygen content in the Nb film is twice of the oxygen content in the

pellet.

Based on the phase diagram of Ir-Nb [116] under thermal equilibrium, the maximum solubility
of Ir in Nb is 22 wt%. In our case, the wt% of Ir is 12%, which falls in the Nb rich region. The
measured Tc, as shown in the subsection 5.2.3, was close to the intrinsic Tc value of Nb. This
indicates even though there is some alloy formation, the amount of the alloy is negligible since
the Tc does not get affected. The Ir layer is a protective layer for the Nb interconnects to prevent
oxidation but does not play a role in the die assembly process, which is introduced in subsection

5.2. Ir is not the only capping material that can protect Nb from oxidation; there are another
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materials, such as molybdenum rhenium (MoRe) [117] and Al,O3 [118], reported to be used on
top of Nb. Au and Al are also possible candidates to prevent Nb from oxidation, but to adopt the
process of record in the magnetron sputtering tool and to avoid possible contamination between
existing and newly bought targets, Ir is the final solution of the passivation film on top of Nb in

this thesis.
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Figure 21. Preliminary Tc test of Nb/Ir samples with the protection of Ir against Nb oxidation

during heating up. The Tc was maintained at 9K without significant degradation.

5.1.2 Selection of proper flip-chip bonding medium

The adequate bonding medium for the large-scale superconducting application requires a low
temperature assembly, high bonding strength, and the fine-pitch capability. The challenges for
Nb-to-Nb direct bonding are its low diffusivity at <150°C (diffusivity << 103° cm?/sec within
polycrystal structure [119]) and robust surface oxide. Nb is a refractory metal having a high

melting point (>2400°C), leading to a strong and high energy inter-atomic metal bonding. Robust
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Nb oxide is hard to break through using a high pressure and the byproduct, niobium fluoride,
after the treatment of formic acid requires a high temperature (200-300°C [120]) to dissociate. A
trial experiment was implemented on a Nb sample with a 10-second in-situ treatment of formic
acid. Both the testing and the control sample de-bonded very easily without bonding imprint and
reaction at the interface, as shown in Figure 22. Besides the Nb-Nb direct bonding, solder
materials were explored to adhere superconducting die. Although dies were assembled
successfully through In-Sn solders (eutectic bonding) and In-Sn-Au (solid-liquid interdiffusion
bonding, as shown Figure 23), the bonding force was much less than the military spec of 50 N on
2 X 2 mm? dies and the solders could not achieve fine-pitch applications. For direct Cu-Cu
bonding, although the resistivity of Cu can be lower than that of Au, most reliable Cu-Cu
bonding approaches require the temperature much higher than 150°C for a long bonding
duration. This can degrade the performance of Josephson junctions that constitute
superconducting qubits. There exist a few Cu bonding approaches that can be done below 150°C
but these methods are difficult to redo at UCLA because of limitations from tools and materials.
Therefore, a low-temperature Au-to-Au interlayer bonding technology was developed, as

detailed in the subsection 5.2.

P

w/ formic acid

~w/o formic acid

Figure 22. Nb-Nb bonding test with the control and experiment set. No bonding happens in both
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conditions.

(a) Assembled dies

Figure 23. Successful In-Sn-Au solid-liquid interdiffusion bonding of superconducting dielets:
(a) top view of the samples, (b) SEM image of the cross section of In-Sn-Au solid-liquid

interdiffusion bonding at bonding interface.
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5.2 Au interlayer technology on Nb interconnects

The Au-to-Au bonding, also know as the Au interlayer, was developed for low-temperature
and fine-pitch applications. Before applying Au-to-Au bonding on Nb interconnects, a checklist
was examined, as presented in the subsection 5.2.1, including the superconductivity of Nb after
each process, the bulk adhesion between Nb and the underlying film, and the surface roughness
for a good bonding. In the subsection 5.2.2, the bonding design-of-experiment (DOE) was
implemented following Taguchi's method and the Au interlayer was optimized through the shear
force using a blanket structure regarding the bonding parameters (bonding pressure, bonding
interface temperature, and bonding duration). After the Au interlayer bonding was optimized, a
large-pitch Kelvin testing structure was fabricated, as shown in the subsection 5.2.3, for the
optimization of fabrication process, electrical behavior, such as Tc, contact resistance at the
bonding site, critical current, and temperature cycling. Next, a fine-pitch daisy chain structure, as
shown in the subsection 5.2.4, was fabricated for the demonstration of I/O pitch < 10 um. To
test the reliability of the Au interlayer bonding, temperature cycling of the flip-chip dielets with
multiple bonding area was conducted. After the Au interlayer was tweaked to be reliable, the Au
interlayer was then applied on superconducting Nb interconnects for the measurements of critical

current and temperature cycling.

5.2.1 Pre-bonding check

First, a theoretical calculation of the diffusion length of Au into Nb was investigated below the
temperature limit of Josephson Junction at 150°C. This calculation is an important metric to
conceptually study the depth of Au diffusion into Nb under the processing condition after Au

deposition on Nb/Ir and after TCB at a temperature below 150°C. This theoretical investigation
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shows that the superconductivity of Nb will not be altered after processing and is later verified
through the electrical characterization as shown in the subsection 5.2.3. The calculation of the
diffusion of Au into Nb/Ir starts with the estimation of diffusion length, which is related to the
square root of atomic diffusivity and diffusion duration. It is reported by Esser and Christou
[121] that below the temperature at 350 °C, faster grain boundary diffusion dominates, instead of
slower bulk diffusion. The diffusion formula is an Arrhenius relation, including the pre-
exponential term and the activation energy. Based on the information indicated by Esser and
Christou [121], the pre-exponential term and the activation energy are 7.02 x 1075 cm?/s and
0.266 eV for Au diffusion into Nb. The calculated diffusivity at 150°C is in the order of 108
cm?/s and the corresponding diffusion length (o) is around 3.23A with an overall processing time
of 2 min. According to the model of metal interdiffusion and the solution to the error function
with an Au interfacial concentration of 50 at%, the Au concentration inside Nb in the third o,
which is around 1 nm, is much less than 1 at%, as illustrated in Figure 24, (with 1 atomic % of
Au in Nb, Tc decreases 0.3 K) while the overall Nb layer is 100 nm, meaning the contaminated
Nb depth is only 1% of its total thickness. This worst-case theoretical scenario indicates the Au
diffusion into Nb is negligible. In real samples, the amount of Au diffusion into Nb is much less
than the worst-case scenario since the bonding temperature is lower than 150°C (exponential
decay of diffusivity with temperature) and in the bonding area, Au does not contact Nb directly
since there is a layer of Ir in between, which acts as an effective Au diffusion barrier. Literature
by Liehr ef al.[122] also indirectly supports the statement that Au diffusion into Nb is negligible
below 150°C: after prolonged annealing at 450 °C for two hours, only ~ 3% of the Au film
diffusion into Nb is observed. As compared to Liehr et al.[122], our case reduces the driving

force of Au diffusion in two aspects: the processing temperature is lower than 150°C, at which
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the Au diffusivity is reduced exponentially compared to that at 450 °C; the bonding time
duration is much shorter than 2 hours - about 1.5 seconds. Thus, Au diffusion into Nb should be
insignificant and the superconductivity of Nb should be unaltered after Ir and Au deposition and

after Au-Au TCB, which is verified in our experiments.

CAu

Interface ¢ 20 30
Distance from the surface

Figure 24. The worst-case scenario of Au atom diffusion into Nb film below 150 °C without Ir

film in detween. © 2020 IEEE

Figure 25. Adhesion test between the Au and the Nb/Ir film through tape-adhesive test. © 2020

IEEE
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The adhesion between Au and Nb/Ir was first evaluated through a tape test. In the standard
tape test, a specialized tool with ten blades in the front head was used twice to scratch the surface
of the samples. After the first scratch, the sample was then turned 90° clockwise and the second
scratch was implemented. Finally, a strip of scotch tape (3M) was adhered on the scratched sites
and was peeled off. No flakes were observed on the surface of the samples, meaning the
adhesion between Au and Nb/Ir was good throughout a large area, as shown in Figure 25. While
somewhat primitive, this “tape-adhesive test” is used widely and is necessary but not sufficient
condition for adhesion.

The film surface flatness is the key to achieve excellent bonding quality and strength (in
general the surface root mean square roughness should be less than 10 nm on bonding pads). The
surface roughness was examined through the Bruker Dimension FastScan Atomic Force
Microscope (AFM) at least five points on each processed sample and each point spans 1 X 1
um?. The sample roughness of a bare Si wafer, after Nb/Ir deposition, and after titanium (Ti)/Au
deposition with various thickness and deposition rate were investigated and the measured five
values on each processed sample were averaged out, as shown in Figure 26. In the fabrication
process of fine-pitch daisy chain samples, the Au deposition rate was finalized to 2 A/s from
original 1 A/s. This enables easier and cleaner Au lift-off process, as a higher rate of e-beam
deposition reduces the pattern step coverage and the heating duration of lift-off photoresist. This
Au deposition rate of 2 A/s leads to an increased roughness of the film (1 nm rougher) but is still
good for thermal compression bonding. In Figure 26(a), it is also found that after 200 nm Au
deposition on Nb/Ir, the surface roughness, instead of adding up by intuition, is 15% lower,
indicating the Au deposition process can nano-planarize the Nb/Ir surface film roughness by

around 0.5 nm.

68



—
Q
S

(b) 6.6 nm

o

T T L] T L) 6
~—— - —>
1 Thickness of each layer
Si: 500 pm 1. 5 m
Si0,: 500 NM 4 ,1: 200 nm 414

Nb: 100nm  Au2: 500 nm

FN
1

N
1

o
1

Rms surface roughness (Rq) (nm)
Average surface roughness (Ra) (nm)

-6.5nm

Figure 26. Surface roughness study: (a) surface roughness measurement on the samples after
each film deposition, (b) Surface scanning image on a sample with 50 nm Ti/500 nm Au (a
deposition rate of 2 A/s). The grain size of Au is around 50-100 nm wide. © IOP Publishing.

Reproduced with permission. All rights reserved.

5.2.2 Au-Au bonding Design of Experiment (DOE)

To optimize the bonding quality through the shear test, blanket samples were made as follows:
(1) blanket wafers with 500 nm thermal oxide were cleaned using acetone, isopropanol (IPA),
and DI water, (2) 100 nm Nb sputter deposition with 5 nm Ir above as a passivation layer. The
Nb and Ir sputter rate were 0.57 A /s and 0.83 A /s, respectively, (3) 200 nm Au film was then
deposited on top of Nb/Ir using e-beam evaporation with a rate of 1 A/s, and (4) the whole wafer
was diced into 2 x 2 mm? as dies and the other wafer is diced into 6 x 20 mm? as substrates for
better fitting into the Dage shearing machine. Before the flip-chip bonding, both the dies and
substrates were cleaned through acetone with ultrasonication, IPA, DI water rinse, and last were
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activated by a 3-min 30-sccm Ar plasma with a power of 40 W, which sputtered off surface
impurities and organic contaminations and enables a better Au-Au bonding integrity. The bonded
dies were sheared using a Dage 4000plus bond tester, through which bonding parameters were
optimized with the highest average mechanical bonding strength and the smallest standard
deviation. The starting Au-Au bonding parameters began at 50% of the parameters in the
reference [90] (bonding-interface temperature of 200 °C, a bonding duration of 3s, a bonding
pressure of 100MPa, and a 3-min Ar clean) and added up to 75%, 100%, 150%, and 200% of
that. Images related to the substrates after shear tests during DOE experiments are presented in
Figure 27 and Figure 28. As expected, with higher bonding temperature and loner duration, more
Au atoms diffuse to the opposite side and more bonding happens across the die area, causing
more area under die to be sheared off.

14.0°C

200°C

Figure 27. Images on the substate side after shear test with various bonding temperature in DOE

experiments
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Figure 28. Images on the substate side after shear test with various bonding duration in DOE

experiments

As compared to the previous lab work [90], this work focuses on low-temperature bonding
applications due to the thermal budget of Josephson Junctions so the Au-Au bonding is
optimized to a temperature lower than 150°C. Figure 29 shows the DOE during bonding
optimization. Annealing was implemented in first few trial runs but no significant difference
regarding the shear force was observed. As such, the annealing process was ignored in later real
runs. The final optimized parameters are the bonding temperature at 140 °C, the bonding
duration of 1.5 s, the bonding pressure of 35 MPa, and the 3-min Ar plasma surface pre-bonding
activation without annealing, as shown in the Figure 29 (d). Under all the chosen conditions, the
bonding force was measured over 100 N on over 50 dies of 2 by 2 mm?2. As shown in Figure 30,

the Au interlayer technology is compared with existing low-temperature integration technologies
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using solders, including In [82], In/Bi/Tin [84], and In/Sn [85]. The shear strength of the Au-Au
low-temperature TCB in this work is over 30 MPa, while the other three types of solder are all
below 10 MPa because of brittle ceramic-like Intermetallic Compound (IMC) formation at joints.
The red dash line (reading through the right Y axis) corresponds to the military standard 883G
for the die shear strength in the stringent 2 X condition, indicating the shear force should exceed
50 N for a die size of 4 mm?. The shear strength of the other three types of solder bumps is all
below the threshold, while that of the Au-Au low-temperature TCB in this work can attain three
times of the threshold, which is 150 N, meaning Au-Au TCB is mechanically stronger than
solder bumps. In the subsection 5.2.3, since this Au-Au bonding is required to withstand low-
temperature applications, the Au-Au TCB is verified to be mechanically robust through 10 runs

of temperature cycling from 300 K to 4 K.
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Figure 29. Optimization of the Au-Au bonding conditions with respect to shear strength tests (2 x
2 mm? dies): (a) bonding duration (b) bonding pressure (c) bonding-interface temperature (d)
optimized parameters for low-temperature Au-to-Au bonding DOE results (e) image during

shear test (f) the schematic blanket structure for shear tests with a die area of 2 x 2 mm?. © 2020
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Figure 30. Mechanical strength comparison between different low temperature integration
technologies and Au-Au LT TCB in this work. © IOP Publishing. Reproduced with permission.

All rights reserved.

Table 7. Comparison between this work and the existing flip-chip-demonstrated superconducting

assembly methods. © IOP Publishing. Reproduced with permission. All rights reserved.

Assembly Au-Au TCB Indium (In) .solder 1nd1um./b1smuth/t1n Indium/Tin(In/Sn) Adhe?we
methods (This work) compression (In/Bi/Sn) solder [85] bonding
for SCE bonding [82] reflow [83] [86]
. Au thin-film Stud
Joints (<500 nm) Solder bumps Solder bumps Solder bumps pa—
Bel
Temperature  140°C Lowest to 25 °C Lowest to 70°C 140°C : ;Oofé
Bonding
Duration 1.5 ) ) ) i
Bonding 35 MPa 20 MPa - - -
pressure
Joint height <1lum 12 pm Over 20 pm 12 pm 10um
Bonding Over 30
strength MPa 1 MPa Below 10 MPa - -
In-situ ion .
Special 3 min Ar milling, 140 °C Water soluble Flux, ﬁj;;sfg]le
treatment plasma Stringent plasma flux two-step reflow ’
reflow
clean
I“ter;;’t‘c';l‘e“ <10 pm 100-150 pm 75 um Over 100 um 80 um
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5.2.3 Electrical tests of large-pitch Kelvin structure
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Figure 31. Low-temperature measurement results: (a) the transition temperature of Nb before any
process, (b) Critical field of Nb before any process, (¢c) Tc check on Nb/Ir samples after one
month, three month, and one year storage, (d) Nb Tc check after numerous processes using
blanket samples, (e) Room-temperature-measurement image in a manual probe station under

microscope before sending samples to PPMS, (f) The image of Physical Property Measurement

System (PPMS) [123]. © 2020 IEEE
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Before any processing, the Tc and the critical magnetic field strength of Nb/Ir was measured at
9 K and with 25000 Oersted (Oe), as shown in Figure 31(a) and (b). The Tc and the critical
magnetic field strength [124] are both close to theoretical values, meaning the quality of the
superconducting Nb film is excellent without significant oxidation issue after Ir capping. The
capping capability of Ir on top of Nb was examined through the Tc comparison before and after
one month, three month, and one year exposure in air. To confirm the stability of the Tc of Nb
after each fabrication step, the Tc was measured right after each processing step, such as the Ar
and Oxygen surface clean, annealing emulating multiple processes, the Clo/Ar dry etching, the
Au deposition, SiN deposition, and the TCB. Results indicate no changes in Tc under all
mentioned testing conditions, as shown in Figure 31 (¢)&(d). Figure 31(f) shows the puck as the
sample holder used in the PPMS. To connect samples to the puck, one end of the silver (Ag) wire
was manually glued on the sample pads through Ag paste and the other end was soldered to the

pads on the puck.

The resistivity variation in each measurement above the transition temperature is attributed to
two reasons in the measurement stage, not related to the processing stage. First, different levels
of current-crowding effect on two types of samples, which are blanket and patterned samples,
lead to this inconsistency. In the measurements after Ar and O treatment and annealing
emulating multiple processes, around 1 x 1 cm? blanket Nb samples are utilized, while 200-um-
wide Nb wires are used in the rest measurements. Second, when Ag paste, a diameter of around
300 um, and Ag wires are placed on the same type of samples, they are not aligned exactly on
the same position at two edges in each sample. Although the resistivity of each measurement in
numerous testing conditions varies above the transition temperature, the values of the transition

temperature, which is the most important characteristic in superconducting electronics, do not
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change. An important point to note here is that in Figure 31(c), the Tc of fresh Au deposition on
Nb/Ir and after heating at 140 °C do not change, meaning the quality of Nb does not get degraded
and the amount of Au diffusion into Nb is negligible. This experimental result validates the

conclusion of the theoretical calculation discussed in the subsection 5.2.1.
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Supporting structures

(a) (b)
Die Substrate

Top view

Bonded and sheared area

~—— Nb pads for probing

Figure 32. Details of the Kelvin structure: schematic view of the Nb/Ir interconnects and Au
bonding sites on the (a) die side and (b) substrate side. Microscopic images of the structures
fabricated on (c) die and (d) substrate with the interconnect, Au bonding sites, and supporting
structures after dicing. (e) The schematics of the continuous electrical path after flip-chip
bonding (f) Microscopic top-view image of the complete Kelvin structure with a die flip-chip
bonded to a substrate with four probing pads for four-probe measurement. (g) The image after

the bonded die is sheared by the test bonder. © 2020 IEEE

After ensuring that the superconductivity of Nb does not degrade during any processing step,
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the next step is to fabricate the test structure and to characterize the flip-chip bonded samples
electrically. The Kelvin test structure is introduced as the test structure and there are two parts in
the Kelvin structure: the substrate side and the die side. In both sides, there are Nb/Ir
interconnects with a width of 200 um, Au bonding sites, and dummy structures for mechanical
supporting, as shown in Figure 32 (a)&(b). The substrate site also includes fan-out wiring and
probing pads for the standard four-probe measurement. After fabrication and flip-chip assembly,
the whole Kelvin structure was then electrically connected and was adhered to the puck. The
sample with puck was cooled down to 4 Kelvin for superconducting measurement using Physical

Property Measurement System (PPMS).

Chlorine etching
100 nm Nb & PR strip

ﬂ 100nm Nb & 5 nm Ir ﬂ AZ5214E IR PR &

Lithography

500nm SiO,

ﬂ AZ5214E IR PR &
Lithography ﬂ Au deposition at

bonding sites & lift-off

Figure 33. The fabrication process of the Kelvin structure in both the die and the substrate sides

for electrical characterization: 500 nm thermal oxide is first grown, followed by Nb/Ir deposition
in an ultra-high vacuum system without breaking the vacuum. Patterns are defined through
lithography using AZ 5214 photoresist. The whole wafers are etched using Cl dry etching. Au
thin film is deposited and patterned at the bonding sites through the AZ 5214 EIR lift-off

process. © 2020 IEEE
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The fabrication process of Kelvin structure, as shown in Figure 33, starts with a 100 nm Nb
and a 5 nm Ir sputtering on a four-inch cleaned Si wafer. Next, patterns are defined through
lithography using positive tone photoresist (PR) AZ 5214 with a thickness of 2 pm (the rotation
speed of major spin coating is 2000 rpm). The PR is hard-baked at 120°C for two minutes for the
later dry eting. Chlorine (Cl) dry etching is then applied to the samples with a 10-sccm Ar and a
30-scem Cla gas flow and a Reactive Ion Etching (RIE) power of 100 watts. After dry etching,
the AZ 5214 PR is stripped off and the next AZ 5214 EIR negative tone process is utilized for
the following Au lift-off process at bonding sites. The die and the substrate part are diced into an
area of 2 X 2 mm? and 10 X 10 mm?, as shown in Figure 32 (¢)&(d). At last, the dies and the
substrates are cleaned through acetone with ultrasonication, IPA, and DI water, followed by
exposure to Ar plasma with a 30 sccm Ar gas flow and flip-chip bonding with the optimized
bonding parameters. The flip-chip bonded Kelvin structure is presented in Figure 32 (e)&(f).
Over 10 bonded samples were measured. Shear test is done with expected force with the sheared

image shown in Figure 32 (g).

Figure 32 (e) shows a conceptually current flow in a bonded Kelvin structure. The current
begins at the current probe named Iin, flows in the substrate side, moves to the die side through
the bonded Au-Au contact, flows back to the substrate side through another Au contact, and
eventually ends in the other current probe named Iow. The two voltage probes can be placed
separately around the two current probes to measure the voltage drop of the whole structure,
through which the overall resistance can be measured. The Kelvin structure can measure the
contact resistance of Au-Au contact by placing the two voltage probes in the inner two pads

instead of the outer two pads.
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Figure 34. (a) Resistance-temperature measurement of the Kelvin structure (200-um-width Nb
interconnects with Au joints) before and after 10 times of temperature cycling between 300 K
and 2 K. The Tc of the whole structure is at 9K and the resistance below Tc is around 0.02 Q. ©
IOP Publishing. Reproduced with permission. All rights reserved, (b) Voltage-Current
measurements of the Kelvin structure before and after temperature cycling between 300 K and 2

K.

Figure 34 shows the resistivity-temperature (R-T curve) of Nb interconnects with Au joints
before and after 10 times of temperature cycling between 300 K and 2 K. The measured Nb
length is around 4.2 mm in this structure with a width of 200 um and a resistivity of 215 nQ -m,
which was measured in the preliminary test at 300 K, and the resultant theoretical resistance is
45.1Q. The measured resistance at 300 K is 46 1, which agrees with the calculation. The
transition temperature is at 9 K and the resistivity shows a smooth curve above Tc, drops
abruptly at Tc with a transition width of 0.2 K, and remains 0.02 Q at 2 K, which comes from the
resistance of Au and Ir since both of them are not superconductors at this temperature. The Au-
Au contact resistance was measured to be 0.002 Q at 2 K with a contact area of 200 X 200 pm?

and the resultant specific contact resistance at 2 K was calculated to be 8 X 1078 Q — cm?.
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Reliability test using temperature cycling (repeating cooling and warming processes between
300 K and 2 K) was performed with a cooling and warming rate of 5°C/s. After 10 temperature
cyles, the Tc and overall interconnect resistance remain the same, indicating Au joints are
connected even after 10 times of cylcing. This also reveals that the strength of the low-
temperature Au-Au TCB is robust enough to withstand the structural stress originating from the
coefficient of thermal expansion (CTE) mismatch between each material during the thermal
contraction and thermal expansion. The values for each each material are as follows: Au (14

ppm/K), Nb (7 ppm/K), Ir (6 ppm/K), and Si (3 ppm/K).

On the die side, besides the Au-island structure, as shown in Figure 35(b), another structure
called the continuous-Au-film structure, as shown in Figure 35(c), was also made. The latter one
is the standard Si-IF process and allows more alignment margin compared to the Au island
structure for the fine-pitch daisy chain application in the subsection 5.2.4. Figure 36 shows the
interconnect resistance of the two die structures versus temperature. The R-T curve shows that
the Tc and the resistance below Tc are both not affected and the resistance of the continuous Au
structure is less than the resistance of the Au island structure above Tc, which is an expected
result of a basic current flow in a parallel electrcial path. Therefore, the -electrical
characterization of dies with a continuous Au film is the same as that of dies with a Au island
film. Dies with the continuous Au film are applied to the fine pitch daisy chain structure,

enabling a larger margin of alignment.
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Figure 35. (a) Schematic view of flip-chip bonded Kelvin structure. (b) Zoom-in image of the

(b)

bonded structure with an Au island structure in the die side. (¢) Zoom-in image of the bonded
structure with a continuous Au film structure in the die side. © IOP Publishing. Reproduced with

permission. All rights reserved.
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Figure 36. (a) R-T curve with two die side structures: the Au island structure and the continuous
Au structure. (b) Zoom in image of the highlight part in (a). More detail information is in the

text. © IOP Publishing. Reproduced with permission. All rights reserved.
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5.2.4 Electrical tests of fine-pitch daisy chain structure

After using the Kelvin structure for the development of the fabrication process and for
characterization of the superconductivity of flip-chip bonded samples, the next step is to make
fine-pitch daisy chain structure using the same process. Since the high-quality Nb/Ir wafers are
precious, the fine-pitch low-temperature Au-Au TCB was tested first before applying on Nb
interconnects. For small patterns, a thicker Au film was experimentally verified to provide a
stronger bonding strength, overcoming the die warpage issue and achieving a reliable Au-Au
bonding across the whole die area. Au film thickness of 500 nm were deposited and patterned
through lift-off process to form pads of 17 X 7 um? on the both die and substrate sides having a
I/O pitch of 10 um, as shown in Figure 37 (a)-(c). For the die-to-substrate bonding, dies were
taught to align to substrates with an overlay accuracy of £ 1 um. The alignment was determined
by shearing off the flip-chip bonded dies and observing the imprint on the mating pads across the
bonding area under a microscope, as shown in Figure 37(d). The yellow area is pads on
Superconducting-IF. The grey Ti pads originally are adhered to the die side but after shearing
off, they adhere to the pads in the substrate side since the Au-Au bonding strength is stronger

than the adhesion strength between pads and die silicon.
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Figure 37. (a) Superconducting-IF side before flip-chip bonding. The bonding area is 2 X 2 mm?.
(b) Die side before flip-chip bonding. (¢) Zoom in picture of (b). The pad side is 17 pm X 7 pm
(d) Top view image of Superconducting-IF after shear test is made on a bonded die. Over 100 N
is required to shear the die. This image shows a precise die-to-substrate alignment. © IOP

Publishing. Reproduced with permission. All rights reserved.
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Figure 38. (a) Image of three dies assembled on Superconducting-IF and measured in a row. (b)
Schematic view of the cross-section view. The pad size is 17 um and the bonding pitch is 10 um.

© IOP Publishing. Reproduced with permission. All rights reserved

After flip-chip TCB process, a continuous daisy chain structure is completed and there are
three dies connected in a row, as shown in Figure 38(a). In the substrate side, there are probing
pads, which can test multiple dies at a time. Figure 38(b) shows the cross-section scheme of the
measured path. There are 15 rows of probing pads and in each row there is a number of 570 Au-
Au bonded joints, making overall 8550 joints. For each die, the length of the 50 nm Ti/ 500 nm
Au electrical path is 2.5 mm and the expected resistance is ~ 17 Q (the ideal resistivity of Au and
Ti are 24.4 and 420 nQ-m), making the overall resistance of three dies ~ 50 Q. Over 10 bonded
samples are measured and all of them show the same curve. Figure 39(a) shows one of the R-T

curves of the Ti/Au fine-pitch (< 10 um) daisy chain structure with a resistance value at 300 K
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approaching the theoretical value. When the temperature drops, the resistance shows a smooth
curve down to 2 K and the value at 2 K is around 10 Q, which is 5 times less compared to the

resistance at 300K.

A reliability test was implemented, as shown in Figure 39 (c), using temperature cycling
(repeating cooling and warming processes between 300 K and 2 K) with a cooling and warming
rate of 5 °C/s. As there is no existing standard to know how many runs of temperature cycling
are sufficient, it is reported by Das et al. [1] that at least 10 runs of cyling are used. After 5 times
and 10 times of the temperature cycling, the overall R-T curve remained the same down to 2 K,
representing Au joints were connected after 10 times of cycling. This shows that even though in
each bonding pad the contacting area (17 um X 7 pum) is much smaller than the contacting area
(200 pum X 200 pm) in the Kelvin structure, the mechanical strength of the low-temperature Au-
Au TCB is robust enough to withstand the structural stress during the thermal contraction and
thermal expansion. The fine-pitch (< 10 um) demonstration is presented in the SEM cross

section image, as shown in Figure 40.
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Figure 39. (a) R-T measurement of Ti/Au interconnects and joints at low temperature. (b) zoom-
in of (a) between 2 K to 40 K. (c) R-T curve after 10 times of temperature cycling between 300
K and 2 K. (d) zoom-in of (c) between 2 K to 40 K. (e) samples on measurement a puck. © IOP

Publishing. Reproduced with permission. All rights reserved.
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Figure 40. (a) Cross section image on the Au-to-Au bonding sample with fine-pitch
demonstration. (b) Zoom-in of (a). © 2020 IEEE. (c) Cross-section image on the bonding
interface before temperature cycling. © 2020 IEEE. (d) Cross-section image on the bonding

interface after temperature cycling on another sample.

The next step is to electrically characterize the Au interlayer on different bonding areas. The
fabrication process is the same as previous samples. The difference is in the design, including
length of the daisy chains, the number of joints, and the bonding pressure. For dies with bonding
area of 2 x 2 mm?, 3 x 3 mm?, 4 x 4 mm?, and 5 x 5 mm?, the bonding pressure were calculated
through 300 N bonding force divided by the contacting area and the values are 714 MPa,
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250MPa, 126 MPa, and 80 MPa, respectively. Following the lift-off process, various sizes of
dies and substrates were fabricated and presented in Figure 41 & Figure 42. After flip-chip
bonding, the assembly process was completed. Figure 43 shows the images for aligned samples

and alignment check.

(a) (b) m ()

S

5mm

5mm

5 mm (cl 5mm (d).'

Figure 41. Image of different bonding areas of Au daisy chain samples on the die side with a die
size of 5x5 mm?: (a) 2x2 mm? (b) 3x3 mm? (¢) 4 x 4 mm? (d) 5 x 5 mm? (¢)&(f) zoom- in image
of alignment keys on (d). (g) zoom in image of bonding pads. The die pad size is 12 x 5 um? and

the bonding pitch is 10 pm.
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Figure 42. Image of different bonding areas of Au daisy chain samples on the substrate side with
a die size of 5x5 mm?: (a) 2x2 mm? (b) 3x3 mm? (¢) 4 x 4 mm? (d) 5 x 5 mm? (¢)&(f) zoom- in
image of alignment keys on (d). (g) zoom in image of bonding pads. The pad size is 17 x 7 pm?

and the bonding pitch is 10 pm.
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Figure 43. Image of different bonding areas of Au daisy chain samples after flip-chip bonding
with a die size of 5x5 mm?: (a) 2x2 mm? (b) 3x3 mm? (¢) 4 x 4 mm? (d) 5 x 5 mm? (e) zoom- in

image of alignment keys on (d). (f) Image for a good alignment. © 2020 IEEE

90



In the dies with the largest around 5x5 mm? bonding area, there are two hundred thousand

joints with an overall Au contacting area 3.8 mm? (the bonding pressure is around 80MPa).

Table 8 shows detailed parameters for dies with bonding area of 2 x 2 mm?, 3 x 3 mm?, 4 x 4
mm?, and 5 x 5 mm?. For each die with around 5x5 mm? bonding area, the daisy chain length of
50 nm Ti/ 500 nm Au is around 3000 mm and the corresponding ideal resistance (the theoretical
resistivity of Ti and Au are 420 and 24.4 nQ-m) is 20 kQ. Since two dies are designed to be
connected in shunt, the room temperature resistance should be around 10 kQ. For each dies with
bonding area of 2 x 2 mm?, 3 x 3 mm?, 4 x 4 mm?, and 5 x 5 mm?, the expected resistance is 1.1,
3, and 6 kQ. The corresponding measured value of resistance for dies with bonding area of 2 x 2
mm?, 3 x 3 mm?, 4 x 4 mm?, and 5 x 5 mm? at 300K (1, 4, 6, and 11 kQ) and down to 2 K (0.1,
0.7 , 0.9, and 2 kQ), as shown in Figure 44. The room temperature resistance is close to their
calculated values. Temperature cycling test (300 K to 2 K) was implemented on overall 16
various die sizes, as shown in Figure 45, and all the cycling results showed the same trend
(smoothly decreased resistance without electrically open in the repeated cooling down and

heating up phases). This means the Au interlayer is reliable and uniform across various die sizes.

Table 8 Parameters for dies with bonding area of 2 x 2 mm?, 3 x 3 mm?, 4 x 4 mm?, and 5 x 5

2

mm
Die size Bonding size No. of joints | Contacting | Bonding pressure Au thickness | Total one-die | Ideal one-die
(mm Xmm) | (mm Xmm) area (mm?) | (300N/contacting area, MPa) | (nm) length (mm) | resistance (k)
5X5 2X2 21k 0.42 714 500 314 2.2
5%5 3x3 60k 1.20 250 500 901 6
5%5 4x4 120k 2.38 126 500 1787 12
5%5 5X5 200k 3.80 80 500 3000 20
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Figure 44. (a) Resistance-temperature electrical measurement on different die bonding area (2 x

2mm?, 3 x 3 mm?, 4 x4 mm? and 5 x 5 mm?) down to 2 K, (b) Zoom-in (a) between 2 K to 50

K. (c) Bonded samples on a measurement puck. © 2021 IEEE.
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Figure 45. Electrical measurements of the Au interlayer (temperature cycling from 300 K to 2 K

on various sizes of dies: 2x2 mm?, 3x3 mm?, 4x4 mm?, 55 mm>.

After confirming the Au interlayer bonding is reliable and uniform on different die sizes, the
next step is to apply the Au interlayer on Nb/Ir superconducting interconnects. The fabrication
process was the same as that for the Kelvin structure and is stated as follows: (1) 100 nm Nb/5
nm Ir sputter deposition without breaking the chamber on oxidized wafers, (2) patterning 100 nm
Nb/5 nm Ir through a subtractive Clo/Ar dry etching, (3) Au interlayer deposition and patterning
through the previously mentioned Au lift-off process, (4) 2 x 2 mm? dies and 10 x 10 mm? dies

substrates singulation, (5) ultrasonicating cleaning and Ar plasms surface activation, and (6) flip-
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chip bonding over 10 surrogate superconducting dies on the superconducting-IF. The bonded
samples were cooled to 2 K to characterize the electrical connectivity and reliability. As shown
in Figure 46. The Tc is around 8 K (close to the intrinsic value of Nb) with an overall smooth
resistance around 1.4 Q at 2 K. The length of the superconducting path with Au interlayer is 2.5
mm. The reliability test (300 K to 2 K) shows the three resistance curves overlapping (1st, 5Sth,
and 10th run) without any joints open and significant Tc degradation, indicating the Au
interlayer technology is reliably compatible with Nb/Ir superconducting interconnects. Another
key parameter to evaluate the wafer-level system for quantum computing is its current carrying
capability to stay within the superconducting region. The current carrying capability is known as
the critical current (Ic) or the critical current density (Jc), over which the superconducting state
disappear. To calculate the limit, the Ginzburg-Landau theory with correction is used and the
theoretical value in our dimension is 27.2 MA/cm? [125]-[127]. The control Nb/Ir wire with a
width of 7 um and without the Au interlayer bonding was fabricated and was measured to have
an Ic of 100 mA. This value is equivalent to a Jc (Ic divided by the interconnect cross section) of
13.2 MA/cm?, which is near half value of the ideal one with correction. The ratio difference
between the ideal calculation and the measurements of the control set is comparable to the value
reported by K. Ilin et al. [125], validating both the calculation and the control set up in this
thesis. K. Ilin et al. [125] report that the ratio difference comes intrinsically from non-
superconducting metal and the defects inside superconducting film. The experiment set— Nb/Ir
wire with a width of 7 um and with the Au interlayer bonding— was fabricated and was
measured to have an Ic of 30 mA, eqivalent to a Jc of 4.3 MA/cm? (14% of the theoretical value),
as shown in Figure 47. The FIB-SEM cross section image of the samples with Nb/Ir

interconnects and the Au interlayer shows the fine-pitch (< 10 pm) demonstration in Figure 48.
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Figure 46. Electrical measurements of superconducting Nb interconnects with the Au interlayer

(temperature cycling from 300 K to 2 K). Tc is around 8 K. © 2021 IEEE.
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Figure 47. Critical current measurements at 4.2K without any applied magnetic field. (a) In the
superconducting interconnects with the Au interlayer, the critical current is 30 mA (critical
current density: 4MA/ c¢m?, 14% of the theoretical value) (b) Nb interconnects control
experiment without the Au interlayer flip-chip bonding. The critical current is 100 mA (critical

current density: 13.2MA/ cm?, 48% of the theoretical value). © 2021 IEEE.

95



60 nm Nb/Ir

500 nm Au

_diaEAE

Bonding interface

PRRERERRARERERE  wormemyonmnennnr 1omEme

| -
| -
5
|-
-
=
-
-
-
il
el
b
o
-
i
ead
-
s
o
Ll
b il
el
e
=
b
ko
o

Figure 48. Cross-section image of bonded superconducting dies: (a) 10-um-pitch Au interlayer
on superconducting interconnects, (b) Zoom-in at the bonding interface of (a), (c¢) Bonded dies

on the Superconducting-IF. © 2021 IEEE.

Although the Jc drops due to the non-superconducting Au interlayer, the superconductivity of
the Nb/Ir single wire with the Au interlayer is still preserved. The most important part is that a
single Nb/Ir wire with the Au interlayer can not only provide a critical current that is 7-8 X
higher than the required current to drive the functional superconducting active chip with over
20,000 JJ for both processing and memory operations [34], but also find a path to fulfill the I/O
requirement for quantum computing, which is listed as the most important problem to solve in
Chapter 1. As compared to the Nb interconnects with In bumps [128], although an equivalent Jc
of 6.6 MA/cm? is reported, the theoretical Jc value of 2-um-wide Nb interconnects is 102
MA/cm?. The ratio between the reported value and the theoretical value is only 6%, meaning the
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demonstrated Au interlayer can produce less defect to the underlying Nb superconducting

interconnects and can have a Jc closer to the theoretical value.

For superconducting qubits, the operating temperature is required to be in the sub-K region.
This manuscript is a proof-of-concept to test whether the developed Au interlayer technology can
survive as the temperature reduces to 2 K (our PPMS limit). Based on results in the subsection
5.2.1, the Au interlayer bonding is shown to be mechanically strong enough to withstand the
stress of thermal contraction from 300 K to 2 K (AT: 300K—2K = 298 K). Since the thermal
stress is linearly dependent on the temperature [121], when the temperature further decreases
from 2 K to a few mK (AT < 2 K, which is less than 1% of AT: 300K—2K) in future
applications, the Au interlayer should be able to overcome the extra small thermal stress. In the
subsection 6.2.4, it is verified that the Au interlayer can survive experimentally down to 0.25 K

using another PPMS dilution fridge module.

97



5.3 Collaboration with MIT Lincoln Lab

(a) pitch 10pum (D) [Pitch 15 um|  (€) | pitch 25 um

Figure 49. MIT Lincoln lab samples: (a) 10-um pitch of Au bonding pads with a diameter of 6.5
pm and 2 um wide Nb interconnects, (b) 15-pum pitch of Au bonding pads with a diameter of 10
pm and 2 um wide Nb interconnects, (¢) 25-um pitch of Au bonding pads with a diameter of 15
pm and 6 um wide Nb interconnects, (d) Top view of the dies and the substrates with alignment

marks for die-to-IF flip-chip bonding.

Since part of this project is a collaboration with MIT Lincoln lab, samples made in the MIT

Lincoln lab are sent to UCLA for flip-chip bonding with the developed Au interlayer technology.
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The images and information of the dies with various pitches of Au pads (10, 15, and 25 pm) and

the underlying Nb wires (width: 2 and 6 um) are presented in Figure 49 and Table 9.

Table 9. Comparison between dielets with 10-pum/15-pum/25-pum pitch of Au bonding pads

~—

Bonded 5X5mm?2dielets AR =
4 . ‘ ‘ \ .‘, : w

o] oot | nor [ o e s T | s
(um) (um) (mm?) area, MPa) (nm) width (um)
10 65 100k 33 91 200 . 875
15 10 69k 5.4 55 200 182 a3
25 15 32k 5.6 53 200 B 12
(a) Pitch 10 um Pitch 15 pm Pitch 25 pm

200 nm Au

Figure 50. MIT Lincoln lab samples: (a) Top view of 5 x 5 mm? daisy-chain bonded dielets with

pitches of 10/15/25 pm, (b) Cross-section scheme of pads on the die
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The Au-Au low-temperature bonding process (bonding force: 300N, bonding time: 1.5s, and
the interfacial bonding temperature 140°C) was applied to these samples and around 40 dielets
were successfully bonded to corresponding substrates with an alignment overlay of £ 1 um. Part
of the bonded dies is presented in Figure 50 (a) and Figure 50(b) shows the cross-section scheme
of the bonded structure. The bonded dies were first electrically tested at 300 K, as shown in
Figure 51, and then shipped back to MIT Lincoln Lab for wire-bonding on designated PCB to

conduct low-temperature measurements, as shown in Figure 52.

On the dies and substrates, there are two layers: the first layer is 100 nm Nb with a SiO; inter-
layer dielectric; the second layer includes the relevant UBM layer (20 nm Ti/ 50 nm Pd), not
shown in the image, and a 200 nm SiO; inter-layer dielectric with a 200 nm Au layer protruding
above the SiO; layer. Within a flip-chip bonded assembly, there are 44 daisy chains and the
length per daisy chain on 10-um, 15-pum, and 25-pum pitches of dielets are around 24 mm, 16
mm, and 13 mm, respectively. For 10-um, 15-um, and 25-um pitches of dielets, the
corresponding calculated room-temperature resistance with Au-Au bonded joints and Nb wires
are 8.75 kQ, 4.3 kQ, and 1.2 kQ at 300 K. The measured results at 300 K are around 7 k(, 5 kQ,
and 1.25 kQ, as shown in Figure 53(a), and all of them match the calculated values. Low-
temperature measurements down to 2 K are presented in Figure 53(b) with a Tc at 9 K and a
residual resistance of few hundreds of Ohms. Many assemblies were tested to be fully connected
at low temperature and the data of one out of the fully-connected dies with the 10-um pitch is
presented in Figure 53(c). It shows superconducting behavior and keeps staying in the low-
resistance state below Tc with smooth curves, meaning the large number of joints (up to a count
of 100,000) in the bonded samples are connected. This again justifies that the developed Au-Au

bonding is reliable mechanically with a 10-pum pitch.
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Figure 51. (a) Configuration of probing pads after a 5 X 5 mm? dielet flip-chip bonded Si

substrate. (b) Image of four-probe measurements at 300 K under microscope.

25um pitch before cold test

(a) 10um pitch before cold test (b) 15um pitch before cold test (C)

Figure 52. MIT Lincoln lab samples wire-bonded to designated PCB for low-temperature

measurements: (a) 10-um pitch of bonded dielets, (b) 15-um pitch of bonded dielets, (c) 25-um

pitch of bonded dielets
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Figure 53. (a) R-T measurements of the dies with 10-um, 15-pum, and 25-pum pitches from 300K
cooling down to 2K. (b) zoom-in of (a) from 40 K to 2 K. (c) One set of the measurement results
probing all pads on one die with the 10-um pitch: all of the results show superconducting

behavior.
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5.4 Wafer-level assembly on Superconducting-1F

As mentioned in Chapter 4, to achieve a wafer-level system integration, a wafer-level
surrogating superconducting dielet demonstration is a must to show the feasibility for future
integrated quantum computing. The fabrication process is as follows: (1) ideal 100 nm Nb/5 nm
Ir sputter deposition without breaking the chamber on oxidized wafers, (2) patterning 100 nm
Nb/5 nm Ir through a subtractive Clo/Ar dry etching, (3) Au interlayer deposition and patterning
through the previously mentioned Au lift-off process, (4) singulation of 2 x 2 mm?, 3 x 3 mm?, 4
x 4 mm?, 5 x 5 mm? dies, (5) fabrication of mating bonding area on wafer-level Superconducting
IF, (5) ultrasonicating cleaning and Ar plasms surface activation both parts, and (6) flip-chip
bonding ~ 100 surrogate superconducting dies on the Superconducting-IF. On this
Superconducting-IF, heterogeneity and flexibility in the die sizes and the distance between each
flip-bonded die are achieved, as shown in Figure 54. The die size of 2 x 2 mm?, 3 x 3 mm?, 4 x 4
mm?, and 5 x 5 mm? were bonded on the same wafer with varying inter-dielet distance from 60
pum to 20 mm. The configuration can be fully populated [71], partially populated, and irregular
spaced. This irregular spacing can provide a flexible design and allocation of Si area for qubit
noise cancellation approaches mentioned in the section 4.2. Another method to reduce qubit
noise is to apply die stitching technique and is demonstrated on large 8 x 8 mm? die stitched into
16 smaller 2 x 2 mm? die with an inter-dielet spacing of 60 pm, providing an alternative
approach to prevent phonon-related qubit noise from spreading out. Superconducting-IF provides
a large Si area to accommodate area-hungry qubits, interconnects, and on-wafer miniaturized

micro-connectors.
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Figure 54. (a) SoW demonstration of integrated superconducting (SC) surrogating dielets with

die sizes from 2 mm by 2 mm to 5 mm by Smm. (b) Zoom-in image of highlight area in Fig. 4.
The SC surrogating dies are assembled through the Au interlayer technology with an inter-dielet

spacing of 60 um. © 2021 IEEE

To assemble a huge number of dielets within a short period, an automated bonding process
was developed and investigated, as shown in Figure 55(a). In the Au interlayer technology, one
bonding cycle takes 8.5 seconds (die transfer of 2 seconds from a tray to the bonding head, die-
to-wafer alignment of 2.5 seconds, temperature ramping up and down of 2.5 seconds, and

bonding of 1.5 seconds), meaning the throughput of 425 dies per hour can be achieved. Within
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the bonding period, a real thermal compression bonding only takes 1.5 second; the remaining
duration of 2.5 seconds is for pre-bonding and post-bonding tooling preparation in the pick and
place tool. During the 1.5 second main bonding duration, 80 MPa (blue line) and 140 °C (black

line) is applied to the dies. The image of the pick& place tool used at UCLA shows in Figure 55

(b).
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Figure 55. (a) Detail of the assembly process. In the Au interlayer technology, one bonding cycle
is 8.5 second (die transfer of 2 seconds from a tray to the bonding head, die-to-wafer alignment
of 2.5 seconds, temperature ramping up and down of 2.5 seconds, and bonding of 1.5 seconds).

(b) Pick & place bonding tool. © 2021 IEEE
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5.5 Summary

In this chapter, the deposition and fabrication of Nb interconnects is presented. The issue of
Nb oxidation is detailed and the Ir is introduced on top of Nb as an effective passivation method
through Tc measurements to reduce the Nb oxidation for processing. The logistics to select the
Au interlayer as the flip-chip bonding medium is described for fine-pitch applications, instead of
In/Sn eutectic bonding and In/Sn/Au solid-liquid interdiffusion bonding. The Au interlayer fine-
pitch bonding technology was carefully examined with step-by-step pre-bonding check as
follows: (1) Au diffusion into Nb during processing was verified to be insignificant and the
superconductivity of Nb was unaltered after any processing, (2) the adhesion between Au and
Nb/Ir was examined by the standard tape test to be excellent on a large area, and (3) the surface
roughness was confirmed through AFM to have a Ra of around 3 - 4 nm, which was flat for
thermal compression bonding. The Au-Au bonding DOE specific for low-thermal-budget
applications was implemented to have finalized parameters: bonding interfacial temperature of
140 °C, bonding pressure at least 35 MPa, and a main bonding duration of 1.5 seconds. As
compared to existing solder integration approaches for quantum applications, the optimized Au-

Au bonding can provide much higher bonding strength and much finer pitch.

Electrical characterization through the Kevin structure and the fine-pitch daisy chain structure
shows that the Au interlayer technology is electrically reliable and robust with a contact
resistance of 10 Q-cm?. As an important metric, critical current is characterized with a value of
30 mA. Although the Ic drops due to the non-superconducting Au interlayer, the most important
part is that the Nb/Ir wire with the Au interlayer can still provide a critical current that is 7-8 X

higher than the required current to drive the functional superconducting chip for both processing
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and memory and can create a path to fulfill the dense I/O requirement for quantum computing.
As compared to the Nb interconnects with In bumps, the demonstrated Au interlayer can induce
less defect to the Nb superconducting interconnects and can provide a Jc closer to the theoretical

value.

The samples form MIT Lincoln Lab again verified that the developed Au-Au bonding was
mechanically reliable with a 10-um I/O pitch on 5 X 5 mm? dies having very longer
interconnects. A wafer-scale flip-chip assembly was demonstrated with the Au interlayer
technology on Nb interconnects with various die sizes (2 x 2 mm?, 3 x 3 mm?, 4 x 4 mm?, and 5
x 5 mm), emulating an integrated qubit control/readout system with fine-pitch interconnects and
a proximal die spacing (< 100 um). On this wafer-scale assembly, heterogeneity and flexibility
were both demonstrated regarding the die sizes, the distance between each flip-bonded die, and
configuration. A large Si area can be provided for qubit noise cancellation methods, area-hungry
qubits, fan-out interconnects, and on-wafer miniaturized micro-connectors for communication to
the outside world. To populate the wafer-scale assembly, an automated bonding procedure was
introduced with an average bonding duration of 8.5 s for each dielet, having a high throughput of

425 dies per hour.
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Chapter 6 RF characterization on Superconducting-IF

As mentioned in Chapter 4, in the proposed concept of wafer-level integration on
Superconducting-IF for large-scale quantum computing, qubit array and periphery JJ-based
superconducting control/readout dies are co-integrated on the system-on-wafer platform. Within
the assembly, in addition to DC bias trees for the power of qubit array and periphery systems, RF
electrical signals are also required to manipulate quantum states, to exchange quantum
information, and to communicate between dielets for on-chip-like qubit control/readout. Those
RF signals in the range of 5-10 GHz for qubit manipulation and of up to 20 GHz for pulse
control [130], [131] are carried through superconducting transmission lines, mostly in the form
of coplanar waveguides. For the inter-dielet communication, it includes SFQ signals departing
from I/O pads on a previous superconducting dielet, transmitting through superconducting
coplanar waveguides between dielets on the Superconducting-IF, and arriving at I/O pads on a
next superconducting dielet. The overall signal transmission distance, or the link length, contains
the previously mentioned inter-dielet spacing (< 100 um) adding I/O depth from dielet edges.

Since the on-chip quantum information (a signal amplitude of few hundreds to few tens of uV)

and the on-chip JJ-based controlling signals (a signal amplitude of on average 300 puV [132],
[133]) are delicate and both of them should be well-preserved during inter-die communication,
the passive RF behavior within superconducting coplanar waveguide links, including insertion

loss and crosstalk, is important to characterize

In this thesis, the goal focuses on a broadband (from 50 MHz to 20 GHz) RF characterization,
including insertion loss and crosstalk, of various link lengths and wire line & space (L/S) within
superconducting coplanar waveguides. The links are designed with three various lengths: 125
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um (extremely short link length on Si-IF [91]), 500 um (short link length on Si-IF [91]), and
1750 um (long link length on Si-IF) and with two types of L/S: 2/2 pm and 5/5 pm. RF
simulation was first conducted under previously mentioned dimensions and the results are
presented in the section 6.1. Experiments of RF characterization were implemented and are
detailed in the section 6.2 (1) the setup of measurement apparatus (subsection 6.2.1), (2) the
logistics and the design of sample holders (subsection 6.2.2) and test vehicles, (3) sample

fabrication (subsection 6.2.3), and (4) measurement results at 4 K (subsection 6.2.4).

Although the Nb superconducting interconnects with the Au interlayer integration is
characterized at 4 K, a temperature higher than the operating temperature of superconducting
qubits (sub 100 mK), the RF behaviors of the interconnects should be close to that at sub 100
mK. The RF behavior (characteristic impedance and insertion loss) of the superconducting
transmission line is determined by the resistance (R), inductance (L), conductance (G), and
capacitance (C). For R, the Nb film already transitions to a low-resistance superconducting state
both at 4 K and at mK region and the experimental input shows in Figure 73 and Figure 74. For
L, the permeability of nonmagnetic material (Si, SiO», air, and Nb used in this thesis) does not
vary significantly within few Kelvin difference between 4 K and mK. One thing to note that the
kinetic inductance should be considered and added on top of magnetic inductance in the
superconducting region. In the subsection 6.1.1, it is explained that through proper dimension
selection, the kinetic inductance can be neglected. For C, the permittivity varies much less than 1
% at few Kelvin in SiO2[134], Si [135], [136] and air. For G, the dielectric conductance is

reduced at cryogenic temperature and does not vary much within few Kelvin difference between

4 K and mK. At 4 K and mK, the overall value of the characteristic impedance is close to \/%
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The insertion loss includes R, G and loss tangent loss and at 4 K and mK, the R, G, and the loss
tangent loss [135] are close. The RF crosstalk behavior is mostly related to the dimension of
transmission line, which is not a temperature-dependent term. Due to much faster turnaround
time during measurement, RF characterization at 4K is selected. The broadband measurement
frequency is chosen from 0.05 GHz up to 20 GHz to cover the frequency span for qubit
excitation and JJ-based controlling. In the section 6.3, passive dies with resonators integrated on
Superconducting-IF are presented but due to the tool issue, only simulation results are presented.

The summary of this chapter is presented in section 6.4.

6.1 Superconducting coplanar waveguide simulation

In this section, superconducting coplanar waveguide simulation was conducted and is detailed
in the following sequence: simulation assumption & approximation (subsection 6.1.1), model

establishment (subsection 6.1.2), results & analysis (subsection 6.1.3).

6.1.1 Simulation assumption & approximation

As compared to the normal metal RF simulation using classical transmission line theory in
ANSYS HFSS, superconducting RF simulation needs to consider two extra metrics: one is the
penetration length compared to the superconducting film thickness; the other is the kinetic
inductance. The first metric determines whether the traditional transmission line theory or a
modified layer-by-layer integration [137] method should be applied for the calculation of the
characteristic impedance and the scattering metrics. The second metric increases the value of
overall inductance on top of magnetic inductance, affecting the characteristic impedance in the
simulation model. In the next two paragraphs, with adequate selection of the film thickness and

the dimension of the structure, it is stated that the two above-mentioned metrics (penetration
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length compared to the superconducting film thickness and the kinetic inductance) can be
ignored in the simulation model and the experimental realization. Following the above-
mentioned approximation, the classical transmission line theory in ANSYS HFSS is still
applicable to the superconducting RF simulation in this thesis without the need of dramatic
change.

In the first metric, the penetration length is a depth scale describing how deep the external
magnetic field can penetrate a superconducting film. Under an ideal case, based on the Meissner
effect, external magnetic fields can be completely excluded from percolating into a
superconducting material. In a real case, magnetic fields can penetrate superconducting film in a
small scale, known as the penetration length. The penetration length is a thickness-dependent
metric, pointed by Gubin et. al/ [138], and is inversely proportional to the thickness of a
superconducting film (Nb in this paper). This indicates that with a thicker film, the penetration
length gets thinner. Also indicated by Gubin et. a/ [138], when the Nb film is thicker than 200
nm, the penetration length is reduced to around 80 nm. Considering both the top and the bottom
superconducting surfaces, there is an impenetrable superconducting film in the middle. This
matches the definition of a bulk superconductor reported by Gao [137] and classical transmission
line theory can be applied in the superconducting RF simulation with a film thickness over 200
nm. Based on this, Nb film with a thickness of 200 nm is selected in the simulation and the later
testing vehicle.

The second metric, the kinetic inductance, should be considered when samples are in the
superconducting region. Inductance includes both magnetic inductance and kinetic inductance.
The former comes from magnetic energy in magnetic fields, while the latter originates from the

kinetic energy of the surface superconducting current distributed within the penetration depth. In
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a line width of micrometer scale [137] with a Nb thickness of 200 nm [139], the ratio between
the kinetic inductance and the whole inductance is only few percent, which is a negligible
number. This can justify the use of classical transmission line theory in the ANSYS HFSS solver

to simulate the superconducting RF behavior in this thesis.

6.1.2 Simulation model establishment

As mentioned previously, superconducting coplanar waveguides are used to simulate the
insertion loss and crosstalk with various link lengths and wire L/S. The link length is defined as
the length scale between two edge 1/Os on two nearby dielets and three various lengths (125 pm,
500 pm, and 1750 pm) are investigated. Both the link length of 125 um and 500 um are the
focus in this dissertation since both of them can only be achieved through advanced packaging;
the link length of 1750 um is used as the reference for comparison. The wire L/S is defined as
the interconnect width (L) and the gap between interconnect (S) in coplanar waveguides. In the
following models for insertion loss and crosstalk, the characteristic impedance in HFSS is
tweaked to match around 50 Q.

To simulate RF behavior of insertion loss, a ground-signal-ground (GSG) configuration was
selected, as shown in Figure 56 (a)-(c). The material stack at the coplanar waveguide part from
the bottom to the top is Si substrate, 500 nm of Si02, and 200 nm of Nb/Ir. At the two opposite
ends of the superconducting waveguide, there are flip-chip bonding sites, at which the material
stack is Si substrate, 500 nm of SiO2, and 200 nm of Nb/Ir, 50 nm of Ti, 1000 nm of Au, 50 nm
of Ti, and 200 nm of Nb/Ir connecting the previous and next die. The coplanar wave excitation is
input at the two ends. Since there is no superconducting related module in the ANSYS HFSS

solver, the superconducting Nb interconnects are interpreted as interconnects with an ultra-high
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electrical conductivity, which is input from an empirical value of 1x10'! Siemens/m. This value

is three orders higher than Cu interconnects.

(a)

125 um, L/S 2/2 pm
»# Coplanar waveguide part

(b) Coplanar waveguide part (e) Coplanar waveguide part
G S G

Nb/lr Ijne (L) Space (S)

(c) Bonding part (f) Bonding part
G S G G T T G
m 50 nm Ti E— “PEE— | P
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Figure 56. Simulation model: (a) Isomeric view of GSG 125 um link length with a L/S 2/2 pum.
(b) GSG cross section at the coplanar waveguide part with material stack from bottom to top:
500 um Si (not to full scale) , 500 nm SiO,, 200 nm Nb/Ir. (¢) GSG cross section at the bonding
part with a material stack from bottom to top: 500 um Si (not to full scale), 500 nm SiO2, 200 nm
Nb/Ir, 50 nm Ti, 1000 nm Au, 50 nm Ti, 200 nm Nb/Ir. (d) Isomeric view of GSSG 125 um link
length with a L/S 2/2 um. (e) GSSG cross section at the coplanar waveguide part with a material
stack from bottom to top: 500 um Si (not to full scale) , 500 nm SiO, 200 nm Nb/Ir. (f) GSSG
cross section at the bonding part with material stack from bottom to top: 500 um Si (not to full

scale) , 500 nm SiO2, 200 nm Nb/Ir, 50 nm Ti, 1000nm Au, 50 nm Ti, 200 nm Nb/Ir. © 2022

IEEE
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To simulate RF behavior of crosstalk, a ground-signal-signal-ground (GSSG) configuration
was selected, as shown in Figure 56 (d)-(f). Two signal paths are brought close to each other and
the material stack and parameters are the same as that in the insertion loss: Si substrate, 500 nm
of Si102, and 200 nm of Nb/Ir (from the bottom to the top) at the coplanar waveguide part; at the
flip-chip bonding sites, the material stack is Si substrate, 500 nm of SiO2, and 200 nm of Nb/Ir,
50 nm of Ti, 1000 nm of Au, 50 nm of Ti, and 200 nm of Nb/Ir connecting the previous and next

die.

6.1.3 Simulation results & analysis

The simulated insertion loss of three various lengths (125 um, 500 um, and 1750 um) with

two L/S (2/2 and 5/5 pm) are presented in Figure 57.
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Figure 57. Simulated insertion loss results (a) L/S 2/2 um with link lengths of 125 um, 500 pm,

and 1750 pm. (b) L/S 5/5 pm with link lengths of 125 pm, 500 um, and 1750 um. © 2022 IEEE

Insertion loss is a loss term comprised of the metal loss (finite conductivity within frequency-

dependent skin depth) and the dielectric loss (dielectric conductance and loss tangent loss).
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Dielectric loss is the dominant part when Nb is in the high-conductivity superconducting region
as metal loss is inverse square root proportional to the conductivity. For a longer link with a
higher frequency, the dielectric loss increases linearly, leading to an overall higher insertion loss
with frequency. As an example in Figure 57(a), for a 125 pum link length at 10 and 20 GHz with
a L/S of 2/2 pum, the value of insertion loss are 0.02 dB and 0.06 dB. For a 1750 pm link length
at 10 and 20 GHz with a L/S of 2/2 pum, the value of insertion loss are 0.16 dB and 0.5 dB. As for
a larger L/S, the insertion loss increases since more electromagnetic field distributes in lossy
Si0; and Si dielectrics. As an example in Figure 57(a) & (b), for a L/S of 2/2 and 5/5 pum with
125 pum link length at 20 GHz, the value of insertion loss of are 0.06 dB and 0.1 dB. For a L/S of
2/2 and 5/5 pm with 1750 pm link length at 20 GHz, the value of insertion loss are 0.5 dB and
0.9 dB. The simulated value of insertion loss with a link length of 125/500/1750 um and a L/S of
2/2 pm and 5/5 pm is very low. The comparison between the simulated and the measured loss

values is presented in the subsection 6.2.4.
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Figure 58. Results of simulated insertion loss with 125 and 1750 um link lengths and different
materials (all Cu, all superconductor, and Au interlayer with superconducting wires in this

thesis). © 2022 IEEE
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Jangam et al. carries out similar analysis but with the normal metal Cu [91], instead of
superconducting material. The comparison of simulated insertion loss between the results in [91]
and this thesis is presented in Figure 58. In the simulated results, there are three conditions
regarding the material used in both the waveguide part and the bonding part: (1) all Cu, (2)
superconductor in the waveguide part with the Au interlayer in the bonding part, and (3) all
superconductors. Based on the simulated results, the signal loss using Cu interconnects is similar
to that using the Au interlayer with Nb superconducting wires and using all superconductor. This
comes from the advantage of ultra-short link length (125 um), meaning signals are exposed to
much less metal loss and dielectric loss during the transceiving process. Insertion loss, however,
is not the only factor that determines what materials are suitable for quantum computing.

Thermalization and thermal phonon noise are the two key metrics as emphasized in the Chapter

1.

Table 10 A case study for Nb-based and Cu based interconnect

(L) 125 um (L) 10.5 mm

Per link (LX W X T) (W) 2 um (W) 600 um
(T) 2um (T) 70 um
Technology Nb-based Si-IF Cu-based Si-IF PCB limit
DC resistance per link (m(Q) 0.1 125 1 <1
12X R Joule heating of 300 pA (nW) 0.01 11.3 0.09 <01
2000 edge links per 5 X 5 mm?2 die 22600
. <

with 10 um 1/0 pitch (nW) . (> cooling power) 180 <200

As a case study in Table 10, the resistance limit per interconnect should at most be limited to 1
m{) (estimated from [82] with a corresponding operating current of 300 pA [140]). In this way,
the I X R joule heating per link and 2000 edge links per 5 X 5 mm? die with 10 pm I/O pitch

can be restricted within 0.1 nW and 200 nW. When using Cu interconnects on PCB, to satisfy the
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resistance threshold and long wiring length, wires with width of 600 um and thick Cu film of 70
um are required. This wiring is acceptable on large-pitch PCB, but to scale down interconnect
pitches, the Cu resistance increases and unavoidably exceeds the resistance limitation. As an
example, when the Si-IF technology is adopted, the dimension of interconnects can be pushed to
extreme to achieve width of 2 um, inter-die link length of 125 pm, and thickness of 2 um. For
Cu-based Si-IF, the resistance per interconnect increases to 125 m{); the corresponding 2000
edge links adds up to 22,600 nW, which excels the cooling power of 20 uW [13] at sub 100 mK
mixing chamber. In addition to the system thermalization problem, the huge thermal noise below
1 K within the Cu-based Si-IF interconnect is around 1.18 uV, which is considered noisy and is
very high compared to a noise level in the scale of nV [140]. With the Nb-based Si-IF, the
resistance per interconnect can be reduced to 0.1 m{) and 20 nW for 2000 edge links, which is
significantly lower than the power limitation, and the thermal noise is around 0.03 nV. Lower
resistance of Nb interconnects is favorable for future large-scale quantum applications. Therefore,
it can be considered that interconnect scaling for quantum computing is enabled by changing

material from Cu to Nb.
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Figure 59. Simulated crosstalk results (a) L/S 2/2 um with link lengths of 125 pm, 500 um, and

1750 pum. (b) L/S 5/5 pm with link lengths of 125 pm, 500 pm, and 1750 um. © 2022 IEEE
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Crosstalk is an electromagnetic energy sharing behavior between neighboring signal paths. In
general, the value of crosstalk increase as the gap between two signal paths reduces and the
length of signal paths increases. As expected, the simulated crosstalk adds up with longer link
length and higher frequency. The simulated crosstalk results of three various lengths (125 pm,
500 pum, and 1750 um) with two L/S (2/2 and 5/5 pm) are presented in Figure 59. In Figure 59(a),
for a 125 mm link length at 10 and 20 GHz with L/S of 2/2 pm, the value of crosstalk are -50 dB
and -42 dB. For a 1750 um link length at 10 and 20 GHz with L/S of 2/2 um, the value of
crosstalk are -29 dB and -19 dB. The simulated crosstalk has comparable value in L/S of 2/2 um
and 5/5 pum. In Figure 59(a) & (b), for a 125 pum link length at 20 GHz with L/S of 2/2 and 5/5
um, the value of crosstalk are -42 dB and -38 dB. For a 1750 mm link length at 20 GHz with L/S
of 2/2 and 5/5 pum, the value of crosstalk are -19 dB and -16 dB. The simulated value of crosstalk
with a link length of 125/500/1750 um and a L/S of 2/2 um and 5/5 um is very low. The

comparison between the simulated and measured loss values is presented in subsection 6.2.4.
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Figure 60. Crosstalk versus the length of inter-die coplanar waveguide at qubit operating

frequency of 5 GHz
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Since one of the future applications of the crosstalk effect in coupled transmission line can be
used in superconducting qubit readout circuits, the correlation between the crosstalk and the
length of inter-die coplanar waveguide is summarized in Figure 60. The value of crosstalk
increases with a longer length and reaches around -15 dB in a waveguide length of 5 mm. This
length-dependent increase mainly comes from capacitive coupling and is briefed in the next
paragraph.

Based on the coupled transmission line theory with lossless lines and non-magnetic material
[141]-[144], the crosstalk originates from the capacitive and inductive coupling of the two lines.
As the length of inter-die coplanar waveguide increases, not only the capacitance and the self
inductance in a single line add up, but also the mutual capacitance and the mutual inductance
between two coupled transmission lines can rise. The combination of capacitance and inductance
and the change of characteristic impedance cause the capacitive coupling to increase much faster
than the inductive coupling since inductance is only a weak function of line geometry and is

primarily controlled by the location of current return paths.
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6.2 RF characterization of the superconducting interconnects on the

Superconducting-IF

In this section, to characterize the RF behavior of the superconducting interconnects on the
Superconducting-IF at 4K, dilution fridge setup for measurements (subsection 6.2.1), PCB
sample holder design (subsection 6.2.2), passive superconducting die and Superconducting-IF
design (subsection 0), fabrication process and tweaking (subsection 6.2.3), measurement results

and discussion (subsection 6.2.4) are presented.

6.2.1 Dilution fridge setup

As mentioned previously, due to much faster turnaround time during measurements, RF
characterization at 4 K was chosen and a dilution fridge was selected due to its capability for
four two-port RF measurements per cooling down cycle, maximizing the efficiency of liquid
Helium (LHe) usage. The Oxford Instrument wet system KelvinoxMX is the main dilution fridge
used in this thesis. The main chamber is installed underground and the cylinder, on which the
sample is installed, is controlled by a mechanical arm, through which the cylinder can be loaded
into and unloaded from the chamber within three hours (including cooling down) in each
measurement. To cool down the system, liquid nitrogen is first used to cool down the chamber to
77K, followed by LHe cooling down to 4 K. Each time the dilution fridge consumes around 100
liter LHe to replace a sample since the chamber needs to be brought back to room temperature
and re-cooling. LHe can leak during storage in the fridge and during transferring between the
LHe dewar and inside the fridge. To do measurement through Vector Network Analyzer (VNA

8720es), a series of cabling and connectors are required: (1) VNA terminated with two-port
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SMA female, (2) two coaxial cables with 3.5 mm male and 2.4 mm female, (3) two adaptors
with 2.4 mm male and 2.4 mm male, (4) eight fridge interface with 2.4 mm female and 2.4 mm
male, (5) eight three-inch coaxial cables with 2.4 mm female and 3.5 mm male, and (6) eight
SMA female on PCB, as shown in Figure 61. The PCB sample holder is supported and is heat-
conducted by hand-formable coaxial cables (UT-085-FORM with a center metal of Silver-Plated
Copper Weld, SPCW), having a thermal conductivity of 300-400 W/m X K at 4K [13]). When
cooling down, the Oxford Instrument wet system KelvinoxMX is protected by a vacuum can and
by a sliding can. The vacuum can is installed on the cylinder and is sealed by an Indium wire
with vacuum glue at the interface, through which a vacuum level of 10 torr is achieved to
reduce water vapor condensation into ice at low temperature around the sample. The sliding can
is made with the G-10 glass that can withstand huge thermal gradient during system loading and
unloading and provides mechanical support, as shown in Figure 62 (a). The loading and

unloading process is presented in Figure 62 (b)& (c).
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Figure 61. A series of cabling and connectors to connect from VNA 8720es at room temperature
to PCB at 4 K: (1) VNA terminated with SMA female, (2) coaxial cables with 3.5 mm male and
2.4 mm female, (3) adaptors with 2.4 mm male and 2.4 mm male, (4) fridge interface [145] with
2.4 mm female at room temperature and 2.4 mm male at 4 K, (5) three-inch coaxial cables with

2.4 mm female and 3.5 mm male, and (6) SMA female on PCB.
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(a) Before loading (b) Inside fridge chamber (c) Unloading

Figure 62. Main dilution refrigerator used in this thesis: (a) vacuum preparation of the cylinder
before loading the sample to fridge chamber. (b) Cylinder inside the fridge chamber. (¢) Cylinder

unloading from the chamber.

As a backup dilution fridge, the BLUEFORS LD dilution fridge is a dry system providing two
two-port RF channels, as shown in Figure 63. Instead of an underground system, the
BLUEFORS LD dilution fridge is supported by four over-ground standing arms and is shielded
by layers of stainless steel. For each time loading and unloading, it requires three human powers
and one to two days of cooling and warming. The sample holder is designed, as shown in Figure
64, and is made with Oxygen-Free High thermal Conductivity (OFHC) Cu that can provide high
thermal conductivity down to millikelvin. The test run is shown in Figure 65 with temperature

sensors in each cryostat.
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(a) Operation (b) Inside fridge

Figure 63. BLUEFORS LD dilution refrigerator: (a) during operation, (b) chamber inside, and
(c) sample loading
(a) Oxygen-Free High  (b) PCB sample

thermal Conductivity holder on
(OFHC) Cu holder OFHC Cu holder

Figure 64. (a) Oxygen-Free High thermal Conductivity (OFHC) Cu holder with screw hole to fix

PCB holder. (b) PCB sample holder on Cu holder.

124



16.671 mK

4

= Y

L A
i 2\ | Nﬂ“r“ﬁﬁ |

|

ém;.: “._ L ’L
=k 1“‘”%;"'%:
ij.. ";a.*.".ﬂ_ | h‘ :
i
:”:-h' '\' Mr *-11%

Figure 65. BLUEFORS LD dilution fridge in a test run with progressively reduced temperature

in each cryostat.

6.2.2 PCB sample holder design

Transmission Line Type:
Microstrip Line
Coplanar wave guide

© Coplanar wave guide with ground plane
Rectangular Waveguide

Coaxial Line

Coupled Microstrip Line

Stripline
Twisted Pair

T
T

Substrate Parameters

Er: 45
TanD: 0.001
Rho: 1.72e-08
H: 16
T: 0035
muRelC: 1

Component Parameters:

Frequency: 10

mm
mm

GHz

Physical Parameters:

w: 23 mm &
S: 085 mm &
L 6 mm &
&  Analyze Synthesize @
Electrical Parameters:

Z0: 49.7649 0. 8
Ang_l: 127.429 Degree
Results:

Figure 66. The design specs of the PCB carrier with 50 Q coplanar waveguides with ground

plane in the KiCAD PCB EDA.
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Due to the limit of Oxford Instrument dilution fridge, instead of cryogenic probes that contact
samples directly, four two-port RF 2.4 mm I/O within the fridge are used. To connect to the
fridge 2.4 mm male I/O at 4 K chamber, coaxial cables with 2.4 mm female bulkhead on one

side and 3.5 mm male on the other side are utilized to connect SMA connectors a PCB sample

mount.
(a) Front side of PCB sample holder (b) Back side of PCB sample holder
Sample mounting area & universal ground 45 mm

Jm{ €Lk "‘u? é‘ﬂlr

.'J!* ﬁ.” .-‘!b. ‘ﬂu

Signal path & wire-bonding area Soldered SMA

Figure 67. Two-layer FR-4 PCB carrier with a sample mounting area, signal path and wire-
bonding 50 (1 traces, out-of-plane SMA soldering area, and an universal ground. Test die and IF

design.

To design a simple two-layer FR-4 PCB (front side layer to house Si samples; part of front
side and whole back side layer to function as a universal ground), the software called KiCAD
PCB EDA is used. The design specs of the PCB carrier with 50 € coplanar waveguides with
ground plane are as follows: (1) relative dielectric constant: 4.5, (2) loss tangent: 0.02, (3) Cu
resistivity: 1.72 X 108, (4) substrate thickness: 1.6 mm, (5) Cu film thickness: 0.035 mm, (6)

signal width: 2.3 mm, and (7) gap between signal path and ground: 0.85 mm, as shown in Figure
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66. The PCB carrier is designed with a sample mounting area, signal path and wire-bonding 50 ()
traces, SMA soldering area, and an universal ground. To fit into the cylinder shape of fridge
chamber (diameter and height: ~60 mm), the SMA connectors (Amphenol RF, model: 132322)
are designed to solder onto the PCB carrier (35 mm X 45 mm) in a out-of-plane direction, as

shown in Figure 67.

6.2.3 Passive superconducting dielets and -IF deisgn and fabrication

To measure insertion loss and crosstalk, the test vehicles of GSG and GSSG on dielets and
Superconducting-IF with the Au interlayer were designed. Three lengths of links (125 um, 500
um, and 1750 pm) with two L/S (2/2 and 5/5 um) were designed to be cascaded on 2 X 2 mm?
dielets and were tweaked to have a characteristic impedance of 50 (). For the crosstalk (Far-end
crosstalk, FEXT, and Near-end crosstalk, NEXT) characterization, it requires two signal paths to
be brought close. Due to the fridge I/O limit, the on-chip transmission line coupler was selected
as the structure for characterization and was designed to have a 50 () impedence matching
resistor (Ti/Pd, 3/75 nm) at 4K on one end of each signal path. Due to the fridge space limit, it
cannot house a cryogenic RF calibration kit with switch [146] that can calibrate out background
noise inside the low-temperature chamber. An on-chip de-embeded through stucture was also

designed to filter out part of the background noises.

The fabrication process of the test vehicle is as follows: (1) 200 nm Nb/5 nm Ir consecutive
sputter deposition on 500 nm thermal oxidized wafers, (2) patterning through dry etching, (3)
Ti/Au interlayer lift-off process on designated bonding area, (4) 2x2 mm? dies and 1010 mm?
substrates after dicing, (5) surface ultrasonicating wet cleaning and surface Ar plasma activation,

and (6) using flip-chip fine-pitch thermal compression bonding assembly, the cascaded GSG and
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GSSG daisy chain structure are completed. Figure 68, Figure 69, and Figure 70 present the test

vehicle for insertion loss and crosstalk characterization before flip-chip bonding.
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Figure 68. Insertion loss characterization: (a) three lengths of links (125 um, 500 um, and 1750
um) with two L/S (2/2 and 5/5 um) are cascaded on 2 X 2 mm? dielets, (b) zoom-in of (a), (c)

flip-chip bonded multiple 2 X 2 mm? dielets, (d) zoom-in of (c).
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Figure 69. FEXT characterization: (a) three lengths of links (125 um, 500 pum, and 1750 um)

with two L/S (2/2 and 5/5 um) are cascaded on 2 X 2 mm? dielets, (b) zoom-in of (a), (c) flip-

chip bonded multiple 2 X 2 mm? dielets, (d) zoom-in of (c).
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Figure 70. NEXT characterization: (a) three lengths of links (125 pm, 500 pum, and 1750 pum)

with two L/S (2/2 and 5/5 um) are cascaded on 2 X 2 mm? dielets, (b) zoom-in of (a), (c) flip-

chip bonded multiple 2 X 2 mm? dielets, (d) zoom-in of (c).

As mentioned in the previous paragraph, the cryogenic impedence matching resistor (Ti/Pd,
3/75 nm) was also fabricated and tweaked during the design phase to match 50 (). Literature
reports [37], [39], Ti/Pd is used for the qubit application with a thickness of 3/25 nm. Initially,
this thickness was tested on a balnket wafer and the sheet resistance was measured, having a
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sheet resistance distribution across the wafer at room temperature, as shown in Figure 71 (a). The
wafer was then cleaved in to 10 X 10 mm? and was cooled down to 2 K. The resistance saturates
below 25 K and has a value of 2.15 at 2 K as compared to 300 K, as shown in Figure 71 (b),
using which the resistor is designed with a proper dimension. The ratio of resistance drop
between 300K and 2 K is close to the value reported by the literature [147]. After the whole
fabrication process was done, a testing de-embedded sample was measured at 2 K before flip-
chip bonding but the pattern resistance was way higher than its original design. To remedy this
issue, a thicker Pd film was used and the thickness of Pd increases from 25 nm to 50/75/100 nm.
The bulk sheet resistance and the pattern ressitance are measured and the final thickness of Ti/Pd

resistor is determined to be 3/75 nm with a pattern resistance of 50 ), as shown in Figure 72.

(a) Sheet resista(r;/c& of Ti/Pd on a wafer (b) 10 mm X 10 mm Ti/Pd sample
9.7 ,
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Figure 71. (a) the sheet resistance measurement on a blanket wafer with Ti/Pd 3/25 nm. (b)

resistance drop as the temperature cools down to 2 K.
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Figure 72. Tweaking of the pattern resistance of Ti/Pd with respect to different Pd thickness of

25/50/75/100 nm.

6.2.4 Pre-check and measurement results and discussion

In the preliminary DC electrical tests, results of insertion loss samples with L/S 5/5 um, as
shown in Figure 73(a), and of crosstalk samples with L/S 5/5 um, as shown in Figure 73(b),
show an expected curve both at 300K and at 4K. The samples with L/S 5/5 um for insertion loss
was also measured down to millikelvin region, as shown in Figure 74. The samples with L/S 2/2
um showed a good result at 300K but was electrically open at 4K in all the link lengths. With a
FIB-SEM investigation, as shown in Figure 75, a delamination issue is observed between the Ti
and the Nb/Ir layer on the IF. This cryogenic adhesion problem was only observed in the links
with L/S 2/2 um, but not the links with L/S 5/5 um, indicating a special method is required to
increase the adhesion between Ti and Nb/Ir on small pads. In this section, only the measurement

results of L/S 5/5 um at 4 K is presented.
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Figure 73. Preliminary DC electrical test result down to 2 K: (a) an insertion loss sample with Tc

at 9 K and clear resistance drop below Tc, (b) a XT sample with Tc at 9K and clear resistance

drop below Tc.
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Figure 74. Preliminary DC electrical test result down to 0.25 K: (a) an insertion loss sample with

Tc at 9K and clear resistance drop below Tc, (b) zoom-in of (a) between 0.25 K and 0.6 K.
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Si0,

Figure 75. Image of the XT samples. A cryogenic adhesion problem is observed between the Ti

film and the Nb/Ir film in the links with L/S 2/2 pm. © 2022 IEEE

Line: 4 um Space: 1.5 um

Line: 6 um Space: 4um

Figure 76. Image of the XT samples: (a) at the GSSG bonding site, (b) GSSG bonding site with

the surrounding supporting structure, (¢) zoom-in of the supporting bonding structure.
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Figure 77. Image of the XT samples: (a) layer-to-layer lithography alignment overlay <1 um, (b)

assembly mechanical bonding overlay <1 um.

In the following results, there exists a discrepancy between the measured and simulated
results. This difference comes from two facts: (1) impedance mismatch, and (2) lack of
cryogenic calibration before entering the Device-Under-Test (DUT) samples due to the fridge
limit mentioned in the subsection 6.2.2. Although the test structure was designed to match 50 Q,
the fabrication and assembly process produced +20% impedance, leading to mismatch of
impedance and extra reflection loss. For the cryogenic calibration, due to the fridge space limit (a
cylinder volume of 60-mm diameter with a height of 60 mm) at the mixing chamber, a cryogenic
calibration kit [146] cannot fit into the chamber for cryogenic RF calibration. Instead, the RF
calibration was conducted at the VNA side at room temperature with the tool kit Agilent 85052D
using TRL calibration (Thru, Reflect, and line) before the fridge, not on the dielet at 4 K. The on-
chip Thru structure was used as the de-embedded structure, but the loss from all adaptors,
connections, and the coaxial cables was still partially included.

After the samples passed DC low-temperature test, they were adhered on the PCB carrier with

CMRdirect GE Varnish for better cryogenic heatsinking, as shown in Figure 78, and was
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installed on the fridge cylinder, as shown in Figure 79. After obtaining the raw data, de-
embedding techniques was implemented through the MATLAB codes. The code logistics are as
follows: (1) using the de-embedding code package in the RF toolbox, (2) importing the measured
S parameter touchstone file in the de-embedded structure into the the de-embeding code,
extracting the background noise in each SMA part assuming both sides are symmetric, (3)
importing measured S parameter of cascaded DUTs with the background noise in each SMA part
into MATLAB, (4) applying the the de-embedding code, extracting the S parameters of cascaded
DUTs, (5) converting the S parameter of cascaded DUTs into the S parameter of a single DUT
through ABCD metrics multiplication. Figure 80 shows the 4 K measurement of insertion loss
with samples of L/S 5/5 um and link lengthes of 125/500/1750 um. The dash line is the
simulation result, while the solid line is the measured results. For quantum applications, a low
insertion loss value is defined as less than 1 dB loss [148]. All the simulated and measured
results are within 1 dB loss in three link lengths, meaning the ultra-short, short and long links in
a compact assembly on Superconducting-IF are suitable to carry quantum information and SFQ

signals with low loss.
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Figure 78. (a) image of flip-chip bonded samples, (b) image of flip-chip bonded samples adhered

on PCB and with wire-bonding. © 2022 IEEE
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Figure 79. (a) PCB carrier installed on the fridge cylinder, (b) front side image. (c) back side

image. © 2022 IEEE
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Figure 80. (a) 4 K measurement of insertion loss with samples of L/S 5/5 um and link lengthes of
125/500/1750 um. © 2022 IEEE (b) impedence mismatching in the samples due to fabrication

process.
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Figure 81. 4 K measurement of (a) FEXT (b) NEXT with samples of L/S 5/5 um and link
lengthes of 125/500/1750 pm. (c) Impedence mismatching due to fabrication process. © 2022

IEEE

Figure 81 shows the 4K measurement of crosstalk with samples of L/S 5/5 pum and link
lengthes of 125/500/1750 um. The dash line is the simulation result, while the solid line is the
measured results. The crosstalk values for the link length of 125, 500, and 1750 pum from 0.5
GHz to 20 GHz are -75 to -35 dB, -62 to -38 dB, and -50 to -30 dB, respectively. The value for

acceptable crosstalk is that as compared to the thermal Johnson noise from resistors, the value of
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crosstalk should not be larger than the thermal noise [149] and should not become the major
source of noises. Resistors with a large resistance value in superconducting electronics are
mainly used for current biasing (43 Q) and power on superconducting circuits [16]. As one
example in [16], the thermal noise from a 43 Q resistor at 4 K with a bandwidth of 200 GHz
causes -23 dB under the condition a single on-chip SFQ pulse is 300 uV. As shown in Figure 81,
in the short links (<500 pum) and almost the long link at low frequency, the simulated and
measured results regarding the FEXT and NEXT are below -23 dB. This concludes that the short
and long links links from proximal integration of dielets on Superconducting-IF are suitable for

inter-dielet communication.
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6.3 Passive die with resonator integrated on Superconducting-IF

Part of this project collaborates with SeeQC, through which three types of passive dies were
shipped to UCLA. These three types of passive dies was designed with 20 Q impedance and
included passive transmission line resonators between 10-20 GHz with blanket Au bonding pads,
20 pm cylinder Au bonding pads, and 50 pum circular Au bonding pads. The detailed die
information shows in Figure 82 with a Au film of 1000 nm on the bonding pads and a root-mean-

square surface roughness (Rq) of 6.69 nm.

Blanket pads 20 um pads 50 um pads

6 G G S
— T —_— .| : i
"'E |—_ ‘_—— i .... l ..... 1 =% = [ ’j_ ﬁ g E i H

Area of Contacting | Expected | Aufilm Pad Wire . .
. . . . Expected die | Measured die
Version 2 die specs each pad area shear thickness | pitch length resist (@) | resist Q)
(um2) (mm2) force (N) (nm) (um) (mm) esistance esistance
Blanket pads 90 X 160 0.4 1SN 900 N/A
50 um Circular pads | 25 X25X @ 0.3 11.25 900 90 2-32 1.5k-30k 1.5k-30k
20 um Circular pads | 10X10Xm 0.05 1.875 900 90

Figure 82. Detailed die information with blanket Au bonding pads, 20 um cylinder Au bonding

pads, and 50 um circular Au bonding pads.

Since at the edge of blanket Au pad there exists Au protruding of 150 nm, to compensate this
surface height difference, a thick Au film is used to provide around 15% deformation of the
overall film thickness [150], [151], allowing the whole blanket Au pad to contact its mating pad.

To match the dies with 20Q) impedance to the measurement tool with 50Q2 impedance through the
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Superconducting-IF, a quarter-wavelength-transmission-line impedance transformer was
designed and fabricated on the Superconducting-IF. Among all the types of the transmission line,

ungrounded coplanar waveguide was selected for processing with less challenges.

The quarter-wavelength-coplanar-waveguide impedance transformer has a characteristic
impedance value equal to square root of the impedance of dies multiplying the impedance of the
measurement tool. Through calculation, the impedance transformer should have a characteristic
impedance of 31.6 Q). The ungrounded coplanar waveguide sits on a substrate having 500 nm
Si0; and 500 pm Si, leading to an effective dielectric constant of 9.36 through calculation [152].
Using the ANSYS HFSS solver, with a 31.6 () ungrounded coplanar waveguide and, the width of
the center signal path and the gap between the signal path and the ground plane are simulated to

be 28 um and 2 pm respectively, as shown in Figure §3.

Z.ﬂn 28 um 2um
(a) 102, 7e0.S . € =39 —_— _
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o
2 Zo=31.6 ()
(b) Signal path: 28 um £
G / 2
.?_‘ nr- o y— ———
S 7 < g
AN g

Gap: 2um ngy N wo

Figure 83. (a) Cross section view for a 31.6 () ungrounded coplanar waveguide. The width of the
center signal path and the gap between the signal path and the ground plane are 28 um and 2 pm.
(b) Top view of the ungrounded coplanar waveguide in a GSG configuration. (¢) Simulation
result shows a characteristic impedance of around 31.6 (). Each curve indicates the impedance in
each port.
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To have the on-chip transmission line resonator resonating between 10-20 GHz, the quarter-
wavelength-coplanar-waveguide impedance transformer should also resonate at the same

frequency range. The phase speed equals to the light speed divided by square root of half of the

[

’(9.36+1)
2

wavelength of 2533 pum. The design is presented in Figure 84 with 20 Q termination in one side

effective dielectric constant adding one (v = ). This corresponding to a quarter

and 50 Q) termination in the other side. Since the designed dimension of the coplanar waveguide
can vary during the fabrication process, the dimension of the center signal path and the gap
between the signal path and the ground plane are changed advertently in the model to investigate
a proper range of dimensions with the desired resonance. With the dimension of center signal
path ranging in 24-30 um and the gap ranging in 1.8-2.6 um, the resonance is preserved and the

simulation results of the S parameter are presented in Figure 85 and Figure 86.
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Figure 84. (a) Top view of the design quarter-wavelength-coplanar-waveguide impedance
transformer on the Superconducting-IF. (b) Cross section view of the coplanar-waveguide with a

28-um center signal path and a 2-um gap between the signal path and the ground plane.
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Figure 85. Simulation results of S parameter with the varying signal width from 24 to 30 um.

The resonance is at 13 GHz.
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Figure 86. Simulation results of S parameter with varying gap width from 1.8 to 2.6 um. The

resonance is at 13 GHz.

Following the simulation results and the well-established fabrication process, the fabricated

Superconducting-IF, 5 X 5 mm? die, and flip-chip bonded Superconducting-IF are presented in

Figure 87. The dimension of the quarter-wavelength-coplanar-waveguide impedance

transformers on Superconducting-IF is double-checked by SEM image, as shown in Figure 88.

The image shows the fabricated dimension is within the simulated range.

s DN cPW
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& | 5000 um

(b)

L

Figure 87. (a) Fabricated Superconducting-IF with quarter-wavelength-coplanar-waveguide

impedance transformers. (b) SeeQC dies. (c) flip-chip bonded Superconducting-IF.
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Figure 88. (a) Optical and (b) SEM images of the quarter-wavelength-coplanar-waveguide

impedance transformers on Superconducting-IF.

The DC measurements of flip-chip-bonded Superconducting-IF with blanket Au pads and 20-
pum Au pads down to 2 K are implemented as a pre-RF-measurement check and the results are
presented in Figure 89 and Figure 90. In both cases, the superconductivity exists in all the
samples at 9K with smooth curves. Unfortunately, when the bonded samples are shipped back to
SeeQC, although the dimension of the Superconducting-IF has been double-checked ahead with
the company in the design phase, the size of the sample cannot fit into the holder for
measurements. Therefore, there is only simulation results without measurement results in this

subsection.
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Figure 89. DC measurements of flip-chip-bonded Superconducting-IF with blanket Au pads. Tc

exists in all the samples at 9K with smooth curves
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Figure 90. DC measurements of flip-chip-bonded Superconducting-IF with 20-um Au pads. Tc

exists in all the samples at 9K with smooth curves
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6.4 Summary

In this chapter, to realize the proposed concept of wafer-level integration on Superconducting-
IF for large-scale quantum computing with qubit array and periphery JJ-based superconducting
control/readout dies, superconducting RF characterization for inter-dielet communication is
implement. Before any real design and fabrication, RF simulation with different link lengths (
short links, < 500 pum, and long links, 1750 um) and L/S (2/2 pm, and 5/5 um ) was first carried
out up to 20 GHz. Simulation assumption, approximation, model establishment, and analysis are
presented. Ahead of characterization of RF behavior on testing samples, dilution fridge apparatus
and PCB sample holders were set up. Next, test vehicles were designed and fabricated to
characterize insertion loss and crosstalk on the Superconducting-IF. During DC testing, a
cryogenic adhesion problem is observed and is measured electrically open on dies with a L/S of
2/2 um. Only dies with a L/S of 5/5 um were measured at 4K. All the simulated and measured
results regarding insertion loss are within 1 dB loss in three link lengths up to 20 GHz, meaning
the ultra-short, short and long links in a compact assembly on Superconducting-IF are suitable to
carry quantum information and SFQ signals. All the simulated and measured results regarding
crosstalk are lower than on-chip thermal noise and the values are almost below -23 dB up to 20
GHz, indicating that the short and long links links from proximal integration of dielets on
Superconducting-IF are suitable for inter-dielet communication. At the end of the chapter, to
have SeeQC dies with 20 Q impedance match to measurement tools with 50 Q0 impedance,
simulations were implemented on quarter-wavelength-coplanar-waveguide impedance
transformers resonating at 13 GHz. Since the designed dimension of the coplanar waveguide can

vary during the fabrication process, the dimensions of the coplanar waveguide are changed
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intentionally in the model. With the dimension of the center signal path ranging in 24-30 um and
the gap ranging in 1.8-2.6 um, the resonance is preserved. The SeeQC dies are integrated on
Superconducting-IF and are pre-tested successfully but due to the company tool issue, only

simulation results are presented.
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Chapter 7

Conclusions

7.1 Conclusions

This dissertation introduces the mechanism of quantum computing and various physical
vehicles to potentially realize a large-scale quantum computing. This thesis points out the
principal difference between a transistor computing and a qubit computing and organizes the
hardware challenges, especially the 1/O, latency and thermalization, to build a large-scale
quantum computer from the viewpoint of electronic packaging. The objective of this dissertation
is to minimize the challenges through cryogenic heterogeneous integration and advanced
packaging approaches.

In Chapter 2, four types of architectures for quantum computing are presented: the room-
temperature-CMOS architecture, the CryoCMOS architectures of Google, Microsoft, Intel, the
3D-stacking architecture through superconducting TSV from MIT, and the JJ-based architecture
featuring ultra-low-power-dissipation that can integrate with qubits. To further investigate the JJ-
based architecture, various types of JJ-based circuits and their power dissipation are presented.

In Chapter 3, the packaging technologies for room-temperature applications, including
traditional PCB assembly, advanced assembly through flip-chip heterogeneous integration and
Silicon Interconnect Fabric, are overviewed. The packaging technologies for cryogenic
applications, including wire-bonding and flip-chip, and their concerns for the large-scale

quantum computing are introduced.

In Chapter 4, the cryogenic version of the Silicon Interconnect Fabric- Superconducting-IF is

introduced and it will inherit all the features of Si-IF. The detailed concept of quantum system
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integration on the Superconducting-IF from the aspects of thermal limits of qubit chips (< 500
nW) and the deep cryogenic chamber (< 20 uW) is described. The comparison between the
proposed concept in this thesis and the existing schemes is presented. Through the development
of flexible cables and the superconducting multiplexing, controlling over one million qubit

arrays is possible using the quantum system integration on the Superconducting-IF.

In Chapter 5, the logistics and the experiments to use the Au interlayer for quantum
applications are presented. The Au interlayer bonding technology is demonstrated to be fine-
pitch, mechanically robust, and electrically reliable, and has a quantum compatible process with
a critical current value 7-8 X higher than the required current to drive functional superconducting
chips for both processing and memory. On the Superconducting-IF platform, heterogeneity and
flexibility are both demonstrated regarding the die sizes, the distance between each flip-bonded

die, and configuration.

In Chapter 6, to realize the proposed concept of wafer-level integration on Superconducting-IF
for large-scale quantum computing with qubit array and periphery JJ-based superconducting
control/readout dies, superconducting RF characterization, including insertion loss and crosstalk
for inter-dielet communication is implemented. All the simulated and measured results regarding
insertion loss and crosstalk are below the threshold, meaning the superconducting interconnects

are suitable to carry future delicate quantum information.

In conclusion, to scale up the qubit count to one million and a large-scale integration, the
proposed integrated architecture on the Superconducting Silicon Interconnect Fabric is one
alternative approach besides the CryoCMOS methods and our proposed approach can potentially
unsheathe the full strength of quantum computing.

This dissertation achieves the following intellectual contributions: (1) among the first to
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combine heterogeneous integration and advanced packaging with quantum applications, (2) the
first work to propose the architecture of integrated system-on-wafer quantum hardware, (3)
demonstration of the Au interlayer bonding to be fine-1/O pitch, mechanically robust, electrically
reliable, and quantum compatible, and (4) the first work to achieve low-loss, low-crosstalk, and

20GHz-broadband RF capability on superconducting short links through advanced packaging.
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7.2 Outlook

The superconducting version of Si-IF technology is a superior alternative to realize a large-

scale heterogeneous quantum computing as compared to PCBs. Although the potential

advantages of the proposed scheme that uses fine-pitch integration on the superconducting

Silicon Interconnect Fabric are significant, several challenges remain and four major directions

for the future are suggested below:

1.

Bonding material that can achieve fine-pitch applications, can be superconducting and can

have quantum-compatible fabrication process (<150 °C):

For quanutm computing, a lower resistance is always a better way. This is the reason
indium bumps are adopted for its superconductivity at millikevin. Indium bumps, however,
cannot achieve fine-pitch applications for a future compact quantum system due to solder
extrution during flip-chip bonding process. Therefore, the low-temperature Au interlayer
bonding technology is developed to achieve 10-um I/O pitch and its resistance has been
optimized to reach an excellent specific contact resistance in the order of 1078 Q — cm?,
which is the limitation to this material because Au is not a superconductor and the resistance
of Au does not drop abruptly at certain temperature. The Au interlayer bonding technology
demonstrated in this thesis is the first phase of proof of concept. The second phase of proof
of concept can explore different material, such as Pb and Al, to achieve superconducting

fine-pitch applications and with quantum-compatible fabrication process (<150 °C)
Qubits and superconducting control/readout circuits co-integration on superconducting-IF:

Designing one qubit and relevant superconducting control/readout circuits and integrating

them on a substrate has been demonstrated by University of Wisconsin-Madison/Syracuse
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University in 2018/2019. The qubit fidelity can achieve at least 95%, which is a good
fidelity. Through lab collaboration, after securing the qubit die and relevant superconducting
control/readout die, integrating all of them using the Au interlayer bonding on the
Superconducting-IF with a fine I/O pitch can be a good starter to demonstrate the proposed

architecture in Chapter 4.

Superconducting integrated flexible cables that can replace stand-alone coaxial cables and

corresponding cryogenic miniaturized connectors:

At Auburn university, it has been demonstrated that multiple superconducting wires are
fabricated and integrated compactly on flexible polyimide substrates[153], which can
potentially replace multiple coaxial cables connecting from room-temperature electronics to
the deep cryogenic chamber. The superconducting flexible cables are anchored on
Molybdenum through their cryogenic connectors[154]. In this way, each wire on average
dissipates less heat, meaning more wires can be installed inside the fridge chamber and
allowing more qubits to be integrated. These technologies can be applied on the

Superconducting-IF for further increase of qubits and decrease the chamber heat load.

. Development of superconducting multiplexing:

Superconducting multiplexing technique enables multiple qubits control with one wire.
State-of-the-art superconducting multiplexing can achieve 1-to-8 multiplexing or 8-bit
multiplexer [100]. The bottleneck is the phase matching and the power on each wire after
multiplexed. The phase matching issue can possibly be resolved through a careful design,
while the power can be amplified through Josephson parametric amplifier or on-chip

integrated circulators. Through these methods, 16 bits of superconducting multiplexer should
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be possible to attain.

Development of high Tc superconductor:

As compared to the low-temperature superconductor, Nb, used in this thesis, high Tc
superconductor, such as Yttrium barium copper oxide (YBCO), can possibly come into play
on the platform of the superconducting silicon interconnect fabric for high conductivity and
large-scale quantum computing applications. Although thermal noise and other noise will
increase due to a higher chamber temperature at 77 K after adopting high Tc superconductor
as superconducting interconnects, the available cooling power of the fridge, however, can
increase to a couple of watts, instead of a few microwatts. This significant increase in the
cooling power allows housing more coaxial cables and relevant components inside the fridge
for independent qubit controls/readout and is an alternative approach to scale up the qubit

count.
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