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ABSTRACT OF THE DISSERTATION

High-Transition Temperature Superconducting Digital Electronics With Helium Ion
Irradiated Junctions

by
Han Cai

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, March 2022
Dr. Shane A. Cybart, Chairperson

Superconducting digital logic electronics based on Josephson junctions is estab-
lished as the ultra-fast speed and ultra-low power consumption microelectronics device.
Significant progress has been made in the development of superconducting digital circuit
based on low-T¢ superconductors. Rapid single flux quantum (RSFQ) logic has been exper-
imentally demonstrated to operate up to 770 GHz clock frequency with a bit-error rate close
to the measurement limit. The power consumption is extremely low in such high-frequency
operation, about three orders of magnitude less than that of CMOS logic. The energy dis-
sipation of Quantum flux parametron (QFP) has been reduced to the order of 1072 Joules
per transition. However, low T digital circuit requires more complicated cryogenic sys-
tems to operate below liquid helium temperature (sub-kelvin temperatures). An effort has
been made to develop high T digital circuits for operation above nitrogen temperatures.
Further development is needed to solve a number of problems. In order to enable circuit
functionalities and complexities required for computing, a very large-scale integration of su-

perconducting circuit is needed. Comparing to the typical CMOS circuit integration scale,

vii



due to the physical limitations on the size of superconducting logic cells made by traditional
fabrication process, the present superconducting integrated circuit density is several orders
of magnitude lower [1].

The realization of using focused helium ion beam (FHIB) to write an over-damped
Josephson junction on the material of yttrium barium copper oxide (YBCO) [2] will further
extend the digital logic technology to high T superconductors and allow the circuit be
tested at liquid helium temperature, which will also make the integration with nitrogen-
cooled circuits easier. Furthermore, a multilayer process is presently used to make Josephson
junction, which is complicated and limit the scale of the circuit. The ion irradiation tech-
nology makes the circuits simpler. It is possible to fabricate nano scale circuit, allows to
design more complex circuit and solve the challenge of large-scale integration. In this disser-
tation, we show the simulations and measurements of some basic RSFQ cells made by high
T, materials, with which can monitor the propagation of signal and prove the logic function
of the chip fabricated by FHIB technology. In the future, we will continue the prospects
for a further increase of the operation temperature and implementation of complex digital

circuit.
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Chapter 1

Introduction

1.1 Superconducting Electronics

Superconductivity was discovered by Dutch physicist Heike Kamerlingh Onnes in
1911 in Leiden when he was studying the resistance of solid mercury at cryogenic tempera-
tures [3]. It is a phenomenon that in certain materials, the electrical resistance vanishes and
magnetic fields are expelled when the temperature is lowered than a characteristic critical
temperature To. Great efforts have been devoted to finding out the quantum mechanical
mystery of superconductivity. In 1933, Meissner and Ochsenfeld discovered the Meissner ef-
fect, the phenomenon that the applied magnetic fields are expelled from superconductors [4].
In 1935, Fritz and Heinz London devised the London equation and used it to explain the
Meissner effect, which was the first theoretical model for superconductivity [5]. Anther im-
portant step occurred in 1950s: the phenomenological Ginzburg-Landau theory (1950) [6]
and the microscopic BCS theory (1957) [7]. The phenomenological Ginzburg-Landau the-

ory successfully explained the macroscopic properties of superconductors and predicted the



two categories of superconductors: Type I and Type II. The BCS theory was proposed
by Bardeen, Cooper and Schrieffer, which was a microscopic theory and explained the su-
perconducting current as a superfluid of cooper pairs. Cooper pair is a pair of attractive
electrons bounded together and mediated by the exchange of phonons. In 1962, Josephson
established the Josephson effect that a supercurrent can flow through two superconductors
separated by a thin insulating layer [8]. IBM had fabricated the first Josephson junction
within a few years [9]. In 1983, Bell Labs successfully made a niobium/aluminum oxide
Josephson junction with a more reliable and easier fabrication technology.
Superconducting digital electronics started from the invention of cryotron, a simple
switching device developed by Buck in 1954 [10]. The cryotron utilized the transition from
the superconducting state to the normal state by the magnetic field which can destroy the
superconductivity. Due to the transition was caused by a thermal effect, the switching speed
was low. In 1967, with the prediction of the superconducting tunneling effect by Josephson
and experimental demonstration of the Josephson effect by Anderson and Rowell, Matisoo
proposed a switching device based on Josephson tunnel junctions, called latching logic
gate [11] [12]. In order to reset the logic gate from resistive state to the superconducting
state, the device should be AC powered. The switching delays were about 10 ps [13], which
were much shorter than the switching time of semiconductor devices at that time. However,
with increasing the frequency of the AC power, the punch-through probability would also
increase and cause the failures in the logic operation. In order to overcome the disadvantage
of latching logic, a new logic operation had been proposed in 1985, which used a single flux

quantum (SFQ) as an information carrier. The first logic system utilizing SFQ pulses



propagating in the circuit was called resistive SFQ logic, proposed by the researchers from
Moscow State University [14]. The circuit consisted by overdamped Josephson junctions and
used small resistors for connecting gate to gate. In order to improve the speed and energy
efficiency, the researchers used superconducting wires and Josephson junctions to replace the
resistors and named the new system rapid SFQ (RSFQ) [15]. The RSFQ circuit had a wider
operating margin, lower bit error and higher operating frequencies, up to the order of 100
GHz [16]. The systems based on SFQ have been developed recently, such as the application
in the reversible computing, neuromorphic computing and quantum computing. Reversible
computing has been proposed to achieve if there is no reductions in information entropy
during a logic operation. The adiabatic superconducting device with adiabatic switching
operations is a good candidate for a logically and physically reversible gate, which bit
energy can be close to the order of thermal limitation kg7 [17]. A natural neuromorphic
technology utilizes SFQ circuit to mimic neural systems with quantized SFQ pulses and
superconducting transmission lines resembling action potentials and axons generated by
biological neurons, respectively [18]. In superconducting quantum computing system, SFQ
circuit can be used for generating microwave pulse with the time resolution of sub-ns,
precisely controlling the qubit state and adequately detecting the output microwave at the

same temperature stage as qubits. [19].

1.2 Limitation

The motivated efforts toward development of superconducting device is that the

superconducting digital circuit is believed to be fastest speed and lowest power consumption.



This circuit will contribute to the future type computing, like reversible computing and
quantum computing. Also, Superconducting device is sensitive to the magnetic field which
can use as magnetic flux signal detector.

Superconducting electronics has already contributed significantly to the needs of
our society. It has the potential to play a major role as a key technology in the future.
However, superconducting low T devices need cooling to quite low temperatures. Difficulty
arises in transitioning these signals through large temperature gradients for connection
to semiconductor components. For practical applications, a cast of important support
electronics is needed to connect these low temperature quantum devices to our classical
worlds.

Therefore, we try to make a high T digital circuit which don’t demand stringent
requirements for a cryocooler system and allow the device to operate at a higher tempera-
ture. Moreover, the voltage state resistances of high-T superconducting devices are more
suitable for impedance matching to semiconductors than the resistance of traditional low-T¢
superconducting devices. We apply a simpler technology to fabricate the Josephson junc-
tion: Focus Helium Ion Beam (FHIB), which can make a Josephson junction with a high
current density. This technology can also scale down the size of junction and use for making
large scale integrated circuit in the future. Improvement in this technology would also help
to meet expectations in the superconducting electronics concerning size and integration into

existing frame works of the telecommunication industry.



1.3 High 7, Superconductivity

High T superconductors are a kind of materials that behave as superconductors
with critical temperatures greater than the boiling point of liquid nitrogen. In 1986, Bednorz
and Muller discovered superconductivity in lanthanum barium copper oxide (LBCO) [20],
a lanthanum-based cuprate perovskite material, which had a transition temperature of
35 K. Soon after that, it was found that replacing the lanthanum with yttrium (yttrium
barium copper oxide) would raise the critical temperature above 90 K [21]. Fig. 1.1 is the
experimental resistance and temperature characteristics of a 35 nm Yttrium barium copper
oxide (YBCO) thin film. The transition temperature is about 94 K. YBCO is a cuprate
superconductor, which crystallizes in a layered orthorhombic distorted perovskite structure.
As shown in Fig. 1.2, the material is consisted by 3 stacks of perovskite in a unit cell with
deficient oxygen. YBCO is very sensitive to the oxygen order in the crystal lattice which
can be altered by light ion irradiation. Due to ion irradiation would cause displacement of
atoms in the crystal structures or carrier concentration would change from excess of oxygen
vacancies, it can use to modify the materials and make a Josephson junction. Our group
has demonstrated that Josephson junctions can be fabricated on epitaxial YBCO thin films
by utilizing FHIB [2]. Moreoever, comparing to other high T superconducting materials,
YBCO is relatively easy to grow through Sputtering. The critical temperature and current

density are also high enough for our experiments.
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interacting with an YBCO crystal. [2].



1.4 Josephson junction

A Josephson junction is one that consists of two superconductors weakly coupled
by a thin barrier, shown in Fig. 1.3. It can experience quantum mechanical tunneling
of electron cooper pairs through the barrier without breaking up the pairs, which is an
important feature of a superconductor. The behavior of a cooper pair on each side of the
tunnel barrier can be expressed by a wave function. The cooper pair tunneling across the
junction and the wave function coupling between two superconductor are described by the
Josephson effect. The Josephson effect is the phenomenon of supercurrent flowing across
the barrier without any voltage applied. The coherence of the wave function is responsible
for two Josephson effects: first is the weak-link current-phase relation (DC Josephson effect)
and the second is the superconducting phase evolution equation (AC Josephson effect). Two
relations are used to describe the dynamics of these two Josephson effects.

The DC Josephson effect is related to a direct current crossing the junction without
any external electromagnetic field applied, which is the result from Josephson tunneling.
The DC Josephson current is proportional to the sine of Josephson phase. The Josephson
phase is the phase difference across the junction. In this case, the Josephson phase is a
constant over the time due to the absence of a voltage and the supercurrent flowing through
the junction is a direct current. Critical current /¢ is the maximum current to sustain the

superconducting states. The DC Josephson current takes values below the critical current.

1= Icsin(¢1 - gbg), (11)
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Figure 1.3: The schematics diagram of a Josephson junction.

In the AC Josephson effect, a fixed voltage is applied across the junction and results
in linearly varying Josephson phase ¢ in accordance with time. Due to the modulation of
Josephson phase, a sinusoidal alternating current with an amplitude of I, is generated.
The oscillation frequency is proportional to the applied voltage: f = 2¢V. Depending on
this feature, a Josephson junction can be used as a voltage-to-frequency converter. The
maximum applied voltage is limited by the energy gap, which is the minimum energy
required to break the Cooper pairs apart to quasiparticles excitation.

dp _ 36V, 0

Fig. 1.4 is an example of current-voltage characteristics of a Josephson junction.
The junction will change to a voltage state with a resistance Ry when the applied current
is larger than the critical current. Io Ry product is theoretically related to the energy gap.

When a perpendicular magnetic flux applied to the junction, the critical current

will be periodically modulated with the flux quanta in a sinc function reminiscent of the

optical Fraunhofer diffraction pattern shown in Fig. 1.5. Fraunhofer diffraction pattern
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shows the maximum Josephson current in a single Josephson junction.

1.4.1 Resistively Shunted Junction Model

The current-voltage characteristics and the dynamics of a Josephson junction can
be described using the semiclassical resistively capacitively shunted junction (RCSJ) model.
When the current through the Josephson junction goes above critical current (I.), the
junction becomes resistive. Cooper pairs are not the only charge carries that can tunnel
through a junction. It is possible for a cooper pair to break up onto electron quasi-particles,
which tunnel through the junction and recombine as a cooper pair on the other side. When
these electrons tunnel through a junction, the process is resistive with a resistance Ry.
According to the AC impedance of an actual junction, it is also capacitive. These processes
can be modelled by the RCSJ model shown in Fig. 1.6. In this model, an ideal junction is
placed in parallel with a resistor and a capacitor. 1.3 is obtained by simplifying the previous
Josephson current function with this model and the Stewart-McCumber parameter S¢ is
got from this equation.

The current can be expressed by the voltage and the phase difference across the

junction:

dv . |4
I = CE + Icszngo + E, (13)

According to the superconducting phase evolution equation 1.2, the expression for

the current becomes:
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Figure 1.6: The RCSJ model for a Josephson junction. C is the effective capacitance and
R the effective resistance of the junction.

, dy d%p
I:smgo—i—@—i—ﬁcw, (1.4)
2
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fo = SN & Cq) N (1.6)
0

The constant B¢ is the damping factor. Fig. 1.7 shows the experimental cur-
rent—voltage characteristic of two different types of junctions. When B¢ > 1, the junction
is underdamped junction. An underdamped junction will show hysteresis in the current-
voltage curve. When ¢ < 1, the junction is overdamped junction and the current-voltage
curve is nonhysteretic. When ¢ = 1, the junction is critical junction. The digital circuit

require an overdamped or critically damped junction.
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Figure 1.7: (a) A hysteretic current—voltage characteristic for an underdamped junction.
(b) A non-hysteretic current—voltage characteristic for an overdamped junction.
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1.4.2 Focused Helium Beam Irradiated Josephson Junctions

The junction is patterning by Focus Helium Ion Beam (FHIB) direct writing tech-
nology. Ion irradiation has strong effects on the high 7. superconductors. It causes dis-
placement of atoms in the crystal structures or carrier concentration changes from excess
of oxygen vacancies. The helium ion beam is finely focused to 0.754+0.25 nm from a gas
filed ion source. YBCO lattice can be converted from superconducting to insulating at an

2. A moderate ion dose of ~ 106 Het/cm? is applied

irradiation dose > 10% jons/cm
to create a very narrow insulating barrier for YBCO junction. As a result, an in-plane
superconducting-insulating-superconducting (SIS) junction can be obtained by this direct
ion irradiation. As a heavy dose results in a lower Josephson junction critical current, in
this dissertation, an ion dose between 1.75 x 1016 He® /em? and 2.75 x 106 He™ /em? is
used to modulated a critical current from 70 pA to 140 pA.

Our group have successfully fabricated a nanoscale Josephson junction by FHIB
with confining the irradiated region to sub-10-nm dimensions. The junction was demon-
strated with insulating tunnel barrier, no excess current and high resistance. The Fig. 1.8
(c) shows the experimental current-voltage characteristic of a S-I-S junction over a large
range of temperature, which voltage state resistance Ry increases with the temperature

cooling down. The non-hysteresis current-voltage curve also proves that the junction is

overdamped, which is suitable for the digital circuit.
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Figure 1.8: Current-voltage characteristics of 4 um-width junctions with barrier being (a) a
metal, (b) in the middle of metal-insulator transition, and (c) an insulator with temperatures
ranging from 4.2 K to 45 K. In (b) the resistance is a constant R ~ 6 over 40K.
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1.5 Superconducting digital circuit

Superconducting logic circuits are built on the properties of superconductors: zero
resistance superconducting wires, flux quantization and ultrafast junction switching to en-
code, process and transfer data. The circuits are made by active junction and passive
inductances, resistances, transformers and transmission lines.

Superconducting digital circuits are based on the properties of superconductivity
and Josephson junction. The main property of superconducting circuits is related to the
dynamics of magnetic flux in the circuits, which has manifested itself in macroscopic quan-
tum state: magnetic-flux quantization in units of &g = h/2e (fluxon). In 1961, the effect of
flux quantization was experimentally observed by Deaver and Fairbank [22]. They proved
that the flux through a superconducting loop was quantized: ® = n®y.

Flux quantization plays an important role in the superconducting digital circuits.
The current circulating around a closed superconducting loop with inductance will maintain
a magnetic flux of n®y, which can use as a digital storage element. If the loop contains N

Josephson junctions, the flux through a loop becomes:

O+ — ) @ =nd, (1.7)

Due to the junction switching, the value of n is changed. The junction acts as a
controllable valve that permits flux quanta to leak out or be pumped into a superconducting
loop. One flux quantum changing would cause a 27 switching in the Josephson phase. From
the function 1.2, the corresponding voltage across the junction produces a pulse with a

quantized area of [ Vdt = @, which is named as a single flux quantum (SFQ). The pulse
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width and amplitude is determined by the parameters of the Josephson junctions, which can
be as narrow as 1 ps with an amplitude of about 2IoRy. The switching energy per pulse
is on the order of I¢®y, which is much lower power consumption than other technologies.
The use of narrow SFQ pulses forms the basis of rapid SFQ logic (RSFQ), the fastest digital
circuit that has been developed worldwide, which has been demonstrated with a speed in

excess of 750 GHz [23].
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Chapter 2

He-FIB Directly-Written

Josephson Junctions

2.1 Ion Irradiation Effect

Several YBCObased Josephson junctions technologies have been studied, such as
grain boundary [24], bicrystal junction [25], step-edge junctions [26] and c-axis sandwich
junctions [27] with multiple-layer structures. However, ceramic copper-oxide superconduc-
tor is difficult to fabricate high quality multilayer. It’s been known that ion irradiation
can affect the material properties of YBCO and even cause the material transition from a
superconductor to an insulator. A new technology is the Focused Helium Ion beam (FHIB)
direct-writing, achieved by a Carl Zeiss Orion Plus helium ion microscope. Instead of us-
ing electron beam, our group use a novel FHIB junction technology to simply the junction

fabrication process.
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Helium ion beam has a much smaller diffraction effect, and with an atomically
sharp tungsten tip, only three atoms at the topmost, which is usually called trimmer. The
helium ion beam is already focused from its source. Those two key features make the beam
a spot size about a quarter nanometer to half nanometer, which is about 30 times smaller
than gallium based focused ion beam. As shown in Fig. 1.2 (b), an ion beam propagates
through the thin film and leaves a very narrow damage track. With increasing ion dose,
the resistivity increases and critical temperature decreases. YBCO lattice can be converted
from superconducting to insulating at a high irradiation dose. Therefore, a moderate ion
dose is applied to create a very narrow tunnel barrier for YBCO junction and a heavy dose

is used to create insulating region.

2.2 YBa;Cu307;_; He-FIB Junctions

Based on the effect of ion disorder, our group use FHIB to irradiate YBCO film
and create a planar junction by direct writing technology with amazing properties. The
disorder caused by helium ion can change the YBCO from superconductor to normal metal,
or insulator. The Josephson junction is obtained by the ion irradiation, which consists of
two superconductors separated by a very thin insulator. Jopseson junction can sustain a
certain supercurrent without any voltage applied and then switch to a tunnel resistance
under a high voltage bias, like the theoretical RCSJ model shows.

As shown in the Fig. 2.1, the helium ion microscope gets its ions from the gas
field ion source. A high voltage is applied to atomically sharp tungsten tip and form the

trimmer. The surrounding helium gas will be ionized by the large electrical field around
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the trimmer. A series of electromagnetic lenses are used to narrow and control a helium
ion beam to the nano scale, which can be used to locally disorder the desired region on the
YBCO film. The spot size of the ion beam is only 0.5 nm. It can create disorder in a few
nanometer wide range and scale down the junction to 2-3 nm. Performance is determined
by the current and voltage characteristic, shown in Fig. 2.2. The critical current is about

35 nA and the normal state resistance is about 10 €2.

+V

Atomically sharp
tip at high
voltage

(30 ~ 40 kV)

Trimmer

Substrate

Superconductor — Ton Implanted — Superconductor

Figure 2.1: The schematics diagram of Josephson junction written by FHIB.

Conductivity is measured by increasing the voltage bias to a non linearity of the
tunnel junction current-voltage curve region and capturing a high frequency dither in a
Lock-in Amplifier. The spike in the middle of Fig. 2.3 is correspond to the suppercurrent

at zero voltage. The peak position reveals the superconducting energy gap.
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Figure 2.2: The current-voltage characteristic of a directly written Josephson Junction.
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Figure 2.3: The conductance-voltage characteristic of a directly written Josephson Junction
measured at a non linearity IV region.
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A perpendicular magnetic field is applied to get the critical current magnetic field
characteristic of a Josephson junction, which is Fraunhofer-like pattern. Fig. 2.4 shows
the experiment result of a critical current modulated by the external magnetic field. The
oscillation period is changed by the junction width. Narrow junction has a wider oscilla-
tion period. The maximum critical current would be obtained at zero applied field. But
if a Josephson junction traps environment magnetic flux during the cooling process, the
maximum critical current would deviate from zero field and appear at a non-zero magnetic

filed.

90

30 - .

Modulating Current (pA)

a0 M 1 L | " 1 M
-1000 -500 0 500 1000

Applied Field (uT)

Figure 2.4: The Fraunhofer diffraction pattern of a directly written Josephson Junction.

The experiment results shown from Fig. 2.2 to Fig. 2.4 demonstrate that the
FHIB technology has the ability to fabricate a planar junction with a perfect quality.

As mentioned in the Chapter 1, the junction consists of two superconductors cou-
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pled by a weak link. The weak link can consist of a thin insulating barrier (known as
a superconductor—insulator—superconductor junction, or S-I-S) or a short section of non-
superconducting metal (S-N-S). With different dosages, the Josephson junction can be tuned
from Superconductor-Normal-superconductor to superconductor-insulator-superconductor
junction. Fig. 2.5 is a comparison of SNS and SIS junction as a function of temperatures.
When the dosage is light, SNS junction is obtained. Reducing the temperature, the resis-
tance at voltage state also decreases, which is expected for a metallic barrier. When the
dosage is large enough, SIS junction is obtained and the resistance increases with lowering
temperature, which is expected for an insulator barrier. In the application of digital logic
gates, SIS junction is used due to its lower excess current and larger IRy product.

To test our planar ion-irradiated Josephson junctions for the nanoscale application,
an experiment to measure a junction with width from 4 gm down to 50 nm has been devised.
Fig. 2.6 shows a directly written nano junction. A 4 yum YBCO wire was narrowed down to
nm by two insulating barriers, which restricted current to a nanowire. A Josephson junction
was inserted in the middle of the wire with a lower dose. Fig. 2.7 is the results for different
width junctions. The critical current is proportional to the width while the resistance is
inversely proportional with the width. All of the junctions have a similar IRy product of
about 400 pV. The constant IRy product implies the material properties remaining the
same and no thermal damage.

This new technology provides an improvement in patterning high T supercon-

ductors and enables fabrication of high density nano scale superconducting circuits and
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Figure 2.5: (a) The current-voltage characteristics for a SNS junction at different tempera-
ture. (b) The corresponding temperature dependence of I (left axis) and Ry (right axis)
for this SNS junction. (c¢) The current-voltage characteristics for a SIS junction at differ-
ent temperatures. (d) The corresponding temperature dependence of Io (left axis) and
Ry (right axis) for this SIS junction. The insert figure shows the temperature dependence
Io Ry products.
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Figure 2.6: Helium ion microscope image of a 800 nm junction.
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Figure 2.7: The width dependent critical current I (left axis) and normal state resistance
Ry (right axis) of the directly written planar junctions.
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interconnects.

2.3 NDbLN He-FIB Junctions

Moving on from the application of FHIB technology on the high T~ superconduc-
tor, we also investigated the application of FHIB to the low T superconductor. As shown
in the Fig. 2.8, we zapped 10 nm NbN microstrip on silicon substrate with ~ 1 x 10%°
Het /em? and successfully made junctions out of it. Fig. 2.9 - 2.11 are the primary re-
sults of a NbN zapped junction. In Fig. 2.9, the second transition temperature at 7.8 K
indicates the existence of a zapped Josephson junction. The current-voltage characteristics
are obtained by 4-point measurement. At 4.2 K, the critical current is about 8 A and the
normal state resistance is about 10 Q. Fig. 2.11 shows the Fraunhofer diffraction pattern of
a directly written NbN Josephson junction. The phenomenon of magnetic field dependent

critical current demonstrates this zapped NbN junction works.
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Figure 2.8: Helium ion microscope image of a NbN junction.
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Figure 2.9: The resistance and temperature characteristic of a NbN thin film with a junction
irradiated by the FHIB.
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Figure 2.10: The current-voltage characteristics for a NbN irradiated junction at three
different temperatures.
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Figure 2.11: The characteristics of voltage (left axis) and critical current (right axis) vs.
magnetic filed for a NbN irradiated junction.
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Chapter 3

Inductance Investigation

3.1 Motivation

Superconducting computing provides a promising high performance, energy-efficient
alternative to conventional computing, where power and cooling for large-scale computing
systems are drastically becoming unmanageable problems- especially for centralized super-
computers and data centers. With the advantages of wide temperature operation and low
cost of cooling, high critical temperature (7¢) superconductors could revolutionize future
systems. The computing speed and energy cost per bit of superconducting circuits depend
strongly on their inductance. Therefore, critical factors affecting the performance of su-
perconducting devices include precise design and control of the inductance. Additionally,
technological improvements in the growth patterning and the interconnection of multiple
layers can further optimize the inductance of more complex digital circuits [28-30].

Recent innovations in high-quality and reproducible YBCO devices fabricated by

focused helium ion beam (FHIB) irradiation [2,31-34] could aid in the development of
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high-T¢ superconducting digital circuits. However, the beam energy of the FHIB is not
high enough to penetrate thick films, unlike the prior-art of masked ion beam irradiated
junctions [35]. Therefore, FHIB junctions are only suitable in the films with thicknesses
much less than the penetration depth Ao ~150 nm [36]. This is particularly important
because the inductance is dependant on the two dimensional penetration depth, which
rapidly increases with decreasing film thickness ¢, A} = )\% /t.

In previous work [37-40], the total sheet inductance of YBCO can be reduced to
just ~1 pH/O with the addition of a ground plane. However, these demonstrations utilize
300 nm to 400 nm thick dielectric layers and 200 nm to 300 nm thick counter electrodes.
These structures had thicknesses larger than their penetration depth, which merits the study
of the inductive properties of thinner films where kinetic inductance dominates. Therefore,
in this work we experimentally measured the geometric and kinetic inductance of commer-
cially grown single and double layer YBCO thin films grown by reactive coevaporation [41]

onto sapphire wafers with thicknesses much less than their penetration depth.

3.2 Fabrication

Single and multilayer films of YBCO were grown on r-plane sapphire buffered with
20 nm of CeOy by Ceraco GmbH, with thicknesses much less than the penetration depth
of YBCO. The single-layer film was 35 nm thick. The multilayer structure consisted of
two superconducting layers separated by an insulator with the following thicknesses: 35 nm
YBCO, 75 nm CeO2 and 135 nm YBCO (from top to bottom). The insulating layer should

be thick enough to prevent the leakage current from flowing through the pinholes in the
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CeOs. The total thickness needs to be kept to under 300 nm in order to ensure the film
stability and to prevent cracking from happening during the deposition process. A 200-nm
thick gold electrode was evaporated in-situ to make electrical contacts. In previous work,
we detailed the synthesis of these multilayer films and verified that the two superconducting
layers were isolated from one another with no pin-hole shorts through the CeOq insulator
[42]. The lithography procedure is shown in Fig. 3.1.

IRER LE 1B

Reactive Co-evaporation JRp—— Laser Lithography I Argon Ton Milling

YBCO 40 om _— _—
Ce0s 20 nm (Buffer Layer)

g

Laser Lithography 11 KI Chemical Etch FHIB Irradiation ~~ Junction

Figure 3.1: The process of fabrication.

3.3 Measurements

To investigate the sheet inductance (inductance per square), we utilized SQUIDs
with electrodes for direct current injection into the SQUID loop [43]. In these devices,
inductance can be accurately determined by measuring the SQUIDs’ magnetic field response
to the injection current [44]. We fabricated several direct-inject SQUIDs in the upper layer

of the multilayer sample as well as in a second single layer sample using a fabrication method
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Bias current

Direct injection current _ *

0 Josephson
Junction

Bias current{ }

Figure 3.2: The optical microscopic photograph of YBCO SQUIDs fabricated from the
multilayer film. The center dark area is the exposed top YBCO pattern, where the gold
electrode layer was chemically etched away. The solid white lines represent the Josephson
Junctions, which are directly written on the exposed top YBCO layer by the helium ion
irradiation. The design is a symmetrical pattern. From top to down, the five SQUID loops
have 5, 7, 9, 11 and 13 squares of inductance in common with the direct inject control line.
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Figure 3.3: The schematic of measurement system.

detailed in previous work [45,46]. In Fig. 3.2, the multilayer SQUID chip is shown. The
area of the SQUID loop can be defined as the area of a single square times the number of
squares that make up the loop. In our design, the SQUIDs have different areas of the loops
with different numbers of squares: 5, 7, 9, 11 and 13, to accurately determine the sheet
inductance of the material. The chips were created using laser lithography and argon ion
milling in order to pattern the large-scale electrodes into both the gold and the top YBCO
layer. Since there is no return current flowing through the ground plane on the bottom, the
undesirable influence of magnetic fields induced by the bias currents and the ground return
currents can be neglected in this situation. Subsequently, Josephson junctions were written
using a Zeiss Orion Plus helium ion microscope applying dosages of about 8 x 10'® He* /cm?

to modify portions of the superconducting film into insulating lines that form Josephson
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Figure 3.4: Voltage external magnetic filed characteristics for (a) single layer thin film
SQUID with 135 pV modulation amplitude and (b) SQUID on multilayer film with ground

plane with no voltage-external magnetic field response.
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junctions [2].

The chip is wire bonded to a copper plate carrier with a diode for accurate mon-
itoring of the local temperature of the chip. The chip carrier is mounted in an evacuated
dip probe and cooled in a liquid helium Dewar with magnetic shielding for electrical mea-
surements. As shown in Fig 77, the cryoperm shield probe is immersed in liquid helium
Dewar. The test signal is generated by an Agilent arbitrary waveform generator. Low noise
Preamplifiers are used to readout the output signals. A 100 2 resistance is in serial to
calculate the current flowing through the device. A copper coil is attached to the back of
the chip holder for applying an external magnetic field. In order to reduce the noise, the
coil is powered by the battery. The data was recorded by a National Instruments analog to
digital converter connected to a PC.

Each device was individually tested by DC biasing above the critical current
(297.8 A and 122.8 pA, respectively, for the single layer and multilayer SQUID at 4.2
K) and measuring the voltage-magnetic field (V-B) characteristics with an external mag-
netic field applied normal to the substrate from the backside of the sample. Fig. 3.4 (a)
shows the V-B plot for the single layer device with a large modulation voltage amplitude
of 135 pV. In contrast, Fig. 3.4 (b) shows the multilayer device with no detectable modula-
tion. This demonstrates that the ground plane is superconducting and that it is sufficiently
shielding the SQUIDs from the applied field.

Next, we measured the voltage response of the SQUID by injecting a current
through the common injection line. The voltage modulation of the SQUIDs as a function

of injection current (V-I1) are shown in Fig. 3.5 (a) and (b) for the single layer and for the
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multilayer, respectively. Both chips were operated over a large temperature range from 4
to 60 K. At 4.2 K, the modulation amplitudes were 60 pV for the single layer and 110 4V

for the multilayer SQUID chip.

3.4 Results and Discussion

By comparing the magnetic field periods from the external field AB to the pe-
riodicity in current from the injection line Iy, we can accurately determine the injection
inductance L and the sheet inductance Lg = L;/N, where N is the number of squares of
material. The inductance value of the SQUID loop is determined from L = ®y/AB. Using
a linear fit shown in Fig. 3.6, the sheet inductance is obtained from the inductance plotted
against the lengths of the square loops. At the lowest temperatures, we found Lg to be 6.2
+ 0.2 pH/O and 4.3 + 0.4 pH/O for the single and multilayer films, respectively. This
demonstrates that the ground plane in the multilayer device reduces the sheet inductance
by almost a factor of two.

The thickness of the patterned YBCO layer (35 nm) is thin compared to the
penetration depth of a magnetic field into the superconductor. The total inductance is
mainly contributed by the kinetic inductance and geometric inductance. To differentiate
between the contributions from the geometric and kinetic inductance, we measured the
dependence of the sheet inductance on temperature (Fig. 3.7). The data is fitted using a

model of d-wave superconductors with impurity scattering [47] - [48]:

Lo = Ly + Lu(0)/[1 - (T/Tc)?, (3.1)
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Figure 3.5: Representative (a) single layer and (b) multilayer SQUID voltage - injection

current characteristics (V-I) for several temperatures. The voltage modulation curves are
all offsetting by ~ 10 pV for clarity.
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where Lg is the geometric inductance, Ly is the dependence of kinetic inductance on tem-
perature, Ly (0) is the value at 0 K, and T¢ is the YBCO transition temperature. From a
resistivity vs temperature measurement, we found the T¢ taken at zero resistance for the
single layer YBCO film, as well as for the top YBCO layer in the multilayer structure. The
Tc values were found to be 79 K and 82 K, respectively.

Fig. 3.7 shows the dependence of inductance Lg on temperature was plotted against
[1—(T/Tc)? 1, linearly fitted to Eq. (6.1). From the fit we found the inductance properties
of the single and multilayer devices. The geometric inductances Ly are 2.0 & 0.2 pH/O and
0.1 + 0.4 pH/O, respectively, while the 0 K kinetic inductance Ly are 4.1 £+ 0.2 pH/O
and 4.3 + 0.4 pH/O. As shown in Fig. 3.7, the geometric inductance of the multilayer
is much smaller than that of the single layer device, indicating that the ground plane can
significantly reduce the contribution of the geometric inductance and effectively reduce the
total sheet inductance with no detectable change in the kinetic inductance. As the geometric
inductance refers to the magnetic energy stored within the film, the elimination of geometric
inductance indicates the shielding effect from the ground plane. Moreover, the reduction of
geometric inductance allows for higher device frequency of operation.

The magnitude of the temperature dependent kinetic inductance is determined by
the film thickness and is proportional to the the penetration depth [49], Li./O=puo\(T)?/t,
where A(T')=A(0)/,/[1-(T/ Tc)?]. The kinetic inductance becomes constant when there is no
change in the penetration depth at low temperatures. For the inductance of the multilayer
device, the kinetic inductance dominates, which leads to the inductance becoming constant

at low temperatures. It is also responsible for the appearance of an upturn in the plot
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the measurement data. The solid curve is the result of the fit.
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of Fig. 3.7 (b) at low temperatures. From the kinetic inductance, the penetration depth
can be estimated to be about 290 nm. Due to uncertainties in the measurement of the
film thickness, the calculated penetration depth may be larger than the actual value. The
kinetic inductance responds to the superconducting state and the nondissipative kinetic
energy of the supercurrent [50]. The addition of a ground plane dose not induce more

energy dissipation to the device and eliminates the magnetic energy stored within the film.

3.5 Conclusion

In this work, we investigated the inductance properties of YBCO single and multi-
layer films grown commercially on large area wafers with thickness less than the penetration
depth. The presence of a superconducting ground plane in the multilayer film substantially
reduces the geometric component of the sheet inductance. This significantly relaxes cir-
cuit design constraints for single flux quanta device components requiring small inductance
such as adiabatic quantum flux paramtrons [51]. Furthermore, we showed that the ground
plane can serve as an environmental magnetic shielding layer for SQUID devices. This
could aid SQUID [52,53] or Josephson array [54] based applications for magnetically noisy

environments.
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Chapter 4

High T» Nanoscale
Superconducting Quantum

Interference Devices

4.1 Introduction

Superconducting Quantum Interference Device (SQUID) is well-known as one of
most sensitive magnetometry. As shown in the Fig. 4.1, a SQUID consists of two parallel
Josephson junctions connected in a superconducting loop. A bias current is applied to send
cooper pairs tunneling through the junctions. A fundamental property of a superconducting
ring is that the magnetic flux trapped in the loop is quantized in units of flux quantum.
Only in multiples of flux quantum are allowed to exist in the loop.

SQUID functions as magnetic flux to voltage converter. The magnetic field applied
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Figure 4.1: (a) The schematics diagram of a SQUID. (b) The equivalent circuit of a SQUID.

to the loop will change the phase difference across each of two junctions, which will affect the
critical current of the SQUID. Fig. 4.2 (a) shows two current-voltage curves under different
applied magnetic field. The critical current is periodically suppressed by the magnetic field.
Due to the oscillation of critical current, the voltage is modified by the magnetic flux. One
period of voltage variation corresponds to an increase of one flux quantum. The Fig. 4.2 (b)
is the voltage variation for steadily increasing magnetic field. The modulation amplitude is

determined by the Io Ry product.

4.2 Nano-SQUID fabricated by FHIB

The idea of shrinking the size of Josephson junction and the superconducting loop
is proposed to get a smaller junction capacitance, larger resistance and smaller loop induc-
tance, which allows to explore quantum limited sensitivity of a SQUID with a lower flux
noise. NanoSQUID is sensitive enough to detect even a flip of a single electron spin. For

example, it can use to detect single nanoparticle, or reading out the state of each spin-
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Figure 4.2: (a) The current-voltage characteristics and (b) voltage - magnetic field Charac-
teristic of a SQUID.

based quantum bit individually other than collectively. In order to make a strong coupling,
the size of a SQUID requires to be comparable to the size of the nanoparticle. Moreover,
scaling down the size of the nano-SQUID can allow for cramming more devices into mul-
tiple SQUIDs circuits to customize the impedance and voltage output of transimpedance

amplifiers.

4.2.1 Sample fabrication

The helium ion beam technology has the capability to do sub-10 nm nanofabri-
cation. Therefore, we propose a novel method of patterning superconducting circuits by
local modification of the superconducting material electrical properties with ion irradiation.
Instead of etching away any materials, an insulating barrier is created by disorder in the
material, which minimizes the damage from fabricating a nanoscale circuit. No mask is

needed in the fabrication process. Two junctions and SQUID loop are made at the same
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step by the self-aligned direct-writing process, which results in a fast run fabrication process
with high yield.

In our experiment, the devices were directly patterned by this ion beam without
any mask. Fig. 4.3 (b) is a helium ion microscope image of a nano-SQUIDs with a 400 nm X
400 nm SQUID loop and two 200 nm-width junctions. The black areas are insulating region,
irradiated with heavy dose. An area irradiation is performed to make an insulating hole. In
order to fabricate a nano junction, firstly, a heavily irradiation is used to make a nanowire.
Then a light irradiation is applied to the nanowire to make a YBCO tunnel junction, Due
to the nano-SQUID loop is too small, it is hard to inductively couple magnetic flux into a
nano-SQUID. However, the coupling strength is inversely proportional to the distance. In
the design, a control line is placed only a few nanometers away from the SQUID, which
results in a strong coupling. This control line is defined by heavy dose-irradiated insulating
pathway, which separates the control line and nano-SQUID. Magnetic flux produced by the

control current flowing through the path will be effectively locally coupled to the nano-

SQUIDs.

(b)

~ Sup10nm

> Josephson junctions.

. 500nm

Figure 4.3: (a) The optical microscopic and (b) helium ion microscope image of a 400 nm?
nano-SQUID.
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Fig. 4.4 shows 2D and 3D AFM images of the nano-SQUID. The bright yellow
parts are written by heavy dose for converting the material to insulator. Helium ions
penetrate the YBCO thin film and collect in the substrate. Accumulation of helium cause

bubbles in the substrate that mechanically raise the film.

0 (nm) 600 1200

Figure 4.4: Atomic Force Microscope image of the YBCO nano-SQUID.

4.2.2 Electrical transport measurement

The device is DC biased slightly over critical current and a control current is swept
through the control line to generated a magnetic field. Fig. 4.5 is the voltage response to
the control current at different bias current. Apparently, it is the characteristic behavior of
a SQUID.

In order to investigate the dependence of the voltage on the control current, a
series of nano-SQUIDs with the square loop sizes ranging from 900 nm down to 100 nm

were fabricated. In Fig. 4.6, the curves on y-axis were offset to avoid overlap in the figure.
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Figure 4.5: The voltage and magnetic current modulation of a 400 nm? nano-SQUID at a
series of bias currents.

The mutual inductance between the control line and nano-SQUID can be obtained from the
oscillation period, which shows positive relation with the loop size. In order to calculate the
magnetic effective area, an external magnetic field is applied to the nano-SQUID. From the
oscillation period of the voltage-external magnetic field characteristic, effective flux capture
area can be obtained. The effective magnetic capture areas of all these nano-SQUIDs scale
down from ~4 pm? to ~ 0.28 um?, following a square law of the square SQUID loop sizes.
Therefore, not only the physics size of our device is in nanoscale, the magnetic effective area
is also in nanoscale.

Continuously, we trimmed down the loop size to tens of nanometers for higher
sensitivity and higher integrated density. Current - Voltage curves in Fig. 4.7 show no excess

current and large Io Ry product. Both current-voltage characteristics reveal high-quality
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Figure 4.6: The voltage and magnetic current modulations of a series of nano-SQUIDs with
varying loop size at 4.2 K. All these nano-SQUIDs have similar 200 nm junctions.
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of Josephson tunnel junctions with insulating barriers. Compared to the previous several
hundreds of nanometers nano-SQUIDs, even better characteristics in tens of nanometers
nano-SQUIDs were observed due to a smaller inductance and a spot of high-quality film.
A Quantum Design Physical Property Measurement System (PPMS) is required to
provide a strong enough magnetic field for the voltage - magnetic field modulation measure-
ment. When nano-SQUID is statically biased, the voltage of the nano-SQUID is modulated
by the magnetic field generated by the superconducting coil in the PPMS. The nano-SQUIDs
exhibit ~ 0.8 mV and ~ 0.5 mV output voltages respectively, shown in Fig. 4.8, which are

very high for a single SQUID output. The modulation voltage is still ~ 200 ¢V at 40 K.

(b) 150

Current (nA)

aspl—
3 0 3

Voltage (mV)

Figure 4.7: (a) Helium Ion Microscope images of a 10 nm? and a 50 nm? nano-SQUIDs.
(b) the current-voltage characteristics for a 10 nm? and a 50 nm? nano-SQUID.
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Figure 4.8: (a) The voltage - magnetic field characteristics for a 10 nm? and a 50 nm?
nano-SQUID. (b) The voltage - magnetic field characteristics for a 50 nm? nano-SQUIDs
at two different temperatures.

4.3 Nano-SQUID Transimpedance Amplifier

Considering the factors of coupling strength and output voltage, the optimal square
SQUID loop size was found to be ~400 nm. A set of temperature dependent current-voltage
and voltage-magnetic field characteristics are plotted in Fig. 4.9. The electrical transport
results exhibit a very high output voltage and a very wide working temperature range
from 4.2K up to 50K. From I-V characteristics, nearly temperature independent normal
resistance is observed. Meanwhile, ~ 0.5 mV modulation voltage is observed in the V-B
characteristics at low temperature. This large amplitude and wide operating temperature
range show the capability of applications in high Tc digital logic. For example, it can be
used as output drivers.

Fig. 4.10 shows the Operation of the nano-SQUID as a transimpedance amplifier.

An 3 mA input current is pulsed through the control line and generates an output voltage
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Figure 4.9: (a) The current - voltage characteristics and (b) voltage - magnetic field charac-
teristics for a 400 nm? nano-SQUID with 200 nm-width junctions at different temperatures.

pulse of 0.35 mV with a transimpedance of 0.1 €.

In order to measure the noise characteristics of the nano-SQUID transimpedance
amplifier, the whole system was placed in a radio frequency shield room. Battery powered
amplifiers, low pass filters at low temperature, a niobium sheild can and three layers of mu-
metal shield cans were used to reduced the external noise. The output voltage was recorded
and analyzed by HP noise spectrum analyzer. The flux noise spectrum was measured by an
open loop using a small signal method at optimal sensitive flux bias point. As shown in Fig.
4.11 red spectrum, large 1/f noise appears at this sensitive working point, which dominant
the noise up to 100 kHz. The black curve is the background noise of the measurement
system including the pre-amplifier. The flux noise at 1 kHz is ~ 2 u®q/v/Hz. Sq,% at 100

kHz is ~ 0.3 p®o/vV Hz.
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Figure 4.10: The Operation of a nano-SQUID as a transimpedance amplifier.

4.4 Nano-SQUIDs Array

These small patterns are an advance in scaling down the size of nano-SQUIDs.
However, the inductive coupling strength between the integrated control line and nano-
SQUID is still too weak for operation as a transimpedance amplifier. Our further studies in
this effort focused on multiple 400-nm? nano-SQUIDs in series or in parallel, which exhibited
the best combination of output voltage and inductive coupling between the control line and
the nano-SQUIDs. Moreover, the voltage modulation and IoRpy product have a strong
positive relation. From Fig. 4.12, the more nano-SQUIDs in series, the higher normal
resistance will be obtained, which result in a larger output voltage. The critical current of

the nano-SQUID array is nearly independent from the number in series.
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bias of -0.13®y.

(a) 200

100

Current (nA)

-100

-200 L
-10 -5 0

Voltage (mV)

5 10 0 2 4 6 8
Number of nano-SQUIDs in series

Figure 4.12: (a) The current - voltage characteristics of different number of nano-SQUIDs
in series. (b) The relation between the normal resistance and number of nano-SQUIDs in

series.
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Fig. 4.13 shows a three-nanoSQUID in series and a three nanoSQUID in parallel.
The circuit is directly patterned by helium ion beam. As shown in Fig. 4.14, mV voltage

swings are observed with a wide operating temperature.

(b)

Figure 4.13: Helium Ion Microscope images of (a) three Nano-SQUIDs in series and (b)

three Nano-SQUIDs in parallel.
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Chapter 5

High T~ Single Flux Quantum Flip

Flop

5.1 Introduction

Superconducting single flux quantum (SFQ) logic circuits based on Josephson
junctions have found applications in memory, mixers, digital sensor readouts, switches for
routers, and high-speed computing [55], [56]. SFQ devices have low power consumption and
the capability to operate at high-speed. These capabilities make SFQ prime candidates for
next-generation electronics.

Most superconducting digital circuits are composed of niobium, it has a relatively
large isotropic energy gap, which enables a very high operation frequency, reported as
high as 770 GHz [23]. Unfortunately, the operating temperature, 4 K, of niobium-based

chips, requires high power cryogenic cooling systems. To reduce size, weight, and power of
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SFQ systems, researchers have been working on development of high-transition temperature
superconducting (HTS) digital circuits [57], [58], [59], which can combine high operation
speed and low power consumption with a higher temperature of operation. In addition,
the advantages of a non-hysteretic current-voltage characteristic and no requirement for
external shunting resistance, which is necessary for niobium tunnel junctions, make HTS
digital circuits more appealing. Moreover, in low T¢ RSFQ circuits, a resistor network is
used to supply dc bias currents for the RSFQ circuits and shunting resistances are used to
modify B¢ value and make critical damped junctions. These resistors generate the static
energy dissipation, which is ten times larger than the dynamic energy dissipation generated
by the operation. While, in high T RSFQ circuits, the circuits don’t require these resistors,
which reduce the static energy dissipation and can be used in future energy efficient high-end
computing systems. Moreover, the typical energy gap of high T superconducting material
is larger than that of low T superconducting, which indicates a higher operating frequency.

However, HT'S materials are much more difficult to synthesize and process than nio-
bium, therefore HT'S SFQ circuit processes are very primitive in comparison to niobium. In
previous work, circuits were based on YBCO bi-crystal grain boundary or ramp-edge junc-
tions with multiple circuit layers [60], [61], [28]. The fabrication process and reproducibility
of HTS multi-layer junctions were complicated by the requirement that the layers must be
grown epitaxialy. Moreover, large-scale integration has been technologically challenging to
realize, predominately due to large deviations in junction properties. In an effort to sim-
plify the fabrication process, a HTS SFQ was made by direct electron beam writing [62].

This work demonstrated the excellent properties of direct-write junctions, particularly in
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the layout and design process, because junctions can be freely placed and are not required
to be oriented along a specific direction or on a bi-crystal. Unfortunately junctions formed
with electron beam irradiation are weak-link superconductor-normal metal-superconductor
(SNS) junctions, with very low figures of merit (IcRy), which leads to very high bit error
rates. The recent development of Josephson junctions directly written into HTS films by
gas field ion sources motivates a new class of digital HT'S devices with stronger Josephson
barriers and improved control on device properties [2], [32], [33]. In this work, a basic SFQ
Reset-Set flip-flop (RSFF) was fabricated in a single layer YBCO film by focused helium ion

beam irradiation to characterize the potential of helium ion junctions for digital circuits.

5.2 Experimental

5.2.1 RSFF Design and Operation

RSFF circuit properties are related to the dynamics of quantized magnetic flux
stored in superconducting loops in units of &y = h/2e. When a current pulse enters the
junction and exceeds the junction critical current a phase slip of 27 (across the junction)
occurs and the flux quantum is passed to an adjacent loop. The duration of the phase
slip is on the order of picoseconds, which allows for high speed flux propagation and an
operating frequency of the circuit to reach as high as hundreds of GHz. The parameter
Br, = (2w LIc)/®o describes the circuit’s dynamic behavior. Specifically, 51, determines the
number of flux quanta that may be stored in a superconducting loop. Adjusting the loop
inductance and the critical current of junction allows the number of flux quanta stored in

the loop to be restricted for different purposes. The loop inductance is estimated by the
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geometric structure and the sheet inductance. The sheet inductance of our YBCO films are
discussed in detail in prior work [44], [29], [63].

A schematic illustrating our layout for fabrication of a helium ion RSFF device is
shown in Fig. 5.1. We utilize the same approach previously used for electron beam junctions
[62]. RSFF is a three-terminal circuit: “Set” port, “Reset” port and readout SQUID. The
circuit includes two DC to SFQ converters (DC/SFQ) for injecting “Set” and “Reset”
SFQ pulses, two Josephson transmission lines (JTL) for SFQ pulse transmission, an SFQ
storage loop for storing information and an inductively coupled superconducting quantum
interference device (SQUID) for readout of signal. DC/SFQ consists of an inductance and
a two-junction interferometer. When an input current injects the circuit, the current across
J7 (or J8) is larger than its critical current and produces an SFQ pulse forward to the
JTL. JTL is a series of two-junction interferometers connected together with DC biased
in parallel. The bias current is about 75% of the critical current, which is close enough
to allow a junction to be triggered by a coming SFQ pulse. In order to carry an SFQ
pulse from one junction to the next, the loop fr,/27 is about 0.5 and cannot store any flux
quantum. The SFQ pulse is transmitted through the JTL until the pulse arrives at the
edge of the JTL and enters the storage loop. The storage loop consists of an inductance
and a two-junction interferometer. In order to store a single SFQ pulse, the loop fr,/27
is about 1.5, which allows the loop have two stable states: 1 flux quantum and non-flux
quantum. Switching between these two states can be realized by trapping or releasing a
flux quantum in the loop. The storage loop can receive a signal from “Set” or “Reset”

port, respectively. Depending on the source of the input pulse, the loop will switch its state
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and realize flip-flop. J1 is pre-biased. When an input SFQ pulse from “Set” port arrives
on J1, a 2m-leap of the Josephson phase will be induced across the J1 and a positive SFQ
pulse will be injected into the storage loop. This positive SFQ pulse causes a clock-wise
current circulating in the loop, which will become a bias current for J2. No more SFQ pulse
will be allowed to enter the loop after the storage loop has been set. The SFQ pulse from
“Reset” side cannot trigger J2 until the storage loop has a flux quantum and J2 has been
biased. When the SFQ pulse from “Reset” side triggers J2, a negative SFQ pulse will be
injected into the loop, which will suppress the previous clockwise circulating current and
release the flux quantum off the loop. When the flux quantum is released, the bias current
distribution returns to the initial state and the interferometer is reset. This flip-flop process
can be monitored by the readout SQUID. According to the positive or negative SFQ pulse
from “Set” or "Reset” port, a voltage output pulse will be generated by the SQUID. When
an SFQ pulse enters from the the ”Set” port, the circulating current in the storage loop
will change the magnetic bias applied to the SQUID loop then the SQUID will produce an
output voltage. When the storage flux quantum is released off the loop, the readout SQUID
will return to the initial state. The voltage pulse width is controlled by the time difference

between “Set” and “Reset” pulse.

5.2.2 Simulation

Circuit simulation was performed using WRspice software to verify proper opera-
tion and optimization of the parameters. The parameters involved in the simulation were

chosen close to the experimental values observed in the YBCO based films and junctions.
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Figure 5.1: The RSFF device. (a) The circuit schematics diagram of the device. (b) The
optical microscopic photograph of the device. The center orange area is the exposed YBCO
pattern, where the gold electrode layer was chemically etched away. The solid white lines
represent the Josephson Junctions, which are directly written on the exposed top YBCO
layer by the helium ion irradiation. The red line is the insulating line written by a much
higher irradiation dose, which divides the SQUID from the storage loop.
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WRspice includes an intrinsic Josephson junction model, which contains parameters for the
description of junction properties. In order to avoid unwanted non-return-to-zero effects
from hysteretic current—voltage characteristics, SFQ circuit is based on overdamped junc-
tion with a non-hysteretic current—voltage characteristics. Due to ¢ of an overdamped
junction lower than 1, the junction capacitance and shunt resistance should be small. How-
ever, too small B¢ will reduce the operating speed. Therefore, we choose the junction
parameter close to the critical damping regime. Here the junction capacitance was set to
1.14 pF, the shunt resistance was set to 1 €2, the critical currents of the junctions in the
JTL and storage loop were set to 100 pA, the normal state resistance was set to 5.49 Q.
J3 and J4 are the buffer junctions, which isolate the two input signals and output signals
and ensure that the signal transmission is unidirectional. When the direction of the signal
is forward propagation, the buffer junctions are in the superconducting state. While the
signal reverses propagation path, the buffer junctions change to the resistive state and block
the transmission. In order to realize a single transmission, the critical currents of the buffer
junctions should be smaller than the other junctions in the circuit. Here we set the critical
currents of the buffer junctions to be 75% smaller than the other junctions (75 pA). The
inductance in the JTL used for coupling to the neighbor junction was 6 pH. The inductance
in the DC/SFQ converter is 8 pH and the inductance in the storage loop was 25 pH. The
mutual inductance between the storage loop and Readout SQUID was 2.82 pH.

Fig. 5.2 shows the simulation results with a 5 GHz input pulse. The first and
third traces are the DC input at ”Set” and ”Reset” ports. The second and fourth are the

SFQ pulses converted from a DC pulse and transmitted in the JTL. The last trace is the
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Figure 5.2: The operation of the circuit, simulated by WRspice. (a) Input DC ”Set” pulse.
(b) SFQ pulse generated by J7, converted from DC ”Set” pulse. (c) Input DC ”Reset”
pulse. (d) SFQ pulse generated by J8, converted from DC ”Reset” pulse. (e) Output DC
pulse, readout by inductively coupled SQUID.
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voltage output from the readout SQUID. The simulation shows that the input DC signal
produces a magnetic flux through the inductance of the DC/SFQ converter front end. The
SFQ pulse transmits through the JTL to toggle the RS flip flop. The storage loop changes
state upon receiving an SFQ pulse and requires an external reset signal to revert back to
the default state. Until a ”Reset” signal was applied, the stored flux quantum was released
and it continues to the next logic gate. The state of the storage loop was probed by an
inductively coupled readout SQUID. When the storage loop holds a flux quantum, it causes
a supercurrent to circulate through the loop. Magnetic field is generated by this circulating

current and detected by the SQUID.

5.2.3 Device Fabrication

A 35 nm YBCO film with a top 200 nm gold layer was patterned into bridges and
electrodes by photolithography and argon ion milling as shown in the photograph displayed
in Fig. 1b. Using a Zeiss Orion Plus focused helium ion beam (He-FIB), junctions were
directly written into the film with an irradiation dose of about 8 x 106 He™/cm?. The
irradiation converted narrow portions of the superconducting film into insulating lines that
form the Josephson tunnel barriers. By changing helium ion beam dosages, the junction
critical current can be modified. After the fabrication, the current-voltage characteristic of
a typical junction and the SQUID magnetic flux-voltage characteristics were measured to
find out the critical current and the flux bias point. The Io Ry product was ~500 pV. The
amplitude of the SQUID voltage modulation was ~480 V. Furthermore, we observed very

little excess current, which was desirable for digital circuits.
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5.2.4 Test and Measurement

The device was cooled in a liquid helium Dewar to ~20 K and shielded from
magnetic field by a cylindrical g-metal inner vacuum can. The temperature can be regulated
in the range from 4 K to 77 K. DC bias was applied from a 1.5 V battery in series with a
20 k€ resistor to decrease the voltage noise. The standard error in I of He-FIB YBCO
Josephson junctions is estimated to be 25% [46], [54]. We calculated the bit error rate by
using WRspice, which takes thermal noise into account utilizing the Monte Carlo method.
The bias margin is defined as the bias region in which the bit error rate is smaller than
1 x 1071%, The bias margin is estimated to be ~ 16.8% at 20 K with fixed I to 100 pA
for all the junctions in the circuit, while it reduced to ~ 6.9% when the above parameter
spread considered. In the experiment, we applied 75 pA as the bias current. The two input
pulses were generated by an arbitrary function generator with an activated synchronization
mode on dual signal channels. The flip-flop process can be detected with the measurement
of the voltage across the readout SQUID. The readout SQUID was biased nearly above
the SQUID critical current I and tuned to a flux bias point with high sensitivity to the
magnetic flux (maximum the transfer factor dV/d®,). The amplitude of the output voltage
was determined by the SQUID voltage modulation under the on-chip magnetic field from
the circulating current in the parallel RS storage loop. Fig. 5.3 shows the test result,
which is consistent with our simulations. Compared to previous single layer YBCO SFQ
circuits which junctions are made by direct electron beam writing [62], we get a 10 times
larger output voltage because of the larger junction /o R, products associated with helium

ion Josephson junctions. Our circuit was only characterized at low frequency (a few Hz),
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due to the experiment setup with twisted pairs and RC filters, though it can operate at
higher frequency (up to GHz) as simulation results indicates. The high frequency signal
requires to be transmitted from a microwave setup through an ultra-low loss coaxial cable
or rectangular waveguide. Higher speed testing is expected in the future with upgraded
measurement platform.
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Figure 5.3: The operation of the RS flip-flop device, presented in the time domain. (a)
Input DC ”Set” pulse. (b) Input DC ”Reset” pulse. (c¢) Output voltage pulse, detected by
SQUID.
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5.3 Discussion of results

From the simulation in Fig. 5.2, it is expected that one ”Reset” pulse should cause
the readout SQUID to detect a 1-step output. However, from the experimental data shown
in Fig. 5.3, the "Reset” pulse causes the detection of a 2-step output, with a minor step at
0.015 mV and a major step at 0.05 mV. The minor step seen in the experimental data shown
in Fig. 5.3 could arise from a larger inductance in the storage loop than that of the simulated
value, which causes fr,/27 to be larger than 2 and allows for multi-flux injection. In order to
investigate the probability of multi-flux injecting into the storage loop, a large storage loop
of inductance 50 pH has been simulated and shown in Fig. ??. In this simulation, A, /27
is about 2.4, so two flux quantum can be stored in the storage loop. When two SFQ pulses
enter the loop, the arriving "Reset” pulse can release one flux quantum and produce an
output pulse with half amplitude. From the simulation, even though the storage loop can
store two flux quantum at the same time, one ”"Reset” pulse cannot cause an output pulse
with 2-step in the readout SQUID. The readout SQUID will only produce a 2-step output
voltage after two ”Set” pulses have been injected and both ”Reset” pulses have arrived.
However, in our experiment, only one ”Set” pulse is applied and the output voltage returns
to 0 V after a single ”Reset” pulse. The simulation demonstrates that the 2-step output in
our device is not caused by too large of a storage loop inductance.

A reasonable explanation for the emergence of the steps in the experimental output
not seen in the simulation could be that the input current directly couples to the readout
SQUID and changes its magnetic flux bias, causing a noise step in the output signal. The

minor step in the output voltage pulse is caused by the mutual inductance between the
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Figure 5.4: The simulation of the circuit with larger storage loop inductance by WRspice.
(a) Input DC ”Set” pulse. (b) Input DC ”Reset” pulse. (c) Output DC pulse, readout by
inductively coupled SQUID.

input current line and the SQUID. This mutual inductance is much smaller than the mutual
inductance between the storage loop and the SQUID, inducing a small flux signal which
the SQUID is able to detect. However, the magnitude of this detected noise signal is much
smaller than that of the signal output by the storage loop, and therefore is inconsequential
to device operation. As shown in Fig. 5.3, the direct coupling between the input current and
readout SQUIDs appeared in the form of the minor steps in the output voltage sequence,
which suggested the direct coupling did not dominate the results. Regardless of the change
of the ”Set” pulse, the output signal will continue to exist until the ”Reset” pulse arrives.
While the minor step strongly relies on the change of “set” pulse or “Reset” pulse. Therefore,
the possibility of an output caused by the direct coupling between input current and readout
SQUID can be neglected as well.

To firmly confirm the functionality of the circuit, we have neglected alternative in-
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terpretations such as multi-flux quantum injecting into the storage loop and direct coupling
between the input current and readout SQUID. Another possibility is the input current
direct coupling to the storage loop. Leaking along the JTL, the input current may pro-
duce a flux quantum and directly couple to the storage loop, which then readout by the
SQUID. In order to neglect this possibility, the magnetic flux and voltage characteristics
have been measured to find out the input current level for one fluxon. From this test, it
shows that in order to produce one flux quantum in the loop, the input current should
be higher than 4 mA. In our experiment, the input current is much smaller than 4 mA,
which is not large enough to directly induce a flux quantum in the storage loop. Threshold
current experiments are needed for further clarification by comparing the results with that
of the simulations in the future, although we ran many numerical simulations to exclude

the possibility of sneaking current to the storage loop by using WRspice.

5.4 Conclusion

We have successfully demonstrated an HTS helium ion Josephson junction SFQ
device. To obtain the highest operating temperature and speed with lowest bit error rates,
in future work, it will be essential to continuously increase the critical current density
beyond what we have demonstrated. The error rate is proportional to exp!tr/Ic) [,
is the current scale of thermal fluctuation, which is related to the thermal excited noise.
At present, the device is tested at ~20 K. In this temperature, the critical currents of
junctions in the circuits are much larger than the current scale of thermal fluctuation. In

the future, if the device is operated at a higher temperature, the increasing of operating
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temperature requires a proportional increase of I. Higher critical current can also increase
the signal-to-noise ratio, thus lower bit error rates. The maximum speed of RSFQ devices
scales roughly as square-root of Jo [23]. To raise the current, we will use thick films for the
circuit. The thick films have good qualities and less defects, which can further increase the
current density. The higher critical density can improve the operation speed. Additionally,
the sheet inductance (especially the contribution from the geometric inductance) will also
reduce in the thicker film, which will make the design requirement for low inductance much
easier. With thicker film, one can get lower sheet inductance and higher I), thus higher
operation speed and lower bit error rates. The thickness of the film is currently a limitation
for the He-FIB JJs technology in general. Very thin films are required to ensure that the
irradiation is even throughout the depth of the film. In the future, higher ion beam voltages
could allow for thicker films, and therefore larger values of critical current. Furthermore,
other types of superconducting digital circuits, with smaller critical current requirements,
such as Quantum Flux Paramatrons (QFP) [64], [65] could be better suited for this process.
Overall, we have shown that this junction fabrication technology is particularly useful in
applications requiring flexibility in layout, scalable circuit features and elevated operation

temperatures.
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Chapter 6

High 7, Quantum Flux Parametron

6.1 Introduction

Energy efficiency is becoming more and more important to the current high op-
erational rate supercomputer, as ever more powerful machines consume ever more en-
ergy. The power consumption of an exascale computer with complementary metal-oxide-
semiconductor (CMOS) circuits will be more than 100 MW [66]. The reduction of power
consumption generated by logic circuits is essential for future high performance computers.
The past few years have been a dramatic increase in the interest in new superconducting
circuit. High operation speed and low power consumption may allow the superconducting
circuits to outperform traditional semiconductor logic. A major cause of this trend has
undoubtedly been the push towards achieving reversible computing and practical super-
conducting quantum computers [67] — [68]. Superconducting digital circuits have shown
outstanding performances in fast processing and adiabatic computing.

Quantum flux parametron (QFP) is an extremely energy efficient logic device,
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which reduces the energy consumption of computing systems and is an attractive candidate
to realize future reversible logic gates. The energy dissipation of QFP is 1000 times smaller
than that of CMOS circuits. The bit energy of QFP is expected to be of the order of k5T by
adiabatic operation. Niobium-based adiabatic QFP logic gates have been investigated and
discussed [51]— [64]. In their studies, the bit energy would be 20% of thermal energy at 4.2 K
[69], which is much smaller than other superconducting digital circuits. An AC bias current
is supplied to drive the QFP gates though microwave cables. However, niobium-based
chips require high power cryogenic cooling systems. Also, the microwave interconnections
between external room temperature AC signal generator and the chip placed on a 4.2 K
cryo-system will cause heat inflow and reflection losses in the microwave cables, which limits
the sufficient performance of the QFP gates. Motivated by this reasoning, here we have
proposed a QFP circuit based on high transition temperature (T¢) superconductor (HTS)
materials, which have the possibility to operate at liquid nitrogen temperature with simple
crycoolers.

Most HTS junctions are intrinsically self-shunted junctions, which decrease lay-
out complexity. Moreover, these HTS junctions have larger energy gaps than those of low
transition temperature superconductor junctions. The higher Io Ry product leads to an
increase of the operating frequency. YBayCuszO7_5 (YBCO) is the most commonly studied
high transition temperature (T) superconducting material. Several YBCO—based Joseph-
son junctions technologies have been studied, including bicrystal grain boundary, step-edge
junctions and c-axis sandwich junctions with multiple-layer structures [60], [61], [28]. How-

ever, it’s difficult to fabricate high quality HTS multilayer. The variations resulting from
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the fabrication process limit the complexity of feasible circuits, which require a low spread
of junction parameters. Recently, ion—irradiated junction technology has been studied
which shows the ability to pattern Josephson junctions in monolayer with excellent unifor-
mity [2]— [33] and has potential to build a high-density large-scale architecture with nano
structure directly writing [70]. This technology simplify fabrication processes and improve
the performance of HTS circuit. In this chapter, we fabricated a HT'S QFP in a single layer
YBCO film by focused helium ion beam (FHIB) irradiation. Superconductor—insulator
metal—superconductor (SIS) junctions are formed with FHIB irradiation to obtain a higher

characteristic voltage and lower bit error rates.

6.2 Experimental

6.2.1 Operation principle of QFP logic

QFP logic operates with an extremely low bit energy per switching event due to no
requirement of DC bias currents and zero static power consumption. The minimum switch-
ing energy can be close to kpTIn2, which is known as the Landauer limit. The equivalent
circuit of a QFP is shown in Fig. 6.1. It is composed of two symmetric rf superconducting
quantum interference devices (SQUIDs) shared a same inductive load Ly,qaq, and powered
and clocked by an AC excitation current I.,. An excitation current line is set close to the
two superconducting loop and magnetically couples with the two loop inductors. When ex-
citation current I, flows through the excitation current line and generates 0.5¢¢ excitation
magnetic flux to each superconducting loop via magnetic coupling, the QFP is activated.

A small input current I;, flows through input line to the inductive load. I;, is bidirec-
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tional and determines which logic state the gate switches. Either junction Jj or Jr will
switch depending on the polarity of I;;,. As a result, depending on the direction of I;,, an
SFQ is stored in either left superconducting loop or right superconducting loop. As the
magnetic flux inside a superconducting loop increases from 0 to 0.5¢y, the QFP potential
energy evolves from a single well to a double well, which is the fundamental requirement
for encoding and storing binary logic states in the QFP. Output current I, is generated
through Li,q due to junction is switched and an SFQ is held in the loop. The polarity of
It represents the logic state of the QFP. The output current I, flowed from the ground
to the superconducting loop with an SFQ in the right loop is taken to be logic state 0 and
Iyt flowed from the superconducting loop to the ground with an SFQ in the left loop is logic
state 1. The amplitude of the output current depends on the the Ly,q and the junction
critical current, which is almost independent with the input current amplitude. Ideally, the
QFP has ability to amplify any arbitrarily small input current.

The behavior of a QFP gate with quasi-static states can be analyzed from the
equilibrium conditions of the circuit Hamiltonian function. Ideal operation of the QFP is
obtained when the parameters of the QFP are symmetric: inductances Ly, = Lyr = Ly,
L; = Lr = L, coupling coefficients k;, = kr = k and junction critical current Icp, =
Icr = Ic. The potential of the QFP included magnetic energy and Josephson energy can

be expressed with normalized circuit parameters [71], [72]:

(62 =6 , (Gin—64)°

V=Bl 5L+ 25,

— 2c08¢p_cos¢4 ] (6.1)

where Ej = Ic®o/2m is the Josephson energy; ®¢ is the flux quantum; ¢_ =
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(61 — ¢r)/2 and ¢4 = (¢r + ¢Rr)/2 represent the logic state of the QFP; ¢ and ¢p
are the phase different across the junction jr and jg, respectively; ¢, = 2wk\/L,LI,./®
and ¢, = 2mLyl;, /P are the normalized excitation and input flux; B, = 2nLIc/®Pg
and S, = 2nLyIc/®( are the normalized loop and load inductances, which determine the
hysteretic or nonhysteretic nature of the QFP and also determine the dynamic energy
dissipation and the profile of the potential energy during a switching event. When 7, and
B4 are small, it is possible to realize adiabatic operation, which can potentially reduce the
bit energy to the order of thermal energy. The potential energy shape changes periodically
between a single-well shape and a double-well shape as the excitation flux increases. When
¢, changes from 27n to 27(n + %), the potential energy evolves from a single-well shape
into a double-well shape, in which case the number of SFQ stored in each superconducting
loop becomes different with each other. When ¢, changes from 27(n — %) to 2mn, the
potential energy evolves from a double-well shape to a single-well shape, in which situation
the number of SFQ stored in each superconducting loop is the same. During the activation
of the QFP (¢, = 27T(n+%)), if ¢y, is applied, the potential energy changes to an unbalanced
double-well potential, which favors the state with the lowest potential energy. For ¢;, > 0,
the potential minimum appears in the right well resulting in positive ¢4 which represents
logic 1. For ¢;, < 0, the left well has the lowest potential resulting in negative ¢, which
represents logic 0. For ¢;, = 0, the logic state is stochastically determined due to the

symmetric double-well shape of the potential energy.
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I+ flows downward loy+ flows upward

Figure 6.1: Schematic of the QFP circuit. After the circuit is activated, when the input
current is positive, the excitation flux will induce a phase flip on j;, and admit an SFQ
into the left superconducting loop. A positive current will flow through Lyg.q and QFP is
switched to logic 1 state. Conversely, when the input current is negative, Jr will undergo
a 27 phase flip and induce an SFQ in the right superconducting loop, a negative current is
generated in Ly q,q and QFP is switched to logic 0 state.

6.2.2 Device Fabrication

In this experiment, commercial 40-nm-thick YBCO thin film grown on cerium
oxide buffered r-plane sapphire by reactive coevaporation was used. For electrical con-
tacts on YBCO chip, a subsequent 200-nm-thick Au layer was thermally evaporated in-
situ. Laser photolithography and Ar ion milling were performed to prepattern large-scale
electrodes on both Au and YBCO layers for helium ion irradiation and electric-transport
measurements. Following prepatterning, a second photolithography and KI chemical etch
were used to remove the Au layer and uncover the intended YBCO area for FHIB di-
rect writing. Helium ion irradiation was accomplished by a Zeiss Orion NanoFab He/Ne
ion microscope with 32 keV He™ ions. The irradiation caused disorder in the YBCO lat-

tice and converted YBCO from superconducting to insulating. A moderate ion dose of
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6 x 10'6 He™ /cm? was applied to create a very narrow insulating barrier for YBCO in-plane
superconducting-insulating-superconducting (SIS) junction. Comparing to superconductor-
normal metal-superconductor (SNS) junctions, SIS junction has very little excess current
and larger damping resistances, which would increase the intrinsic switching speed of the
junctions and result in a further reduction in energy dissipation [73]. A heavy dose of 3x 107
He™ /ecm? was used to create a insulating line between adjacent excitation current line and
QFP loop. Due to the excitation current line just a few nanometers away from the QFP loop
and the magnetic field strength inversely proportional to the distance, a higher coupling
coefficient k was obtained. Fig. 6.2 schematically illustrates the circuit schematic and chip
optical photograph. In order to avoid unwanted magnetic coupling, a in-plane ground plane
is implemented between excitation current line, input current line and readout SQUID. The
excitation current line and input current line are nearly vertical. A dc-SQUID biased in
the voltage state is used as a current sensor to readout the output current flowing through
L, and generated a large output voltage. The load inductance of the QFP is magenetically
coupled to the de-SQUID and the de-SQUID exhibits a voltage transition when the QFP
switches to 70”7 or ”1” state. The operation point of the dc-SQUID is set to the maximum
transfer factor | % | point (/g is the magnetic current in the SQUID loop), where is most
sensitive to external magnetic current and can continuously and linearly convert the output

current of QFP into output voltage.
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Figure 6.2: The QFP device. (a) The circuit schematics diagram of the device. (b) The
optical microscopic photograph of the device. The inset orange area is the exposed YBCO
pattern, where the gold electrode layer was chemically etched away. The solid white lines
represent the Josephson Junctions, which are directly written on the exposed top YBCO
layer by the helium ion irradiation. The red line is the insulating line written by a much
higher irradiation dose, which divides the QFP from the excitation current. Two excitation
current lines are shorted by wire bonding.
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6.2.3 Simulation and Measurement

Fig. 6.3 shows the simulation results for a QFP switching operating using WR-
spice. QFP gate is driven by the excitation clock pulses whose amplitude is determined by
¢ to produce 0.5¢g in the QFP loop. The inductance values of L, L,, Liy and Licaq are
extracted from the circuit layout by InductEx. These inductances define how the potential
energy changes and how output current generates during a switching event. Therefore, the
inductances should be optimized in terms of the dynamic energy dissipation, the operation
margin and the current gain [i,,/Ioyt. In order to decrease the energy dissipation, both
Bq and B, should be small. However, considering to the operation margin, which should
not be narrower than £25% for the gate robustness, [, requires to be small, whereas £,
requires to be larger than 1.4 [74]. Moreover, as the output current depends on the 5, and a
small 3, (below 0.2) results in dramatically reducing output current [51], the Lygaq should
be chosen in accordance with the Josephson junctions critical currents to guarantee a large
enough output current and current margin for the practical operations of the logic gates.
Therefore, considering all the above, 7, should decrease whereas 3, should make a trade-
off between energy consumption, operating margin and current gain. For the high-speed
operations, critically damped Josephson junctions with the McCumber parameter g8, ~ 1
are used in this circuit. The critical currents of Josephson junctions are about 120 pA.
A small bidirectional input current [;, is set to be 0.3/¢c. When the excitation current is
activated, QFP gate switches at every cycle of the input current and generates an output
current. The different polarity of output current represents the different logic state of the

QFP gate. Comparing to the input current, the output current is amplified with a current
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gain [y /Loyt about 2.5, which is a which is a feature of QFP gate. The energy dissipation
can be evaluated to be approximately 4 aJ per clock cycle at 5 GHz operation by integrating

the product of the excitation current and the voltage over time.
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Figure 6.3: Transient analysis of the QFP operating at 5 GHz. ¢, /27 =~ 0.48,Ic =~ 120uA,
I, =600 A, I, =40 pA, k ~ 0.4, B = 1.1, B, = 3.5.

After simulation and fabrication, the device was loaded on an evacuated dip probe
with three-layer p-metal magnetic shield vacuum can in a liquid helium Dewar and mea-
sured at 25 K. The input and excitation currents were generated by an arbitrary function
generator with a 10 k€ resistor placed at each input terminal to suppress voltage noise from

room temperature to low temperature. Low noise battery-powered pre-amplifiers were used
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to measure the output voltage. All the instruments and Dewar were in a RF shielded
room and connected to a general ground to reduced noise. A low-speed experimental QFP
switching operation presented in the time domain were shown in Fig. 6.4. The output
voltages from dc-SQUID, which corresponded to the states of QFP gate, were observed
when the excitation current was activated and the polarity switched when the input cur-
rent inverted. Theoretically, the QFP was capable of amplifying an arbitrarily small input
current. However, due to the effects of fabrication nonuniformity and noises, in this exper-
iment, we applied an input current of £40 puA. The similar transient waveforms between
the experiment and the simulation indicated that the circuit operated correctly, where the

gate generated an output after the excitation current was activated.

6.3 Discussion of results

A small offset was observed in the output voltage. There are two effects that might
induce this offset. One is the parasitic coupling in the actual asymmetrical construction
of circuit layout, which will cause the unwanted magnetic coupling between the excitation
inductance L, and load inductance Lj,.q then readout by the dc SQUID. If this parasitic
magnetic coupling was not small enough, the excitation current margin would be reduced.
In order to investigate the influence of the parasitic coupling, the experiments of voltage
magnetic field characteristic were conducted, from which the mutual inductance can be
obtained by the relation M = ¢o/Ip. Ip is the period of magnetic current that produces a
single flux quantum in the SQUID loop. As shown in Fig.6.5 (a), the parasitic inductance is

about 0.04 pH. A 600 pA excitation current will produce about 0.2 1V offset in the output
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Figure 6.4: The operation of QFP switching gate measured at 25 K. A steady output voltage
was observed with 600 pA excitation current and £40 pA input current at 100 Hz. The
circuit parameters were the same as the parameters used in simulation.
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voltage. This offset resulted in a ~0.2 pV different between output voltage amplitude of
state 70”7 and state 71”7, which is negligibly small. The other effect that would induce an
offset in output voltage is the input current. The mutual inductance between the L, and
readout SQUID is about 1.65 pH. As shown in Fig.6.5 (b), a 40 pA (-40 pA) input current
will cause a ~2 pV (-2 pV) offset. This offset corresponds to a ~4 uV offset between two
different polarity pulses in Fig. 6.4. Generally, the input current of QFP gate can be much
smaller than 40 pA and the influence of input current will be suppressed. Moreover, from
voltage magnetic current characteristics, ~90 pA is needed to produce a 5 pV modulation,
which corresponds to the output current. Therefore, the current gain of QFP gate is about

2.25.

6.4 Voltage Buffer

In addition to the basic operation, QFP gate can work as a voltage buffer. In
previous measurement, the readout SQUID is biased at the most magnetic flux sensitive
point. When the flux bias moves close to the bottom of the voltage magnetic oscillation,
only one direction modulation will generate an output. As shown in the Fig. 6.6, the output
only produces when the input current is positive. As this circuit provides either no voltage

or a voltage that is same as the input signal, it can used as digital buffer.

84



17 F -

Voltage (uV)
>

15 - .

(b)

Voltage (uV)

Magnetic Current (mA)

Figure 6.5: Voltage magnetic current characteristics for (a) readout SQUID modulated by
the excitation current and (b) readout SQUID directly modulated by the input current.
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Figure 6.6: The operation of voltage buffer. A steady output voltage was observed only
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6.5 QFP Array

Moving on from a single QFP, a three-stage QFP gate has been developed. The
QFP array is driven by three-phase clock pulses whose phases are shifted 90° relative to
each other. As shown in the Fig. 6.7 the excitation currents are activated in turn. When
the input current is positive, each QFP generates an output current in turn after each
excitation current is activated then propagating one-bit information. An output voltage is

obtained by readout SQUID when the third clock is in the high state.
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Figure 6.7: (a) The optical microscopic photograph of the three-QFPs array. (b) The
operation of the three-QFPs array.
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6.6 Conclusion

In conclusion, We have designed and measured a high Tc QFP gate fabricated by
the FHIB. The experimental results confirmed the correct switching operation of a QFP gate
and the measurement revealed that the offset caused by the parasitic coupling was negligibly
small and the QFP gate worked robustly with this small parasitic coupling. In the future,
we will focus on decreasing the circuit inductance 3y, and 3;, which can dramatically reduce
the dynamic switching energy of a single QFP gate. As mentioned before, 3;, and 3, are
two important parameters, which will define the dynamics energy dissipation, the QFP
gate operating margin and the QFP gate operating mode in an adiabatic mode or in a non-
adiabatic mode. These two parameters have been precisely investigated and demonstrated
in the previous papers [51] [74] that QFP gate had the potential to operate with adiabatic
switching by gradually changing the potential energy profile between a single-well shape and
a double-well shape so that the logic states can switch quasi-statically. The dynamic energy
dissipation of an adiabatic QFP (AQFP) (~ zJ at 5 GHz operation) is about two orders of
magnitude smaller than the dynamic energy dissipation of the original QFP. The bit energy
of AQFP is approaching the theoretical thermal limit kpT1In2. Comparing to the optimized
Br, and B, [51] (B, = 0.4, B4=1.6), which can maximize the benefit of adiabatic switching
with a wider current margin, smaller energy dissipation and higher operating frequency,
Br and B, used in this chapter are a little bit large, which suppress the current gain and
increase the dynamic power consumption. In the future, a thick YBCO film will be used for
patterning with a ground plane underneath to decrease the sheet inductance, which results

in small enough 3; and 3, that can operate the QFP gates in the fully adiabatic mode.
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Moreover, due to the smaller circuit inductances, the influence of the parasitic coupling will
be further suppressed. The thick films not only have good qualities and less defects but
also increase the critical current densities, which will further improve the junction intrinsic
switching speed and logic gate operation speed. Overall, the HTC QFP gate fabricated
by FHIB technology is particularly useful in applications requiring lower energy dissipation

and higher operation temperature.
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Chapter 7

Conclusions

Herein, we have experimentally demonstrated that the technique of FHIB is par-
ticularly useful in the application of high T digital circuits.

The dissertation began with the Josephson junction irradiated by the FHIB tech-
nology and the investigation of sheet inductance in YBasCusO7_s thin film. The junc-
tion characteristics have been experimental demonstrated. The parameter of inductance
is another key role in realizing a high-speed, low-power and high-performance supercon-
ducting digital logic. We experimentally measured and compared the sheet inductance of
YBasCusO7_;s films with and without superconducting ground planes. Specifically, we fab-
ricated several superconducting quantum interference devices from single and multilayer
films with different geometries using a focused helium ion beam. Measurements of the
device electrical transport properties were analyzed to determine the sheet inductance. Ad-
ditionally, temperature dependent measurements of the inductance were used in order to

separate the contributions from geometric and kinetic inductance. We found that the pres-
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ence of a ground plane in our multilayer structure significantly reduces the contribution of
the geometric inductance with no detectable change in the kinetic inductance.

Depending on the FHIB junction fabrication technology, the following three chap-
ters present three different types of high T devices fabricated by the FHIB. Materials
modification of YBCO with focused helium ion irradiation has greatly improved the control
of processing oxide superconductive devices. Higher resistances and smaller feature sizes
enable novel device geometries. Nanoscale structures created in this manner can be used in
to create oxide superconductive electronics. A direct-write nano-SQUID integrated with a
strong inductively coupled nanostructured on-chip control line shows a promising low power
superconducting transimpedance amplifier. The ability of transimpedance conversion with
very large voltage modulations over a wide range of temperatures can use as an output driver
for the connection between low temperature superconducting circuits and room temperature
CMOS electronics. The coupled control line is much stronger than prior technology and
opens up new applications for these devices in superconductive quantum electronics. The
inductively coupled readout SQUID used in RSFQ and QFP gates is one of the application
based on this strong-coupling technique. High T~ RSFQ logic gates are attractive not only
because of their intrinsic high operating frequency but also due to their elevated operation
temperatures. In this dissertation, we eliminate bottlenecks in traditional YBCO junction
fabrication process and advance the state of the art in circuit fabrication technology that
can readily be incorporated into a large-scale integration with nano-scale junctions for fu-
ture applications. Energy efficiency is another key metric of advancement for the future

logic circuit. Adiabatic QFP has the potential to reduce one bit energy dissipation to the
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order of the thermal energy and achieve practical reversible logic gates. However, to realize
a practical large scale superconducting system, not only low power but also high speed data
transfer between cryogenic temperature and room temperature are essential. A promising
approach to overcome the low operating temperature is the use of high T~ superconducting
material. We implemented a high T QFP circuit and demonstrated to operate the gate
correctly and reliably at T~25 K. The possibility of a nano-structure circuit formed by
direct focus helium ion beam writing is a promising approach to realize future large-scale
integration. RSFQ and QFP have their own advantages and disadvantages. The typical
operation frequency of RSFQ gate is much faster than that of QFP gate, whereas the energy
dissipation of QFP gate is much lower than RSFQ gate. In order to inherit the advantages
of each system and build an ultrahigh speed and extremely low power logic gate, RSFQ and

QFP hybrid system is an effective approach that is worth a try in the future.

92



Bibliography

[1]

2]

Sergey K Tolpygo. Superconductor digital electronics: Scalability and energy efficiency
issues. Low Temperature Physics, 42(5):361-379, 2016.

Shane A Cybart, EY Cho, TJ Wong, Bjérn H Wehlin, Meng K Ma, Chuong Huynh, and
RC Dynes. Nano josephson superconducting tunnel junctions in ybascusor_g directly
patterned with a focused helium ion beam. Nature nanotechnology, 10(7):598-602,
2015.

Heike Kamerlingh Onnes. Investigations into the properties of substances at low tem-
peratures, which have led, amongst other things, to the preparation of liquid helium.
Nobel lecture, 4:306-336, 1913.

AK Geim, SV Dubonos, JGS Lok, M Henini, and JC Maan. Paramagnetic meissner
effect in small superconductors. Nature, 396(6707):144-146, 1998.

Fritz London and Heinz London. The electromagnetic equations of the supraconduc-
tor. Proceedings of the Royal Society of London. Series A-Mathematical and Physical
Sciences, 149(866):71-88, 1935.

M Cyrot. Ginzburg-landau theory for superconductors. Reports on Progress in Physics,
36(2):103, 1973.

H Suhl, BT Matthias, and LR Walker. Bardeen-cooper-schrieffer theory of supercon-
ductivity in the case of overlapping bands. Physical Review Letters, 3(12):552, 1959.

AF Kockum and F Nori. Fundamentals and frontiers of the josephson effect. Springer
Series in Materials Science, 286, 2019.

Wilhelm Anacker. Josephson computer technology: An ibm research project. IBM
Journal of research and development, 24(2):107-112, 1980.

Dudley A Buck. The cryotron-a superconductive computer component. Proceedings of
the IRE, 44(4):482-493, 1956.

J Matisoo. The tunneling cryotron—a superconductive logic element based on electron
tunneling. Proceedings of the IEEE, 55(2):172-180, 1967.

93



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Wilhelm Anacker. Potential of superconductive josephson tunneling technology for
ultrahigh performance memories and processors. IEEE Transactions on Magnetics,

5(4):968-975, 1969.

Hisao Hayakawa, Nobuyuki Yoshikawa, Shinichi Yorozu, and Akira Fujimaki. Super-
conducting digital electronics. Proceedings of the IEEE, 92(10):1549-1563, 2004.

V Koshelets, K Likharev, V Migulin, O Mukhanov, G Ovsyannikov, V Semenov, I Ser-
puchenko, and A Vystavkin. Experimental realization of a resistive single flux quantum
logic circuit. IEEE Transactions on Magnetics, 23(2):755-758, 1987.

KK Likharev. Rapid single-flux-quantum logic. In The New Superconducting Electron-
ics, pages 423-452. Springer, 1993.

W Chen, AV Rylyakov, Vijay Patel, JE Lukens, and KK Likharev. Superconductor
digital frequency divider operating up to 750 ghz. Applied physics letters, 73(19):2817—
2819, 1998.

N Takeuchi, Y Yamanashi, and N Yoshikawa. Reversible logic gate using adiabatic
superconducting devices. Scientific reports, 4(1):1-4, 2014.

Michael L Schneider, Christine A Donnelly, and Stephen E Russek. Tutorial: High-
speed low-power neuromorphic systems based on magnetic josephson junctions. Journal
of Applied Physics, 124(16):161102, 2018.

N Takeuchi, D Ozawa, Yuki Yamanashi, and Nobuyuki Yoshikawa. On-chip rsfq mi-
crowave pulse generator using a multi-flux-quantum driver for controlling supercon-
ducting qubits. Physica C: Superconductivity and its applications, 470(20):1550-1554,
2010.

CW Chu, PH Hor, RL Meng, L. Gao, and ZJ Huang. Superconductivity at 52.5 k in
the lanthanum-barium-copper-oxide system. Science, 235(4788):567-569, 1987.

A Manthiram, JS Swinnea, ZT Sui, H Steinfink, and JB Goodenough. The influence of
oxygen variation on the crystal structure and phase composition of the superconduc-

tor yttrium barium copper oxide (yba2cu3o7-x). Journal of the American Chemical
Society, 109(22):6667-6669, 1987.

Bascom S Deaver Jr and William M Fairbank. Experimental evidence for quantized
flux in superconducting cylinders. Physical Review Letters, 7(2):43, 1961.

W Chen, AV Rylyakov, Vijay Patel, JE Lukens, and KK Likharev. Rapid single flux
quantum t-flip flop operating up to 770 ghz. IEEFE Transactions on Applied Supercon-
ductivity, 9(2):3212-3215, 1999.

K Char, MS Colclough, SM Garrison, Nathan Newman, and G Zaharchuk. Bi-epitaxial
grain boundary junctions in yba2cu3o7. Applied physics letters, 59(6):733-735, 1991.

94



[25]

[26]

[29]

D Winkler, YM Zhang, PA Nilsson, EA Stepantsov, and T Claeson. Electromagnetic
properties at the grain boundary interface of a yba 2 cu 3 o 7- ¢ bicrystal josephson
junction. Physical review letters, 72(8):1260, 1994.

EE Mitchell and CP Foley. Ybco step-edge junctions with high icrn. Superconductor
Science and Technology, 23(6):065007, 2010.

Ho Akoh, C Camerlingo, and S Takada. Anisotropic josephson junctions of y-ba-cu-
o/au/nb film sandwiches. Applied physics letters, 56(15):1487-1489, 1990.

Hironori Wakana, Seiji Adachi, Ai Kamitani, Kouhei Nakayama, Yoshihiro Ishimaru,
Yasuo Oshikubo, Yoshinobu Tarutani, and Keiichi Tanabe. Improvement in repro-
ducibility of multilayer and junction process for hts sfq circuits. IEEFE transactions on
applied superconductivity, 15(2):153-156, 2005.

Thomas Wolf, Nicolas Bergeal, Jérome Lesueur, Coenrad J. Fourie, Giancarlo Faini,
Christian Ulysse, and Pascal Febvre. Ybco josephson junctions and striplines for rsfq
circuits made by ion irradiation. IEEE Transactions on Applied Superconductivity,
23(2):1101205-1101205, 2013.

Sergey K. Tolpygo, Vladimir Bolkhovsky, T. J. Weir, Alex Wynn, D. E. Oates, L. M.
Johnson, and M. A. Gouker. Advanced fabrication processes for superconducting

very large-scale integrated circuits. IEEE Transactions on Applied Superconductivity,
26(3):1-10, 2016.

L Kasaei, Thomas Melbourne, V Manichev, LC Feldman, Torgny Gustafsson, Ke Chen,
XX Xi, and BA Davidson. Mgb2 josephson junctions produced by focused helium ion
beam irradiation. AIP Advances, 8(7):075020, 2018.

B Miiller, M Karrer, F Limberger, M Becker, B Schréppel, CJ Burkhardt, R Kleiner,
E Goldobin, and D Koelle. Josephson junctions and squids created by focused helium-
ion-beam irradiation of ybagcugor_s. Physical Review Applied, 11(4):044082, 2019.

Francois Couédo, Paul Amari, Cheryl Feuillet-Palma, Christian Ulysse, Yogesh Kumar
Srivastava, Ranjan Singh, Nicolas Bergeal, and Jérome Lesueur. Dynamic proper-
ties of high-t. superconducting nano-junctions made with a focused helium ion beam.
Scientific Reports, 10(1):1-9, 2020.

Glenn D Martinez, Drew Buckley, Ilya Charaev, Andrew Dane, Douglas E Dow, and
Karl K Berggren. Superconducting nanowire fabrication on niobium nitride using
helium ion irradiation. arXiv preprint arXiv:2003.02898, 2020.

Shane A Cybart, Ke Chen, and RC Dynes. Planar ybascuso;_s ion damage josephson
junctions and arrays. IEEE transactions on applied superconductivity, 15(2):241-244,
2005.

EY Cho, MK Ma, Chuong Huynh, K Pratt, DN Paulson, VN Glyantsev, RC Dynes,
and Shane A Cybart. Ybaocusor_s superconducting quantum interference devices with

95



[37]

[41]

[42]

[45]

[46]

[47]

[48]

metallic to insulating barriers written with a focused helium ion beam. Applied physics
letters, 106(25):252601, 2015.

Hironori Wakana, Seiji Adachi, Hideyuki Sugiyama, Yoshihiro Takahashi, Tuyoshi Sug-
ano, Masahiro Horibe, Yoshihiro Ishimaru, Yoshinobu Tarutani, and Keiichi Tanabe.
Ramp-edge junctions with interface-modified barriers fabricated on ybco thick films.
IEEE transactions on applied superconductivity, 13(2):595-598, 2003.

MG Forrester, A Davidson, J Talvacchio, JR Gavaler, and JX Przybysz. Inductance
measurements in multilevel high t. step-edge grain boundary squids. Applied physics
letters, 65(14):1835-1837, 1994.

H Terai, M Hidaka, T Satoh, and S Tahara. Direct-injection high-t. dc-squid with an
upper ybagcugor_s ground plane. Applied physics letters, 70(20):2690-2692, 1997.

Yoshihisa Soutome, Tokuumi Fukazawa, Kazuo Saitoh, Akira Tsukamoto, and Kazu-
masa Takagi. A ybco multilayer process using surface-modified junction technology.
IEEE transactions on applied superconductivity, 13(2):591-594, 2003.

P Berberich, W Assmann, W Prusseit, B Utz, and H Kinder. Large area deposition
of ybagcusor_s films by thermal co-evaporation. Journal of alloys and compounds,
195:271-274, 1993.

Yan-Ting Wang, Robert Semerad, Stephen J. McCoy, Han Cai, Jay LeFebvre, Holly
Grezdo, Ethan Y. Cho, Hao Li, and Shane A. Cybart. Ybascusor_s-ceos-ybascusor_s

multilayers grown by reactive co-evaporation on sapphire wafers. IEEE Transactions
on Applied Superconductivity, 29(5):1-4, 2019.

John Clarke and Alex I Braginski. The squid handbook. vol. 2. applications of squids
and squid systems. 2006.

Hao Li, Ethan Y Cho, Han Cai, Yan-Ting Wang, Stephen J McCoy, and Shane A
Cybart. Inductance investigation of ybascusor_s nano-slit squids fabricated with a
focused helium ion beam. IEEE Transactions on Applied Superconductivity, 29(5):1-4,
2019.

Ethan Y Cho, Hao Li, Jay C LeFebvre, Yuchao W Zhou, RC Dynes, and Shane A
Cybart. Direct-coupled micro-magnetometer with y-ba-cu-o nano-slit squid fabricated
with a focused helium ion beam. Applied physics letters, 113(16):162602, 2018.

Ethan Y Cho, Yuchao W Zhou, Jennifer Y Cho, and Shane A Cybart. Superconducting
nano josephson junctions patterned with a focused helium ion beam. Applied physics
letters, 113(2):022604, 2018.

M Prohammer and JP Carbotte. London penetration depth of d-wave superconductors.
Physical Review B, 43(7):5370, 1991.

Yu S Barash, MS Kalenkov, and J Kurkijarvi. Low-temperature magnetic penetra-
tion depth in d-wave superconductors: Zero-energy bound state and impurity effects.
Physical Review B, 62(10):6665, 2000.

96



[49]

[50]

[51]

[52]

[60]

Robert Meservey and Paul M Tedrow. Measurements of the kinetic inductance of
superconducting linear structures. Journal of Applied Physics, 40(5):2028-2034, 1969.

AT Fiory, AF Hebard, PM Mankiewich, and RE Howard. Penetration depths of high
t. films measured by two-coil mutual inductances. Applied physics letters, 52(25):2165—
2167, 1988.

Naoki Takeuchi, Dan Ozawa, Yuki Yamanashi, and Nobuyuki Yoshikawa. An adiabatic
quantum flux parametron as an ultra-low-power logic device. Superconductor Science
and Technology, 26(3):035010, 2013.

Shane A Cybart, Steven M Anton, Stephen M Wu, John Clarke, and Robert C Dynes.
Very large scale integration of nanopatterned ybagcusor_s josephson junctions in a
two-dimensional array. Nano letters, 9(10):3581-3585, 20009.

BJ Taylor, SAE Berggren, MC O’Brien, MC Deandrade, BA Higa, and AM Leese
de Escobar. Characterization of large two-dimensional ybagocusor_s squid arrays. Su-
perconductor Science and Technology, 29(8):084003, 2016.

Jay C LeFebvre, Ethan Cho, Hao Li, Kevin Pratt, and Shane A Cybart. Series arrays
of planar long josephson junctions for high dynamic range magnetic flux detection.
AIP Advances, 9(10):105215, 2019.

Valery V Ryazanov, Vitaly V Bol’ginov, Danila S Sobanin, Igor V Vernik, Sergey K
Tolpygo, Alan M Kadin, and Oleg A Mukhanov. Magnetic josephson junction technol-
ogy for digital and memory applications. Physics Procedia, 36:35-41, 2012.

Jonas Zmuidzinas and Paul L Richards. Superconducting detectors and mixers for
millimeter and submillimeter astrophysics. Proceedings of the IEEFE, 92(10):1597-1616,
2004.

K Saitoh, Y Soutome, T Fukazawa, Y Tarutani, and K Takagi. Characterization of
hts sfq circuits using interface-engineered josephson junctions. IEEE transactions on
applied superconductivity, 11(1):791-794, 2001.

MG Forrester, BD Hunt, DL Miller, J Talvacchio, and RM Young. Analogue demon-
stration of a high temperature superconducting sigma-delta modulator with 27 ghz
sampling. Superconductor Science and Technology, 12(11):698, 1999.

Koji Tsubone, Hironori Wakana, Yoshihiro Ishimaru, Seiji Adachi, Kohei Nakayama,
Yoshinobu Tarutani, and Keiichi Tanabe. High-temperature operation of oxide sfg-
circuit-elements. IEEE transactions on applied superconductivity, 15(4):3911-3916,
2005.

7ZG Ivanov, VK Kaplunenko, EA Stepantsov, E Wikborg, and T Claeson. An experi-
mental implementation of high-tc-based rsfq set-reset trigger at 4.2 k. Superconductor
Science and Technology, 7(5):239, 1994.

97



[61]

[73]

JH Park, JH Kim, GY Sung, CH Kim, KR Jung, JH Kang, and T'S Hahn. Fabrication of
rs flip-flops using y-ba-cu-o ramp-edge junctions and their operation. IEEFE transactions
on applied superconductivity, 11(1):932-935, 2001.

S Shokhor, B Nadgorny, M Gurvitch, V Semenov, Yu Polyakov, K Likharev, SY Hou,
and Julia M Phillips. All-high-t. superconductor rapid-single-flux-quantum circuit op-
erating at 30 k. Applied physics letters, 67(19):2869-2871, 1995.

Han Cai, Hao Li, Ethan Y Cho, and Shane A Cybart. Inductance of ybascusor_s
thin-films with and without superconducting ground planes. IEFE Transactions on
Applied Superconductivity, 30(7):1-5, 2020.

Naoki Takeuchi, Yuki Yamanashi, and Nobuyuki Yoshikawa. Energy efficiency of adi-
abatic superconductor logic. Superconductor Science and Technology, 28(1):015003,
2014.

Yuxing He, Christopher L Ayala, Naoki Takeuchi, Taiki Yamae, Yuki Hironaka, Anub-
hav Sahu, Vikram Gupta, Andrei Talalaevskii, Deepnarayan Gupta, and Nobuyuki
Yoshikawa. A compact aqfp logic cell design using an 8-metal layer superconductor
process. Superconductor Science and Technology, 33(3):035010, 2020.

A Geist. Paving the roadmap to exascale. SciDAC Review, 16, 2010.

Oleg A Mukhanov. Energy-efficient single flux quantum technology. IEEE Transactions
on Applied Superconductivity, 21(3):760-769, 2011.

Edward Leonard Jr, Matthew A Beck, J Nelson, Brad G Christensen, Ted Thor-
beck, Caleb Howington, Alexander Opremcak, Ivan V Pechenezhskiy, Kenneth Dodge,
Nicholas P Dupuis, et al. Digital coherent control of a superconducting qubit. Physical
Review Applied, 11(1):014009, 2019.

Nobuyuki Yoshikawa, Naoki Takeuchi, Kenta Inoue, and Yuki Yamanashi. Sub-kpt
bit-energy operation of superconducting logic devices using adiabatic quantum flux
parametron.

Han Cai, Hao Li, Ethan Y Cho, Jay C LeFebvre, and Shane A Cybart. Ybascuszor_s
single flux quantum flip flop directly written with a focused helium ion beam. IEEE
Transactions on Applied Superconductivity, 31(5):1-5, 2021.

Herbert L Ko and Gregory S Lee. Noise analysis of the quantum flux parametron.
IEEE transactions on applied superconductivity, 2(3):156-164, 1992.

Mutsumi Hosoya, Willy Hioe, Juan Casas, Ryotaro Kamikawai, Yutaka Harada, Yasou
Wada, Hideaki Nakane, Reiji Suda, and Eiichi Goto. Quantum flux parametron: a
single quantum flux device for josephson supercomputer. IEEE Transactions on Applied
Superconductivity, 1(2):77-89, 1991.

N Takeuchi, Y Yamanashi, and N Yoshikawa. Simulation of sub-k bt bit-energy op-
eration of adiabatic quantum-flux-parametron logic with low bit-error-rate. Applied
Physics Letters, 103(6):062602, 2013.

98



[74]

[75]

[83]

N Takeuchi, K Ehara, K Inoue, Y Yamanashi, and N Yoshikawa. Margin and energy
dissipation of adiabatic quantum-flux-parametron logic at finite temperature. IEEE
transactions on applied superconductivity, 23(3):1700304-1700304, 2012.

JE Hirsch and F Marsiglio. London penetration depth in hole superconductivity. Phys-
ical Review B, 45(9):4807, 1992.

Quentin P Herr, Anna Y Herr, Oliver T Oberg, and Alexander G loannidis. Ultra-low-
power superconductor logic. Journal of applied physics, 109(10):103903, 2011.

Hao Li, Jianshe Liu, Han Cai, Qichun Liu, Yingshan Zhang, Gang Li, and Wei Chen.
Negative-inductance superconducting quantum interference device with energy dissi-
pation of 1.38 zj/bit measured by inductively coupled coplanar waveguide resonator.
IEEE Transactions on Applied Superconductivity, 27(4):1-5, 2016.

Masamitsu Tanaka, Masato Ito, Atsushi Kitayama, Tomohito Kouketsu, and Akira
Fujimaki. 18-ghz, 4.0-aj/bit operation of ultra-low-energy rapid single-flux-quantum
shift registers. Japanese Journal of Applied Physics, 51(5R):053102, 2012.

Yuki Ando, Ryo Sato, Masamitsu Tanaka, Kazuyoshi Takagi, Naofumi Takagi, and
Akira Fujimaki. Design and demonstration of an 8-bit bit-serial rsfq microprocessor:
Core ed. IEEE Transactions on Applied Superconductivity, 26(5):1-5, 2016.

Christopher L Ayala, Tomoyuki Tanaka, Ro Saito, Mai Nozoe, Naoki Takeuchi, and
Nobuyuki Yoshikawa. Mana: A monolithic adiabatic integration architecture micro-

processor using 1.4 zj/op superconductor josephson junction devices. In 2020 IEEE
Symposium on VLSI Circuits, pages 1-2. IEEE, 2020.

Shigeyuki Miyajima, Masahiro Yabuno, Shigehito Miki, Taro Yamashita, and Hirotaka
Terai. High-time-resolved 64-channel single-flux quantum-based address encoder in-
tegrated with a multi-pixel superconducting nanowire single-photon detector. Optics
express, 26(22):29045-29054, 2018.

Naoki Takeuchi, Fumihiro China, Shigehito Miki, Shigeyuki Miyajima, Masahiro
Yabuno, Nobuyuki Yoshikawa, and Hirotaka Terai. Scalable readout interface for super-
conducting nanowire single-photon detectors using aqfp and rsfq logic families. Optics
express, 28(11):15824-15834, 2020.

MW Johnson, P Bunyk, F Maibaum, E Tolkacheva, AJ Berkley, EM Chapple, R Har-
ris, J Johansson, T Lanting, I Perminov, et al. A scalable control system for a su-

perconducting adiabatic quantum optimization processor. Superconductor Science and
Technology, 23(6):065004, 2010.

Naoki Takeuchi, Yuki Yamanashi, and Nobuyuki Yoshikawa. Thermodynamic study
of energy dissipation in adiabatic superconductor logic. Physical Review Applied,
4(3):034007, 2015.

99



[85] Naoki Takeuchi, Yuki Yamanashi, and Nobuyuki Yoshikawa. Adiabatic quantum-
flux-parametron cell library adopting minimalist design. Journal of Applied Physics,
117(17):173912, 2015.

100





