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ABSTRACT OF THE DISSERTATION

Focused Helium Beam Irradiated Josephson Junctions
by

Ethan Y. Cho
Doctor of Philosophy in Physics

University of California San Diego, 2016
Professor Robert C. Dynes, Chair

In this thesis, I studied the superconductor-insulator transition in thin film
planar YBayCuzO7_5 (YBCO) Josephson junctions with focused helium ion beams
(FHB). Josephson junctions, patterned by a direct-write focused helium beam with
a beam size of 500 pm, have a barrier width on the order of the quasiparticle tunnel-
ing length. By increasing the barrier strength with an irradiation dose that creates
disorder in the material, the junction transitions continuously from a superconductor-
normal metal-superconductor (SNS) to superconductor-insulator-superconductor (SIS).
As described in model by Blonder, Tinkham, and Klapwijk (BTK), the transport
mechanism shifts from Andreev reflection to tunneling. The product of critical cur-
rent (I¢) and normal state resistance (Ry) is larger as a result of the higher resis-
tance of the junction. Using high resistance SIS junctions, we measured the dynamic
conductance of YBCO-YBCO junctions in the conduction plane. The peak of the dy-
namic conductance agrees with the reported values of the energy gap in the literature.
In addition, the temperature dependence of the dynamic conductance peak fitted well
with the temperature dependence of the energy gap in the Bardeen-Cooper-Scherifer
(BCS) theory.

In the view of fabrication technology, an FHB can be used as a lithography
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tool to pattern circuits. By applying higher irradiation dose, insulating barriers were
created, defining the current paths and junction widths. Nano-scale features, which
were difficult if not impossible with previous processing techniques, were directly writ-
ten with an FHB. The smallest feature made with direct patterning with an FHB is
20 nm wide junction. Also I observed hysteretic current-voltage characteristics, from
junctions with the Stewart-McCumber parameter B¢ greater than 1. Nanopatterning
with an FHB allows control over junction parameters of I, Ry, IcRn, and (¢ that
extended the parameter space of the junctions. With nanojunctions, superconduct-
ing electronics could be made with very high normal state resistance reaching several
hundred ohms and be impedance matched with semiconductor electronics.

High-transition temperature superconductors have order parameters with some
d-wave symmetry. I observed angular variation in I¢, Ry, and /¢ Ry of junctions in
different orientations that have a similar pattern to the d-wave pattern. This exper-
iment was conducted with YBCO-YBCO junctions, as opposed to different material
interfaces that do not lie in the conduction plane. Junctions in certain directions
exhibit /¢ Ry over 1 mV.

I also made superconducting quantum interference devices (SQUIDs) of FHB
SIS and SNS junctions. A single SIS SQUID exhibits voltage modulation of 200 pV at
4 K. The SNS SQUID at 68 K has a flux noise of 10 u®,/Hz~'/? in white noise range
and 20 pu®o/Hz~/2? at 1 Hz, on par with the current state-of-the-art HTS SQUID
in the white noise range and out performs it below 10 Hz. For most biomedical
imagining applications, the signals below 10 Hz suggest HT'S SQUID sensors could
be an improvement to current technologies.

Lastly, 1D arrays of long Josephson junctions could potentially be an alter-
native for applications that require large dynamic range. For a 10 micron-wide, six
hundred series junctions array, the voltage modulation was 23 mV, appearing linear
over 12 mV and 30 pT, with a slope or transfer function of 500 V/T. As the junctions
widens, the V-B skews more. In principle, with proper design of the junction width,

the transfer function can be much larger.
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Chapter 1

Josephson Junctions

1.1 Introduction to Josephson junctions

Superconductors have unique properties such as zero DC resistance, Meissner
effect (magnetic flux exclusion) and quantized magnetic flux in a loop, that have
potential applications. The superconducting electronics based on these unique prop-
erties are currently used or show promising potential for new applications. Some of the
applications include non-invasive biomedical detection and imaging, specifically mag-
netoencephalography (MEG) [1, 2, 3] and magnetocardiography (MCG) [4, 5, 6, 7].
Additionally, superconducting electronics are of great interest for many applications
in the field of communication [8, 9, 10|, digital circuits [11, 12, 13, 14, 15, 16] and
geoimaging [17]. Furthermore, these electronics are also used as an international
voltage standard at the National Institute of Standards and Technology [18, 19]. In
astrophysics, a single photon detector, a bolometers that uses the superconducting
transition, is often used in telescopes or deep space probes [20, 21]. Since supercon-
ductivity is a macroscopic quantum mechanical phenomenon, it is also considered as
one of the potential pathways to quantum computation [22, 23, 24, 25, 26, 27, 28, 29].
Studying the different physical effects and device functions will provide a better un-
derstanding of the physics of superconductivity.

The fundamental element in most superconducting electronics is the Josephson
junction. It was first predicted by Brian Josephson in 1962 [30] when he considered

the Cooper pair tunneling term, which was originally left out in the formulation of
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Figure 1.1: A schematic of Josephson junction. The blue blocks represent supercon-
ducting electrodes and the red block is the junction barrier.

tunneling Hamiltonian in the BCS theory [31]. He proposed two equations to describe
the Cooper pairs tunneling through a thin insulating barrier separating two super-
conductors. The barrier/weak link can be either an insulator (SIS) or a metal/weak
superconductor (SNS). Figure 1.1 shows a schematic of a Josephson junction.

To derive the Josephson equations in the absence of a magnetic field, consider
the coupling between the two superconducting electrode wavefunctions (U =4/ne’?),
where n is the pair density, and ¢ is the superconducting phase. If K is the coupling
constant that couples the two superconductors across the barrier, then the coupled

Schrodinger equations for a Josephson junction are

/]
m@ — B, + KU,
36\15 (1.1)
z‘ha—f = B0, + KUy,

Substitute ¥ =,/ne’ into Eq. (1.1)

M i + i\/n_lei%@ __t [El Ve + K\/n_geid’ﬂ
2\./ nl h (1.2)
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Taking the real part of Eq. (1.2)

m

= %\/71_25111(@ — ¢1)

R (1.3)
2\/71_2 = %«/nl Sln(¢1 - ¢2)
Assuming the two superconducting electrodes are the same gives
: K .
n= 2En sin(¢pg — ¢1). (1.4)

Consider a unit volume. Then, the DC Josephson equation which states that a
supercurrent [ can flow in the absence of a voltage, up to a critical current Ig,

becomes
I = Igsin Ag (1.5)

where A¢p = ¢ — ¢ is the phase difference between the two superconducting order
parameters of the electrodes. The A¢ across the junction is assumed as a constant
in the y direction. In the presence of an external magnetic field, the gauge invariant

phase has to be considered and the Josephson equation in Eq. (1.5) is now
I = Igsin~, (1.6)

where
7:A¢—/A-ds (1.7)

is the gauge invariant phase and A is the vector potential. Figure 1.2 shows the
current distribution in the junction with different applied magnetic fields (field is
applied perpendicular to the page). When the applied magnetic field multiplied by
an area A of the junction is equivalent to an integer multiple of a flux quantum (®),
then the circulating current forms vortices.

The second Josephson equation can be obtained by taking the imaginary part
of Eq. (1.2). Here Ej is generally not identical to Fs as we can assume that E; — FEy

represents the voltage across the junction.

VT = —1 [Byy/i + K i cos(és — 1)
Vs = == (B /it + K /iy cos(61 = 6)]



(@) (b) (b)

$=0.5 CDO

Figure 1.2: Current distribution in a short Josephson junction, where short will be
defined later, with external applied magnetic field equal to (a) zero, (b) half flux
quantum, and (c) one flux quantum.

Using the same assumption as previously for the real part and subtracting the two

equations, we get

d Ey — Eq
—(¢pg — = —— 1.
7 (02 = &) - (1.9)
Since a Cooper pair carries a charge of 2e, the voltage across the junction is
h dA¢
= —— 1.10
2e dt ( )

which is the AC time dependent (second) Josephson equation where A¢p = @9 — ¢1.
This second Josephson equation relates the time dependence of the phase difference
to the voltage across the junction, the time averaged value of the A(ﬁ gives a DC
voltage. Figure 1.3 demonstrates the current-voltage characteristic (I-V") of a typical
Josephson junction that is described by the two equations 1.5 and 1.10. Although
there was some controversy when Josephson first proposed his theory, it became
widely accepted after John Rowell and Phil Anderson confirmed the modulation of
the I¢ in an externally applied magnetic field [32].

When a Josephson junction is driven by a DC and AC voltage source, there
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Figure 1.3: Current-voltage characteristics of a typical Josephson junction.

will be steps occurring in resonance at

hv
- n— 1.11
% n26 ( )

, where v is the AC frequency. These steps were first observed by Shapiro and are
called Shapiro steps [33]. Combining AC (1.10) and DC (1.5) Josephson equations
we have

I(t) = Icsin U %h“')dt' + ¢0} . (1.12)

By assuming V' (¢) = Vi + Vac cos wact, and using trigonometric identities and Bessel

function relations Eq. (1.12) becomes

10 =1cY (=1 (Q;‘Zf) sin [(w — nwac)t + o) (1.13)

where J, is the Bessel function of the first kind. Figure 1.4 shows a typical I-V
for a Josephson junction exposed to a 12 GHz RF signal where the step height is
determined by the Bessel function.

All the equations described above are under the assumption that the phase

along the junction length is constant. However, when the junction length is longer
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Figure 1.4: I-V of a Josephson junction irradiated with a 12 GHz radio frequency
source demonstrating Shapiro steps.

than the Josephson penetration depth (\j), this assumption is no longer valid. To
derive A\j and the spatial dependence of the phase, consider a surface in the cross
section of the junction as illustrated in Fig. 1.5. From Faraday’s Law in the z-

direction,

0E, 0% 0B,
}{E cds =w o dz = 5 = o (2X + w)dz. (1.14)

0
By taking — on both sides, we get

0z
O*E, 2\ +w) 9*B,
=— . 1.1
022 ( w ) o0toz (1.15)
Similarly, for the y-direction,
’E 2\ ’B
0L, _(22Atw) 0B (1.16)
Oy? w oty
From the Ampere-Maxwell equation in the x-direction,
1 /0B, OB J, 10F,
: I I (1.17)
w\ Oy 0z at e Ot

0
Then by taking — on both sides and using Eq. (1.15) and Eq. (1.16), we have

ot
2 2 2
(a %) 18>Ex_1&]m

o2 Yoz T wae) BT e (1.18)
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Figure 1.5: A cross-sectional surface in a Josephson junction considered in the
derivation.

1
where v? = —2)\1:)_ . Next, from Eq. (1.5) and Eq. (1.10), we have
e w
Jpy = —Jcosiny
dp 2V 2eF,w (1.19)
o0~ h B

Substitute the above into Eq. (1.18) and finally we have

0? 0? 1 0 siny
(@*@‘ﬁ@) = (1:20)
where
2 n (1.21)

A= 2eJopo(2) + w)’
The physical interpretation of this length is that the magnetic field penetrates the
junction to Aj just as A does in bulk material. When the length of the junction is
much less than Ay, the short junction limit, then the current is uniform in the junction
(Fig. 1.6(a)). In the long junction limit, when A\; << [, current will be constricted
along the edge of the junction to a length \j for a time independent solution. For
a time-dependent solution, flux will be propagating through the junction, with the

propagating vortices traveling along the junction normal to the current (Fig. 1.6(b)).
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Figure 1.6: Current distribution in (a)(c) short and (b)(d) long junction with corre-
sponding critical current magnetic field response.

Eq.(1.20) has the same form as the sine-Gordon equation for a series of coupled
pendula.

From the time independent DC Josephson equation the critical current is a
function of magnetic field. In figure 1.6(c) and (d), we show the corresponding critical

current-magnetic field response (Ic(B)). For short junctions, the I¢(B) is a sinc

function
(Z2)
sin( —
N wd
Io(B) = = |sinc(— 1.22
o(B) = |—5 ) (122
ot

where ® = BA is the flux through the junction and ®; = 2.07 x 10~'Wb is the
magnetic flux quanta. This is analogous to the Fraunhofer pattern in a single slit
optical diffraction experiment. As the junction gets longer, and the current distribu-
tion is no longer uniform, Ic(B) deviates from the Fraunhofer pattern. The I¢(B)

of long junctions eventually enter a regime of a multivalued function due to self-field
effects [34].
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Figure 1.7: A circuit diagram of the resistively capacitively shunted Josephson junc-
tion model.

1.2 Resistively capacitively shunted junction model

In 1968 Stewart [35] and McCumber [36] independently developed an equiva-
lent circuit model that describes the Josephson junction. The model they proposed
later called the resistively capacitively shunted junction (RCSJ) model, which con-
sists of a DC Josephson component in parallel with a resistor and a capacitor as
illustrated in figure 1.7. The slope of the I-V curve of such a junction approaches
a constant resistance at high bias, which is the resistance represented by the normal
state resistance (Ry) in the RSCJ model. The current across the junction can be
written as the sum of the currents through the three components.

I:]csingb+RLN+C%. (1.23)
By using Eq. (1.10) the above equation can be presented as a second order differential

equation in phase

) h d¢ hCd*¢

I =1 — 4+ — 1.24
csing+ o e an (1.24)

or in dimensionless variables

) do d?*¢
szcslllgb—i-@—f-ﬂcw (125)
2e
where 0 = E[CRNt and
2

Be = 1RO (1.26)

h
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Figure 1.8: -V of (a) an underdamped junction [37] and (b) an overdamped junction.
At high bias the I-V approaches Ohm’s law with slope Ry indicated in the figure as
the dashed line. In (a) the red arrows show the re-entry voltage path different from
the supercurrent.

is the Stewart-McCumber parameter Eq. (1.25) is the same as a driven damped
pendulum. For an underdamped junction, where (¢ is large (betac >> 1), the -V
is hysteretic (Fig. 1.8(a)) [37]. On the contrary, when (¢ is small (overdamped case),
there is no hysteresis in the I-V characteristics (Fig. 1.8(b)) and Eq. (1.25) becomes

a first order differential equation with analytic solution

0 I < I¢
V= (1.27)

I 2
IcRy <—) -1 I>Ic.
Ic

The product of critical current and normal state resistance (/cRy) is usually used as

the parameter to describe junction quality.



11

(\? ra'u ®  Oxygen
. :

e
. » Copper

o
(f‘(ﬁ :-r{”"
o Yttrium

C Barium

Figure 1.9: A 3D YBCO crystal unit cell model.

1.3 High transition temperature superconducting

Josephson junctions

Just as scientists around the world thought the mystery of superconductivity
had been solved and the highest T would not exceed 30 K according to BCS the-
ory, a group of scientists at IBM Zurich discovered a ceramic that superconducted at
35 K [38]. Soon after, Paul Chu and his group discovered YBayCuzO7s (YBCO) [39],
which superconducted at 93 K, which is well above the boiling point of liquid nitrogen
(77 K). A huge family of cuprates was subsequently discovered by researchers around
the world with Ts higher than 77 K. Scientists were ready and eager to transfer
all the technologies developed from conventional superconductors or low temperature
superconductor (LTS) to these high temperature superconductors (HTS). However,
HTS materials have complex crystal structures. For example, YBCO is anisotropic

in all directions, in both crystal structure and superconducting properties (Fig. 1.9).
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Figure 1.10: A bicrystal junction on SrTiOz substrate.

Not only is the coherence length ({ypco ~ 2 nm) much shorter than the conventional
superconductors ({nxp ~ 50 nm), but YBCO also has an orthorhombic unit cell and
the & is estimated about an order of magnitude shorter in the c-axis than the &, in
the ab-plane [40]. In addition, the order parameter in the HTS has a more complex,
higher order d-wave and s-wave symmetry as opposed to only the s-wave in LTS. For
a conventional superconductor, the electron density is on the order of 10%3/cm?® and
the coherence length is approximately 50 nm; therefore, the number of electrons/pairs

3 is on the order of tens of millions. On the other hand,

in a coherence volume (50 nm)
cuprate superconductors have an electron density only on the order of 10?!/cm? and a
coherence volume much smaller (~ 1 nm?), resulting only one or few electron pairs in
a coherence volume. The electron-phonon interaction in the BCS theory that created
the attractive retarded potential is not believed to be the coupling mechanism for
HTS materials. However, the mechanism for the attractive potential in HTS is still
unknown. To make matters even more complicated, high-quality films are c-axis ori-
ented, which means the high conductivity path has to be along the ab-plane. These

requirements complicated most of the technologies developed based on LTS, a mul-

tilayer technology. With the physics still unknown and difficult processing required,
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Figure 1.11: A schematic of a ramp edge junction.

applications of HT'S materials did not advance as rapidly as everyone predicted and
hoped. Nevertheless, progress has been made in both the growth of the material and
the processing technique.

Early successful junctions were made on a bicrystal substrate. When YBCO
films are grown over grain boundaries, junctions were formed directly on top of the
boundary. As illustrated in figure 1.10 a junction is formed at the break of the grain
boundary; however, the break on the substrate is a jagged line across the bridge.
There is little control over the junction formation. As a result, some of the best
junctions were grain boundary junctions but the variation between the junctions on
a single chip was large compared with other types of junctions. For grain boundary
junctions, the Ic Ry products generally have a variation of 30% or more. Although it
is simple to process and suitable for research, the lack of control of junctions and the
confinement to the one-dimensional break limits the potential of this as a technology.

To tackle the limitation of grain boundary junctions, researchers developed
artificial grain boundaries by ion milling a ramp on MgO substrates (Fig 1.11). With
proper milling methods, it is possible to create a junction at the top of the ramp

and have a smooth transition at the bottom. Therefore, junction placements could
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Figure 1.12: A schematic of a step edge junction.

be extended to two dimensions on the chip with two possible orientations. However,
ramp junctions still use the same principle as grain boundary junctions in that the
variation is still large and uncontrollable. The downsides of a MgO substrate include
hydrophilic behavior, short lifetime, and limitations on the substrate size.

One of the most successful junction technologies is the step edge junction
(Fig. 1.12). The technology matches the quality of the previous technologies but
with much better control over the IRy product and the variation. However, the
processing steps are a lot more complicated due to the multilayer process. In order
to have high quality and stable YBCO after processing, the insulating layer and the
barrier layer require multiple buffer layers. The substrate size is also still limited as
the technologies described previously.

Finally, the masked ion/electron irradiated junction technology has perhaps
the most potential [41, 42, 43, 44, 45]. This technology is different from the tech-
nologies mentioned above because junctions are created by the disorder caused by
high energy ion/electron irradiation (Fig. 1.13) The principle of this technology is
based on the fact the YBCO undergoes a superconductor-insulator transition as the
disorder in the crystal increases. Therefore, the junction barrier can be ”written”
from the starting material, eliminating problems at the interface and resulting in bet-

ter uniformity of I¢Ry. Since the junction direction and position are determined by
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Figure 1.13: A schematic of an ion irradiated junction.

the mask, this technique is a 2D technology without any limitation on the junction
direction and with much higher density than the others. It is scalable to wafer scale
processes since there is no limitation on the substrate material [46]. The downside of
this technology is that the IRy product is about an order of magnitude lower and
that the fabrication of the mask is very difficult. The following chapters will discuss

more about ion irradiation technology.



Chapter 2

Ion Irradiated Junctions

2.1 Superconductor-insulator transition

Superconductivity can be disrupted in two ways: phase decoherence or pair
amplitude suppression [47]. Previous studies by Merchant et al. [48] have shown
that phase decoherence broadens the superconducting transition width with respect
to temperature. In [48], lead was quench condensed onto different substrates forming
grains with different coupling constants between grains. Each grain is well defined
by an individual superconducting wavefunction, each with its T of lead. However,
the phase of each grain is unique; therefore, the whole film is in a phase fluctuating
regime. This phase fluctuating regime results in the same onset temperature for each
grain but the macroscopic film has a broadened transition width. For substantial
grain-grain decoupling the resistive transition disappears. Figure 2.1 illustrates the
transition width increases with weaker coupling between the grains.

On the other hand, in a study by Xiong et al. [49] it was shown that pair
amplitude suppression does not change the transition width but does change 7. The
experiment was done by quench condensing multilayer stacks of Pb/Sn or Pb/Ge
to form a completely amorphous lead film with grain sizes less than the coherence
length. This resulted in no individual islands of lead with different superconduct-
ing phase. The pair amplitude in their experiment is controlled by the number of
multilayer stacks or resultant resistance per square (R/0). The results shown in

figure 2.2 suggest as the pair amplitude is enhanced at lower R/0, the T¢ of the

16
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Figure 2.1: Sheet resistance versus temperature plot by Merchant et al., showing
superconducting transition narrows from (a) smaller to (k) larger grain size [48].

film approaches the bulk 7. Since the phase remains coherent over the film, the T¢
transition temperature width stays sharp and well defined for all thicknesses.

In high temperature superconductors, superconductivity can be disrupted with
ion irradiation [50, 51, 52]. The disruption includes both phase decoherence and pair
amplitude suppression. Although the previous experiments were done with a con-
ventional superconductor, lead, the same principle described above can be applied to
high temperature superconductors. The ion irradiation generates point defects in the
HTS material, which increase the electron or hole scattering rate and the depletion
of carriers. Therefore, the superconductor undergoes the superconductor-insulator
transition. The nodes and opposite phases from the d-wave symmetry of HTS order
parameter make the material more sensitive to disorder. Studies done by White et
al. and Lang et al. [50, 51, 52] have shown the superconductor-insulator transition in
YBCO films irradiated with different ion beams. Figure 2.3 shows YBCO films irra-
diated with different doses. As dosage increases, the resistivity of the films increases
and the T decreases. At lighter doses, the primary disruption of superconductivity

is by the suppression of the pair amplitude, where the transition width is still narrow.
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Figure 2.2: Sheet resistance versus temperature plot by Xiong et al., shows the super-
conducting transition onset temperature increasing as the number of layers increases

from 1 to 14 [49].
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Figure 2.3: Resistivity versus temperature plot by Lang et al. showing supercon-
ducting transition for different ion irradiation doses. In this example, the material

transitions to an insulator at a dose of 4 x 10' ions/cm? [52].
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As opposed to conventional superconductors, where T approaches a finite
temperature when disordered, the superconductor-insulator transition in YBCO re-
sults from a radiation induced transition to insulator. Since the transition is con-
tinuous, it is possible to have barriers transitioning the full range of the transition

without having to form interfaces with different materials.

2.2 Electrical properties of ion irradiated junctions

Using the superconductor-insulator transition of YBCO, researchers have demon-
strated the modification of YBCO electrical properties on the nanoscale to create
single junctions and Josephson junctions in large scale arrays [41, 46]. The fabri-
cation of these devices involves multiple stages of processing. Each step requires
extreme care during processing. Fortunately, all of the processes described above can
be adopted from already available processing technologies within the semiconductor
industry. Therefore, this ion damage technology has the potential to be easily scal-
able to large wafers. The first step is to use photolithography and Ar* ion milling
to define the electrodes on the micron length scale. The second step is to deposit
an e-beam resist-Ge-photoresist trilayer mask structure for e-beam lithography and
then a two-step reactive ion etch (RIE) to create an ion mask with nanochannels to
define where the junctions will be. The ion implantation step to create the junctions
requires high enough energy ions to penetrate YBCO films creating disorder while
being buried in the covering resist to protect the remainder of the YBCO films. The
ions are deposited in the underlying substrate. A typical mask channel dimension is
25 nm wide, however, the damage straggle length from ion implantation is generally
larger than the mask size. Figure 2.4 is a simulation of the stopping range of ions in
matter (SRIM) [53]. This simulation shows the displacements in YBCO, showing the
width of the disordered region compared to the mask.

Since the size of the junction is much greater than a typical tunneling length
for electrons or holes and the coherence length, the conduction length for the masked
ion beam irradiated junctions is much longer than the direct tunneling length of
conventional SIS tunnel junctions. These junctions are ”proximity junctions” when

a metallic material is in proximity with a superconductor and if the electrons can



20

Displacements/ionA

0.000
0.04940
0.09880

0.1482

20
40
60
80
00
20
140
160
180

200 1 1 N N 1 N 1 N 1 1
0 20 40 60 80 100120140160180200

Width (nm)

0.1976

0.2470

0.2964
0.3458
0.3952
0.4446
0.4940

Depth (nm)

Figure 2.4: Displacement in a 200 nm YBCO film irradiated with 175 keV Ne™ with
mask channel 25 nm wide. The straggle length is 80 nm, greater than the channel

width.

maintain time reversal symmetry while in the material, then superconductivity can
proximity couple into the material. The proximity effect can only occur when there
are allowed extended electron or hole states in the non-superconductor. In most cases,
the material is a metal, but in masked junctions, the material is a lower T super-
conductor. The pair amplitude decays into the proximity coupled material. Since
the proximity effect is a diffusive process, the length scale is much longer range than
tunneling. Therefore, it is possible to have proximity coupled junctions with wider
barriers (~ 100 nm) that is not insulating. This property explains the lower I¢ Ry
product for masked junctions as Ry increases approximately linearly with defects but
I decreases much faster than linear.

Proximity coupled junctions have weak barriers, such that an additional trans-
port method for non-paired carriers, the quasi-particles, are activated. Andreev pro-
posed that when an electron approaches a normal metal superconductor interface,
a hole will reflect in the opposite direction from the interface, thus transferring 2e
(the charge on a superconducting pair) though the interface into the superconduc-

tor [54]. This conduction method is called Andreev reflection, and is the source of
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excess current ([, ), observed in some junctions. This excess current has no magnetic
field dependence and is undesired. For most SNS junctions at lower temperatures, I,
is commonly and incorrectly included when reporting /Ry, and results in overesti-
mated values for SNS junctions.

Blonder, Tinkham and Klapwijk (BTK) proposed a model for transport be-
tween a superconducting-normal metal interface that describes the transport mecha-
nisms in terms of a barrier strength (Z) which changes from a metal-metal interface
(weak Z) to a metal-insulator interface (strong Z) [55]. At a lower Z, Andreev re-
flection is the dominant transport for quasi-particles. When Z is close to unity, both
tunneling and Andreev reflection exist as the conduction channel. In strong barri-
ers (Z > 1), direct tunneling is the only mechanism possible. A follow-up work by
Octavio et al. [56] attempted to adapt this model to a Josephson junction.

Based on previous studies by our group [41, 57, 46, 58] and the fact that
the transport mechanism for SNS and SIS can be described by a microscopic single
parameter theory, the metal-insulator transition should be observable in ion irradiated
junctions. However, the junction barrier needs to be deeper and narrower (i.e. a

transition from metal to insulator on an atomic scale).



Chapter 3

Focused Helium Beam Irradiated

Josephson Junctions

3.1 Motivation

Previously, we have hypothesized that with narrower and higher Z barriers
it is possible to observe the metal-insulator transition into the tunneling regime in
ion irradiated junctions in YBCO. An SIS junction allowing in-plane tunneling and
junction spectroscopy in the same material has not been previously accomplished.

In terms of junction fabrication technology, a stronger barrier should improve
junction parameters, and a better-defined barrier will potentially increase the uni-
formity. However, with current masked ion irradiation technology described in the
previous chapter, the feature size of the mask is limited to tens of nanometers at best.
From previous simulations, even a mask of 24 nm has a disordered region that extends
to about 100 nm. Therefore, a new approach needs to be implemented. Instead of us-
ing a mask and broad beam implant, we realized that a focused ion beam (FIB) may
improve the feature size. Previously, researchers have adapted focused ion beams for
nanopatterning and/or direct writing of the junction barrier [59, 60, 61, 62, 63]. The
most common liquid metal source is gallium with a typical beam spot of ~ 50 nm.
Due to the spot size of the Ga beam, the atomic mass, and the beam energy, fea-
ture sizes from a liquid metal source are still limited to ~ 100 nm. The junction

parameters are similar to the masked ion irradiated junctions.

22
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Figure 3.1: Simulated displacement in (a) 100 nm and (b) 25 nm YBCO with (a)
200 keV Ne* and (b) 30 keV He" using Silvaco Athena™to compare the junction
size of masked implantation with focused ion beam.

In order to reduce the feature size, helium—a smaller inert atom—is an excellent
candidate. ALIS™ now a part of Carl Zeiss Microscopy ™, developed a gas field
ion source (GFIS) for their helium ion microscope (HIM) in 2006 [64]. The spot
size of the focused helium beam is 500 pm, smaller than conventional FIB by two
orders of magnitude. Figure 3.1 shows the comparison of disorder profiles in a masked
junction and a focused helium beam (FHB) junction. The disordered region generated
by the helium beam is much smaller and more uniform than the masked junction.
Furthermore, the barrier width created by the helium beam is similar to typical
tunneling length for electrons or holes. From the simulation, we know it is possible
to see a metal-tunneling transition in YBCO junctions. The following section will

describe our experiments.

3.2 Fabrication

Devices were fabricated on 5 mm square sapphire substrates with in-situ

200 nm Au on 150 nm or 25 nm YBCO, where the YBCO is grown by reactive
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Figure 3.2: Simulation of 30 keV He™ implanting into a 100 nm YBCO film. The
red dash line indicates 25 nm deep in the YBCO. The displacement in the YBCO
remains relatively uniform and the straggle is small for depths up to 25 nm.

co-evaporation and supplied to us from Ceraco™. Fabrication steps are described
in the following. Firstly, standard photolithography and Ar™ ion milling were used
to define the electrodes as previously in chapter 2. Next, the thickness of YBCO
needed to be determined for helium ions irradiation such that He™ create damage
without implanting helium in the YBCO film. Since the maximum He" energy from
the microscope is 30 keV, the film thickness needs to be thin. The film thickness
range was determined by SRIM simulation of 30 keV He™t implanting a 100 nm thick
YBCO film.

According to the SRIM simulation in figure 3.2, the helium ions penetrate
approximately 25 nm of YBCO with very little lateral straggle and with uniform dis-
order density. Therefore, the thicker films need to be thinned to approximately 25 nm
to meet the requirements. For the thicker films, photolithography was performed to
define a window for a second ion milling process to thin the YBCO within the win-
dow where the junctions will be written. Resistance as a function of mill time was
measured at room temperature to determine the thickness of the YBCO film after ion
milling. Figure 3.3 shows a picture of the sample after two steps of processing. Each
chip has four 4 pm bridges in a 4-point measurement configuration. The process only
requires photolithography and chemical etch to remove the gold exposing the write

field for the 25 nm-thick films. Figure 3.4 shows a picture of a thinner film sample



25

(a) (b)

Irradiated regions

Figure 3.3: (a) A picture of the circuit on thicker YBCO films after two steps of
processing. (b) A zoomed in view of the center write field showing four 4 pm bridges
in a 4-point measurement configuration. The red lines indicate where the Josephson
junctions were written with the focused helium beam.

that has twenty 4 pum bridges in a 4-point measurement configuration. Finally, the
samples were irradiated with a helium ion beam as indicated in both figures 3.3(b)

and 3.4(b) at different doses ranging from 50 ions/nm to 3000 ions/nm.

3.3 Measurement results

Measurements were done in a low noise cryogenic measurement system inside
a shielded room. All [-V's were taken where the junctions were current biased with
a 1 Hz slow sweep from a function generator. Two separate preamplifiers were used
to measure the voltage across the junction and the voltage across a known resistor
in series with the junction in order to determine the current. The outputs of the
preamps were then read by a DAC connected to a computer.

The first round of the experiment was done using the thinned down samples
with four 4 ym bridge pattern (Fig. 3.3) in order to determine the thickness and to
find the dose range for junctions, experimentally. I-V curves of 25 nm thick YBCO
irradiated with 50 ions/nm (lowest) and 3000 ions/nm (highest) are shown in figure
3.5. The resistance of the lowest dose junction is less than 0.01 2 while the resistance
vs. temperature plot (RT) of the highest dose junction increases a few orders of

magnitude. Junctions irradiated with 100 ions/nm and 300 ions/nm have an -V



|

<
S

=1l

Figure 3.4: (a) A picture of a circuit on 25 nm-thick YBCO films after gold removal.
(b) A zoomed-in view of the center write field showing twenty 4 pm bridges in a
4-point measurement configuration where the red lines indicate ion irradiation.

that corresponds to the RSJ model presented (Fig. 3.6(a), 3.6(d)). Figure 3.6(b)
shows that the Ry of the 100 ions/nm junction decreases with lowering temperature
from 0.9 © to 0.5 Q. In addition, Ic rises as the junction temperature decreases.
Figure 3.6(b) shows that Ry of the high junction increases with lower temperature
from 8 €2 to 20 Q for the junction irradiated with 300 ions/nm.

From the data presented, we have shown Ry for the 100 ions/nm junction
resistance decreases with lower temperature, which suggests a metallic behavior. The
resistance of the junction is ~ 10 times higher resistance than masked junction,
typically between 0.01 ~ 0.1 €2, as expected for a stronger Z barrier. Due to the
increase in Ry, the IcRyx of SNS FHB junction is ~ 10 times higher. In addition,
the supercurrent increases similar to a power law [41] as the junction was cooled, a
typical property of SNS junctions when the excess current I, from Andreev reflection
is enhanced. On the other hand, Ry of the junction irradiated with 300 ions/nm
increases with lowering temperature; this behavior reveals the first evidence that
the junction barrier is an insulator while showing a Josephson current. Properties
of the I provides more evidence that the barrier is an insulator. I¢ approaches a
maximum value at lower temperatures, similar to SIS junctions from conventional
superconductors following the BCS theory. Furthermore, I, is not present in the I-V

curves in figure 3.6(d). Therefore, we believe we have shown that both SNS and SIS
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Figure 3.5: (a) I-V and (inset) resistance vs temperature plot of a line written with

50 ions/nm. (b) I-V and (inset) resistance vs temperature plot of a line written with
3000 ions/nm.

junctions can be made using an FHB.

To investigate the region near the metal-insulator transition, a second round
of the experiment was done with a much finer dose range. Since a good thickness has
been determined in the previous experiment, 25nm-thick film was the only thickness
used in this experiment to simplify the fabrication process. Figure 3.4 show the sample
design, twenty 4 pum bridges were patterned in the write field of the test samples.
Junctions were irradiated in the range of 75 ions/nm to 425 ions/nm at 25 ions/nm
increments. -V curves were taken to extract the temperature dependence of Ry and
Ic. I, was purposely included in I¢ to illustrate the SNS junction. Figure 3.7(a)
shows Ry as a function of temperature and the red line separates two different trends
of temperature dependence. I¢s for junction doses higher than 325 ions/nm approach
a constant value at lower temperatures, and I¢s for lower doses kept increases (Fig.
3.7(b)). A special case is the junction irradiated with 325 ions/nm, where Ry remains
relatively constant over a very wide temperature range. Figure 3.8 shows the junction
has no I, and Ry = 5.25 2 with very small variations from 12.5 K to 43 K. The Ic Ry
value of this junction increases only with increasing I up to ~ 350 pV.

Based on the data shown here, the electrical properties of barriers continu-
ously changes from metallic to insulating by varying the irradiation dose. The metal-

insulator transition in junction barriers corresponds well with the BTK model, where
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the barrier strength Z is controlled by the dose applied. The temperature range where
the I¢ is clearly visible in the /-V but before I, begins dominating the supercurrent
is much larger than the masked junctions. This can be understood with a moving
boundary model proposed by Katz et al. [41], which limits the temperature range in
the case of masked junctions. However, for FHB junctions, the barrier is much nar-
rower and well defined such that the junction width does not vary with temperature.
Furthermore, for the higher dose SIS junction, there is no I, to limit the lower bound
of the temperature range. A common conventional SIS tunnel junction usually has
a hysteretic -V curve, but the SIS junctions presented here do not have hysteretic
I-V's. This is because the area of the junction is much smaller than the conventional
sandwich junctions such that B¢ is small. The junction area in the current case is
25 nm by 4 pm. If we assume the barrier is 2 nm and we use the dielectric constant

of sapphire, then we estimate the capacitance to be

A 25 4000
O = eyl = 10¢, 2 2 X TP _ 4 4 % 107 15F. (3.1)
d 2nm
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Therefore, following Eq. (1.26), the junction S is
2
Bo = 5(3 A % 19 Q)(19 Q x 4.4 x 1075F) ~ 0.014. (3.2)

Hence we believe the junction is in a non-hysteretic, overdamped regime. In figure
3.7(c), the FHB junctions have large Ic Ry space over a large temperature range with-
out changing any other parameters: for example, the bridge width and film thickness.
Lastly, in the special ”crossover” case shown in figure 3.8, it is near the middle of
the metal-insulator transition. The resistance of the junction remains constant over

30 K. For the same IRy value, higher dose gives more resistive junctions.

3.4 Dynamic conductance in planar YBCO junc-

tions

There have been several studies of the energy gap of HTS with tunneling
spectroscopy [65, 66, 67, 68]. However, those experiments were usually performed
with c-axis tunneling with an STM or with a conventional superconductor-YBCO
tunnel junction. As described in the previous section, the higher dose FHB junctions
have resistances high enough so that it is possible to bias the junction to previously
reported gap voltages and conduct spectroscopy in the ab-plane with a YBCO-YBCO
junction. The dynamic conductance (o) of the junctions is the derivative of the I-V
(W) which is the measures the two convoluted density of states. To measure the
derivative experimentally, a 2.2 kHz 0.1% ~ 1% modulation was added on the 0.1 Hz
slow sweep bias current for the /-V measurement. The modulation of the current
is the dI and the oscillation voltage is the dV in the derivative of ¢ = 5—‘1/ There
are two frequency components in this experiment to measure the DC current and
voltage. The low-pass filter of the two preamplifiers was set to 100 Hz to filter out the
modulation. A second set of preamplifiers was used to measure the higher frequency
signal dI and dV" with the high pass filters set to 300 Hz. The outputs of the two DC
preamplifiers were still read by the DAC, as in the previous -V measurements, but
the two AC preamplifiers were connected to two synchronized lock-in amplifiers. A

lock-in amplifier converts an AC signal amplitude to a DC voltage. The ratio of the
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Figure 3.9: (a) I-V the junction in figure 3.6(d) biased to 60 mV. (b) The dark red
line is the derivative of (a) measured with a lock-in amplifier at 5 K. Different colored
lines represents the derivatives of temperature between 5 K to 75 K.

dI and dV amplitudes from the lock-in amplifiers were then simultaneously recorded
with the current and the voltage by the DAC. Figure 3.9(a) shows the I-V of the
SIS junction in figure 3.6(d) biased up to 60 mV at 5 K. Dynamic conductances as
a function of junction voltage at temperatures below T¢, ranging from 5 K to 75 K,
were plotted in figure 3.9(b). The lowest two-temperature dynamic resistance and
I-V was taken at multiple bias ranges, and then combined in one plot to capture the
critical current. For these gapless superconductors, it is common to define the peak
of the dynamic conductance to be the energy gap-like value. Therefore, we fitted

the peak value extracted from figure 3.9(b) with the equation for the temperature
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Figure 3.10: Temperature dependence of the peak dynamic conductance extracted
from figure 3.9 (black circle). The red line is the data fitted with Eq. (3.3).

dependence of the gap from BCS theory in figure 3.10, to obtain

1 " tanh LA(e2 + A2)1/2
O / (&2 + A2)l/2

de, (3.3)

where = kBLT, N(0) is the density of state at the Fermi level, and w¢ is the cutoff
frequency. While we understand that defining this quantity as the "energy gap” only
applies to an isotropic conventional (s-symmetry) superconductor, we find it quite
interesting that this general form of an order parameter fits so well.

In this section, we presented data showing the spectroscopy of the same SIS

junction shown in figure 3.6(d). Since the conductance is infinite (o = = o0)

v
below Ic, at V' = 0 a large peak representing the supercurrent is present at zero
voltage in figure 3.9(b). At 5 K, the finite voltage peak occurs at 33 mV as both

electrodes are YBCO the and voltage represents 2A of YBCO. In BCS theory, the

value ~ 3.52 is similar for weak coupled superconductors. However, the value

keTc

varies wildly for HTS materials. In our case,

T = 4.8 where T is 80 K. Our
measured value is within the range reported in the literature 2A = 15 ~ 35 mV
[66, 65]. The difference in the gap-like voltage is believed to be due to the variation of
the YBCO film quality and the nature of the s and d-wave symmetry order parameter.
Although YBCO is a gapless superconductor, the peak dynamic conductance follows

the temperature dependence of the BCS theory. Other reports have shown similar
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Figure 3.11: (a) I-V curves of junction array written with 100 ions/nm taken at
temperatures between 62 k and 78 K indicated by the colors. The resistances dropped
from 17 Q to 13 Q as temperature decreased. (b)The black curve shows the -V
without RF signal irradiation, and the red shows I-V irradiated with 17.589 GHz
RF signal. The [-V's were measured at 77 K.

temperature dependence of the gap-like peak. This result suggests that the pairing
mechanisms for HTS has some similarities with conventional superconductors and

requires further investigation.

3.5 Uniformity

In addition to the individual characteristics of the junctions, in order to build
a better understanding of the physics of HTS, we also studied the uniformity of the
arrays for application purposes. The "bottle neck” in HTS electronics has been the
lack of fabrication technology for reproducible uniform Josephson junctions that is
easily scalable. Here we look at the reproducebility of FHB Josephson junctions with
1D arrays. Twenty junctions were written in a bridge for the sample shown in figure
3.3. -V curves of an array written with 100 ions/nm for each line, taken at different
temperatures, are shown in figure 3.11(a). Figure 3.11(b) shows the array irradiated
with a 17.589 GHz external RF signal, and the resultant Shapiro step occurs at
0.725 mV. A second junction array with same number of junctions was written with

300 ions/nm, as shown in figure 3.12(a), where the resistance of the junction is 450 €2
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Figure 3.12: (a) [-V of 20 junction array irradiated with 300 ions/nm measured at
4 K. The resistance of the array is 450 Q. (b) The black curve is the I-V at 4 K
biased to 1.4 V. The red curve is the dynamic resistance of the I-V curve, and the
dynamic conductance peak occurs at 0.66 V.

at 4 K. The dynamic resistance of the array was measured up to 1.4 V and the peak
occurs at 0.66 V.
We have shown that a SNS junction array irradiated with RF signal ex-

hibits large Shapiro steps. From Eq. (1.11), the first step should occur at 20 x
h17.589 GHz

2e
In order to show a vertical step, the resistance of each junction in the array must be

= 0.727 mV, which is very close to the experimental value 0.725 mV.

the same; otherwise, junctions will reach the step voltage at different bias currents.
Also in the voltage state of I-V curves, this [-V characteristics has the upward cur-
vature from the RSJ model. Compare with the masked junction array by Cybart et
al. [46], which has a 16% spread in I¢ and the I-V is less RSJ like. The I¢ spread
in the SNS junction array should be less than 16%. As for the SIS junction array,
the peak conductance appears at 0.66 V, 20 times the single junction peak voltage.
Both the SNS and the SIS junction array suggest the variation between the junctions

is small.
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3.6 Conclusion

In this chapter, we tested our hypothesis that if the junction barrier is narrow
enough and disorder density results in a high enough Z, we can observe the metal-
insulator transition in the junction. With a focused helium beam that has a spot size
of 0.5 nm, we made junction barriers exhibit both metallic and insulating behavior.
By changing the dose for each junction, we also showed the electrical properties of
junction barriers transition continuously from a metal to an insulator. We observe
a special case where the junction barrier is near the metal-insulator transition, and
has a constant resistance for a very large temperature range. Overall, the junction
Ic Ry is much higher than the masked junctions because the barrier is stronger and
very well-defined. The amplitude of the order parameter does not decay as in a SNS
junction of chapter 2. The barrier size can be inferred from our measurements of
the dynamic conductance, and the peak value is within the value reported in the
literature. Also, the peak conductance has the same temperature dependence as the
energy gap of BCS superconductors. The unique part of this experiment is that
the dynamic conductance was measured in the ab-plane of a YBCO-YBCO junction
and there is no different-material interface. Although variable range hopping in the
damaged barrier has not been excluded, the junction barrier size is limited to its
tunneling length and a conduction path via variable range hopping would not show a
Josephson current. In addition to the higher quality junctions, the uniformity is also
better, and the fabrication step is greatly simplified. It is possible to perform wafer
scale processing with this technology to make highly uniform junctions at affordable

time and costs.
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Chapter 4

Nanowires

4.1 Motivation and fabrication techniques

Most of the previous HTS-HTS junctions are non-hysteretic or overdamped
junctions due to the nature of the junction barrier. Also, in most applications a non-
hysteretic junction is more stable and better controlled. However, with the new SIS
FHB junctions it should be possible to reproduce all the different conditions in LTS
junctions. In the previous chapter, we estimated Sc to be much less than 1. If the
junction dimension is modified to increase the resistance or capacitance, it should be
possible to observe underdamped junction characteristics. In addition, the parameter
space showed in figure 3.7(c) is limited to a junction width of 4 um. Reducing the
junction width is one possibility to expand the parameter space while remaining in
the short junction limit.

Currently the smallest feature size in HTS superconducting electronics is lim-
ited to micron-sized features because there is no good chemical etch or RIE currently
available. HTS materials are extremely sensitive to processing, and the supercon-
ducting properties can be easily altered. Chemical etching can only be used on large
features above tens of microns. The primary etching method is dry etching with
isotropic Ar™ milling. However, overheating of the material by ion milling causes
deoxygenation and in most cases, the process transforms the superconductor into
an insulator. Therefore, dry etch is required for smaller feature sizes but limited to

a few microns. Recently there have been advancements by using protective layers

36
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Figure 4.1: A schematic of a nanojunction on 25 nm-thick YBCO. The red line
indicates the junction barrier written with lower dose. The yellow line indicates the
insulating region to define the junction width written at a higher dose.

in fabricating nano wires [69]. Since we have demonstrated the nano-scale metal-
insulator transitions in YBCO, applying the same principle it is possible to define
the current path by an insulator created by helium beam irradiation. Because the
dose required to disorder without removing YBCO is much less than milling, deoxy-
genation is less likely to happen. The nano pattern can be done at the same time as
creating junctions, which greatly simplifies the fabrication process. Figure 4.1 shows
a conceptual schematic of a nano junction. The micron size bridge is still prepared by
photolithography, but the entire chip in theory can be patterned with an ion beam.
Two insulating lines were written with 1000 ions/nm after the junction line was writ-
ten to avoid charging. The gap between two insulating lines is the junction width.
To determine the actual junction width, we use two different metrics. One is the
scaling of Ic Ry and the other is the magnetic field dependence of the critical current
from Eq. (1.22) (the Fraunhofer pattern). The critical currents were measured with
a technique called sample-and-hold. When the [~V exceeds the threshold voltage,
the current value is recorded to be the critical current at that magnetic field. The

I-V was swept at 10 Hz while the magnetic field was swept at 0.01 Hz. Therefore,
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Figure 4.2: [-V curves of junction width (a) 4 gm, (b) 500 nm, (c¢) 250 nm, and (d)
50 nm. Each junction has IcRx = 400 ¢V and was irradiated with 300 ions/nm.

the magnetic field is considered a constant field for a single sweep of I-V. In this

chapter we will explore the limits of this nanopatterning feature and the RSCJ model
in YBCO junctions.

4.2 Measurement results

Samples with junction width from 4 pum to 25 nm were prepared measured in
a vacuum cryostat in a helium storage dewar. Figure 4.2 shows -V curves of 4 pm,
500 nm, 250 nm, and 50 nm wide junctions, where the 4 ym wide is the control with
no nanopatterning. All the junctions have the same IRy value of approximately
400 pV. The critical current of the junctions are 70 pA, 10.3 pA, 5.6 A, and 2 pA,
respectively. As the junction width narrows, I decreases proportionally with the
width of the junctions (I¢ o< w). Similarly, the normal state resistances of these

junctions are 5.6 €2, 38 , 70 €2, and 210 2, respectively. The Ry scales inversely

proportional to the width of the junction (Ry o +), as expected. A second set of

junctions with widths of 4 pym, 3 pm, 2 pym, and 1 pm were prepared to measure

the magnetic field dependence of the critical current. The first minimum for each
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Figure 4.3: Io(B) of (a) 4 pum, (b) 3 pm, (c¢) 2 pum, and (d) 1 pm wide junction. The
oscillation period increases as junction width decreases.

junction occurs at 0.3 mT, 0.5 mT, 1.6 mT, and > 3.7 mT, respectively. Due to the
maximum magnetic field range, the period of the 1 ym wide junction is beyond the
measurable range of our in-situ magnet. However, the magnetic field period of the
critical current modulation in figure 4.3 increases with smaller junction size. Using
In figure 4.4,

we show an [-V of a junction narrowed down to 25 nm at 4 K. The resistance of

this FIB technique, we were able to make a 25 nm wide junction.

this 25 nm-wide junctions is about 600 €2, higher than the value from the 50 nm-
wide junction. Unfortunately, the I is only approximately 25 nA but we can clearly

observe the nonlinearity of the I-V characteristic of a noise rounded critical current.

The IcRyN of the nanojunctions in figure 4.2 are approximately the same.
This indicates that the quality of YBCO remains high even after the nanopatterning.
Because the dose required to disorder YBCO is much less than to completely mill it
away, there is no deoxygenation due to heating during helium ion irradiation. Also,
the scaling of Ry suggests the current flows only through the nanoconstriction between
the two insulating lines. The measurement of I¢(B) in figure 4.3 also supports the

modified junction widths. However, the junctions are surrounded with the same
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Figure 4.4: I-V of a 25 nm wide junction at 4 K with I¢ ~ 25 nA.

superconducting material from the bridge. Therefore, the geometry of the bridge
plays a partial role in the I¢(B) through flux focusing [70].

To test the RSCJ model, S needs to be on the order of unity to see the
properties of underdamped junction (resulting in hysteresis). Since f¢ is proportional
to R%, it is simpler to change Ry and keep capacitance constant. Ry can be increased
with higher irradiation dose and/or narrower junction width. Both can be done with
the helium ion beam. Samples with junction width of 4 pym, 100 nm, 75 nm, and
50 nm were irradiated with dose 400 ions/nm, and Ry are 20 2, 208 €2, 172 Q, and
217 Q, respectively. Figure 4.5 illustrates the -V of junctions with different widths.
The insets of each plot zoom in near Ig. All of the nanojunctions show a hysteretic
characteristic in the I-V curves. Taking the 50 nm wide junction as an example, and
using the same assumptions in Eq. (3.1) and (3.2) to estimate ¢ of the junction. The
capacitance is the same because the total bridge width is the same, but the resistance

is much higher. Thus, [¢ is now
2
Bo = 5(6 pA x 217 Q)(217 Q x 4.4 x 107°F) ~ 3.8. (4.1)

Similarly, ¢ for the 100 nm and 75 nm junctions are between 4 and 5. The resistance

of the nanojunctions are 10 ~ 20 times larger than the 4 ym wide junction. Therefore,
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Figure 4.5: [-V curves of junctions irradiated with 400 ions/nm at 4 K. (a) A 4 ym
wide junction as a control. (b), (c¢), and (d) are 100 nm, 75 nm, and 50 nm wide
junction, respectively. In the inset of each nanojunction, the curve near I is displayed
to show the hysteretic behavior.

the B¢ of the nano junctions are a few hundred times larger than the value in Eq. (3.2)
(above Bc = 1). Figure 4.6 shows the normalized I-V of the 50 nm wide junction
and solutions of Eq. (1.25) with ¢ from 0.2 to 3.3. The measured -V falls within

the range of B¢ = 1.7 and B¢ = 3.3, which is similar to the estimated value of f¢.

4.3 Conclusion

We have demonstrated that nanopatterning with a focused helium ion beam
can create junctions as small as 25 nm wide. This technique shows no sign of ma-
terial degradation from processing. It has not only expanded the /cRyN parameter
space even further, but also the control over the ratio between I and Ry. A typical
downside of superconducting electronics is impedance mismatch with standard con-
ventional electronics. We have demonstrated junction Ry up to 600 €2, potentially
having superconducting electronics without mismatch to semiconductors. Previous

HTS junction technologies have low resistance and small cross section area junctions,
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Figure 4.6: Simulated RSCJ I-V with ¢ = 0.2 (red), 0.7 (magenta), 1.7 (orange), 2.2
(green), and 3.3 (blue). The dashed line is the measured -V of the 50 nm junction
in figure 4.5(d) where [ and V are normalized by I¢ and IRy, respectively.

resulting a very small Sc. Through the control of Ry, we also observed underdamped
junctions in YBCO. In principle, it is possible to have nanojunctions on a wider bridge
to enhance the hysteretic behavior of the junction I-V (by increasing capacitance).
In summery, we have developed a nano patterning technique that is faster and creates
less damage to the material properties with a feature size less than 25 nm. With this

technique, we have control over I, Ry, and (¢ of the junction.
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Chapter 5

Order Parameter Symmetry of

YBCO

5.1 Motivation and fabrication methods

The nature of a d-wave symmetry order parameter of YBCO has been of
interest in the field of superconductivity since the discovery of high-T cuprates
(71, 72, 73, 74]. Previously, there have been numerous studies using LTS-HTS junc-
tions [75, 76] or scanning tunneling microscopy (STM) [66, 77] to probe the spatial
dependence of the energy gap and the order parameter symmetry. However, these
methods introduce additional variables and complications to the system. For exam-
ple, when using a scanning tunneling microscope, the tip approaches a YBCO films
or crystal in the c-axis, while YBCO is believed to have dj2_,» symmetry and the
conduction path is in the ab-plane. Another example is using a YBCO-conventional
superconductor junction where there is different material interface involved. In chap-
ter 3, we have demonstrated in-plane tunneling spectroscopy with YBCO-YBCO
junctions. It is now possible to test the order parameter directly in the conduction
plane without scattering interfaces or with different materials involved. Another indi-
cator for the order parameter is the I Ry product; for conventional superconductors,
the Ic Ry product represents the gap energy. By combining the nanojunction tech-
nology described in chapter 4, the device can be reduced to a nanoscale size and so

the junction cab be contained in a single grain boundary. In addition, the size of
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-+

Figure 5.1: A layout schematics of the sample. In the center there are two squares with
8 bridges orientated in different directions. The blue lines indicates the insulating lines
to define the junction width and current paths, while the red lines are the junctions.

the junctions allow us to increase resolution. In this chapter, we will probe the order
parameter symmetry in the ab-plane with different size junctions, in hope to plot the
angular dependence of IRy of YBCO.

Figure 5.1 shows the layout of the devices that were fabricated for measuring
junctions at different orientations. The devices have two squares with eight 4 micron
bridges that are rotated 45° from one another, and the two squares are at 22.5° from
each other. To further reduce the size of the experimental region, high dose damage
lines were written in the two squares to define the junction width and current paths.
This design allows a 4-point measurement setup if and only if all the electrodes are
superconducting, i.e. no lead resistance from the electrodes. In order to perform a
4-point measurement, a voltage probe and a current lead share the electrode that is
connected to the junction being measured, while the other voltage probe and current
lead can be connected on any of the other bridges, as shown in figure 5.1. In this
experiment, junction widths of 4 pm, 3 pm, 2 ym, 1 pm, 500 nm, and 250 nm were

patterned, and the junctions were created with an irradiation dose of 300 ions/nm.
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5.2 Measurement results

The samples were measured in a cryogenic measurement system at 4 K. I-
V' curves of each junction were measured to extract the junction parameters I,
conductance (G = RLN) which is the slope of the linear part of the I-V, and IcRy.
Figure 5.2 shows, in a polar plot, the critical I¢ as a function of junction orientation
(Ic(0)) for junction widths of 4 pm, 3 pm, 2 pm, 1 gm, 500 nm, and 250 nm. Similarly,
in figure 5.3, the conductance of the junctions is illustrated at different angles (G(#)).
Starting from junction width less than 1 um, we observed the appearance of nodes
with very small conductance and I¢. Lastly, figure 5.4 shows Ic Ry as a function of
angle (IcRn(0)). The I-V curves of three 250 nm junction at different angles are
shown in figure 5.5 to illustrate the variation. The curve at 22.5° (Fig.5.5(a)) shows
no supercurrent at 4 K with a typical insulating /-V characteristics. While at 135°,
Ic ~ 4 pA and Ry ~ 50 Q with -V typical characteristics of an RSJ model junction.
Furthermore, the junction at 180° in figure 5.5(c) has very high IRy with a value
of approximately 1 mV. This is a much higher value than most HTS junctions with

exception of few bicrystal junctions reported in the literature.

5.3 Discussion and analysis

From the data presented, smaller junction structures exhibit larger junction
parameter anisotropy for different orientations. All of the junctions with widths less
than 1 pm have obvious nodes in the I(6), suggesting that there are few or no states
allowed for a particular k£ or no Josephson current in those directions. The most
striking result comes from the feature of G(6) of the 250 nm-wide junction. G(0)

hints the d,2_,2 symmetry with three lobes and clear nodes. The IRy product of

-y
1 pm and 250 nm wide junctions also show distinctive nodes and lobes that have the
resemblance of d-wave symmetry. Even though, for gap-less HT'S materials, the I Ry
product is more likely to be the collective result of the density of states and peak gap
energy, it should have the order parameter symmetry. While the smaller junctions
show features in I¢(6), G(6), and IcRn(6), the junction parameters of the larger

junctions are more relatively uniform in all orientations. In figure 5.6, we show the
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Figure 5.3: Conductance of (a) 4 um, (b) 3 pm, (c¢) 2 pm, (d) 1 pm, (e) 500 nm, and
(f) 250 nm wide junction in different directions.
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Figure 5.5: I-V of 250 nm-wide junctions at (a) 22.5°, (b) 135°, and (c) 180°. Critical
current of the junctions are 0 pA, 4 pA, and 17 pA, respectively.

coefficient of variation which is the standard deviation divided by the mean of Ic Ry
for six junctions with different widths. The variation is dramatically increased for
junction widths 500 nm and 250 nm, implying that if we are observing the symmetry
variations of the order parameter, the grain size of the YBCO film is on the order of
few hundred nanometers. Therefore, the larger junction average over many different

orientations of grains gives more uniform parameters.

5.4 Conclusion

In conclusion, we have shown the anisotropy of junction parameters poten-
tially indicate the order parameter has d,2>_,» symmetry. We also made a junction
with IRy product of 1 mV. The high IRy value allows a direct interface with
semiconductor electronics, more resistant to environmental noise, and stronger signal
output. However, the junction size and spacing compared with the grain size are too
large to simply probe the order parameter on a single grain since the grain size of the
film is probably on the order of the few hundred nanometers. The next step for this
experiment is to reduce the size of the junction and/or increase grain size to combine
all the junctions to one square. Another modification needed is to increase the resis-
tance and size of the insulating lines to measure the spectroscopy of the junctions at
higher bias. Currently, we believe the current path is ill-defined at higher biases, due
to higher voltage leakage through the insulating lines. To date, we have promising

results as it is still an ongoing goal to probe the in-plane order parameter symmetry.
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Chapter 6

Superconducting Quantum

Interference Devices

6.1 Motivation

In this chapter we will further examine the noise properties of FHB Josephson
junctions. The most common way to determine the noise is through a superconduct-
ing quantum interference device (SQUID) [78, 79]. A DC SQUID is two Josephson
junctions placed in parallel in a superconducting loop, first invented by R. C. Jak-
levic, John Lambe, A.H. Silver, and J. E. Mercereau in 1964 [80]. Figure 6.1 shows
a schematic of a SQUID with a bias current and flux ® in the SQUID loop. Be-
cause superconductivity is a coherent phenomenon, the magnetic field penetrating
the SQUID loop of area Agq is the flux (& = BAgq) causing the interference between

I
the two Josephson junctions. Current through the junctions are I; = 5~ J and

1
I, = 5 + J, where J is the induced current to cancel the applied flux. Also, the
1 1
resistance of a SQUID (R) is = = —— + ——. This interference is analogous to the
o R Rni By . .
Young’s double slit interference, where the intensity on the screen of a double slit
corresponds to the SQUID critical current or voltage modulation in magnetic field.
The only difference is that the intensity in the Young’s double slit experiment is the

square of the electromagnetic field (] E?|) whereas for a SQUID it is due to a constant
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Figure 6.1: A schematic of a SQUID showing the bias current and flux induced
circulating current J. The junctions in the SQUID are labeled in red while the dashed
squares indicates the SQUID area (orange) and the Josephson junction area (red).

()] o

where Iy = Iy + Icoo is the total critical current of the SQUID. For the Young’s

current bias
I = IO

double slit experiment, when the slit width and the slit spacing are comparable, then
both diffraction and interference can be observed simultaneously. Similarly, when the

junction area (Ajy) is comparable to Agq, then Eq. (6.1) becomes

o ¢
sinc (Wq);‘]) Ccos (W(I)(S)’Q) ' . (6.2)

Therefore, a SQUID can measure the magnetic field in units of flux quanta, making

[:[O

it the most sensitive device that measures the magnetic field. As described in chapter
1.1, there are many applications that require an extremely sensitive magnetometer,
such as MEG and MCG. Since there is no magnetic monopole, the field strength
falls with % for a dipole source, making the distance between the sensor and the
source incrzdibly crucial. The motivation for a HTS SQUID magnetometer is that
the thermal isolation requirements can be greatly reduced, and therefore the sensor

can be placed closer to the source. Currently, the best field noise for HT'S SQUID
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reported was done by Faley et al. [81] with step edge junctions. As shown in chapter
1, the junction at the step edge is not a well-defined straight line. To further improve
the noise level of a SQUID, FHB junctions could potentially be lower noise than the
step edge junction with a well-defined junction barrier.

In addition to biomedical imaging, the field of communications is searching
for tera-Hz (THz) sources. Because HTS materials have very large energy gaps that
correspond to several THz, this new technology provides new motivation and potential
to HTS electronics. In the following experiments, we will present various designs of

SQUIDs made with SIS and SNS junctions and their electrical properties.

6.2 Fabrication

Researchers have developed different designs of SQUID for various applica-
tions. To increase the magnetic field sensitivity we focus on a particular design where
the SQUID is surrounded by a large superconducting plane. Due to the Meissner
effect, the magnetic field is focused into the SQUID loop, resulting in a larger effec-
tive area with the same external field. This is commonly called a washer SQUID.
Figure 6.2 shows a picture of the washer SQUID design that was used in this exper-
iment. The samples were fabricated on 5 mm x 5 mm substrates with 200 nm Au
on 120 nm YBCO from Superconductor Technologies Inc. Using the same process
described in chapter 3.2, a 15-turn coil and a 1 mm? washer SQUID was patterned
with photolithography and Ar™ milling. The center of the SQUID was thinned to
approximately 30 nm, exposing the 4 x 14 pym? SQUID loop. Lastly, the junctions
were irradiated with lines 200 ions/nm and 450 ions/nm on 4 um wide bridges in
the thinned-down window (Fig. 6.2(b)). The field sensitivity of the SQUID depends
on flux noise of the SQUID and the SQUID period. To increase the SQUID period,
a multiturn flux transformer is usually integrated with the SQUID [82]. A second
design of washer SQUIDs was built to add a flux transformer. Due to the complex
processing required to make multilayer cross over links for a flux transformer, this
design allows us to adapt flux transformer chips to this SQUID. Figure 6.3 shows an
optical picture of a multiturn flux transformer by Faley et al. flip chipped (upside

down) on top of a washer SQUID. The junctions were written with 300 ions/nm.
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Figure 6.2: A picture of the sample SQUID, that consists of a 1 mm square washer
around the 4 x 14 um? SQUID loop. The junctions in the SQUID are 4 ym wide and
were irradiated with 200 ions/nm and 450 ions/nm, indicated with two blue lines. A
15-turn on-chip coil surrounds the washer.

6.3 Measurements and results

Figure 6.4 shows basic DC measurements of an SIS SQUID shown in blue and
an SNS SQUID shown in red, which were measured at 4 K and 50 K, respectively. The
Iy R product from the -V characteristics of the SIS SQUID and SNS SQUID, which
exhibit the characteristics of an RSJ model, are 270 ¢V and 60 ©V, respectively. The
resistance of an individual SIS junction (twice the SQUID resistance) is approximately
25 (), following the similar argument in chapter 3 and 4 that the junction is in
the overdamped regime (o = 0.032 << 1). Although in Eq. (6.1) and (6.2) the
SQUID modulation in magnetic field is presented as critical current, in practice and
applications, the SQUID is biased with a constant current slightly higher than I
and the voltage variation with applied B-field is measured. Figure 6.4 (c), (d), (e),
and (f) illustrate the voltage-magnetic field characteristics (V-B) of SIS and SNS
SQUIDs in different field ranges. The SQUID period shown in figure 6.4(c) and
6.4(d) of the SIS and SNS SQUIDs are 1 pT and the voltage modulation amplitudes
are 200 ©V and 25 uV, respectively. Lastly, figure 6.4(e) and 6.4(f) are V-B at a
larger field range to show both the SQUID oscillations and the junction Fraunhofer
pattern. The first minimum of the junction pattern occurs at 25 u'T for SIS and SNS
SQUIDs, meanwhile, the second minimum occurs at 50 pT and 70 p'T, respectively.



5}

Figure 6.3: A picture of a washer squid with a flux transformer by Faley et al. on
top.

The SIS SQUID was also measured out to higher current and voltage bias to show

av
the quasiparticle transport. Figure 6.5 shows [~V and the dynamic conductance I

biased out to 60 mV. The [-V has typical SIS characteristics, and a peak in Ccll—‘lf
occurs at 20 mV. Using the second design shown in figure 6.3, we measured the noise
of the SQUID at 68 K with Tristan Technologies iMAG® flux locked loop. A flux
locked loop is a feedback system that keeps the optimal field bias [83]. The output
of the flux lock loop was connected to a spectrum analyzer, with results shown in
figure 6.6. The voltage white noise level of the FHB SNS SQUID is slightly above
10 pu®o/Hz='/2, and at 10 Hz the noise is less than 20 u®,/Hz"'/2. As a comparison,
a step edge junction SQUID by Faley et al. has white noise of 10 u®y/Hz"'/? at
1000 Hz and 20 pu®o/Hz~'/? at 10 Hz measured at 77 K [82, 81]. The flux noise was
back calculated from the magnetic field noise using the flux sensitivity of 1 nT/®( of
the flux transformer. The difference starts to appear at frequencies less than 10 Hz.
At 1 Hz, the FHB SQUID has a noise level of 20 u®,/Hz/? whereas the bicrystal

—-1/2

junction is at 50 u®y/Hz~'/2. A typical commercial LTS SQUID noise is also shown

in the figure as a reference.
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Figure 6.4: DC measurements of SIS SQUID shown in blue at 4 K and SNS SQUID
shown in red measured at 50 K. Current-voltage characteristics of (a) SIS and (b)
SNS SQUIDs. Voltage-magnetic field characteristics of (c¢) SIS and (d) SNS SQUIDs
showing the voltage modulation at a constant current bias. Higher magnetic field
range sweep showing the Fraunhofer pattern of the junctions in the (e) SIS and (f)
SNS SQUIDs. The voltages from the magnetic field measurements were shifted to zero
for clarity. (c) and (e) are measured out to higher field ranges; note the modulation
voltage is reduced for larger field ranges.

6.4 Discussions

From the data presented in this chapter, the FHB SQUIDs show large voltage
modulations in V-B that are comparable to the [yR of the SQUID. The parameter
that determines the modulation depth in V-B is 5, = %00 [78, 84]. In this experi-
ment, SIS SQUID has a #;, << 1 since the voltage almost fully modulates to zero,
while the SNS SQUID has a 8;, ~ 1 for 50% modulation. However, it is difficult
to predict or "engineer” (3, due to the kinetic inductance of ultra thin films. When

the film thickness is less than the penetration depth A, Ar, needs to be modified to
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Figure 6.5: I-V (black) and the dynamic conductance (red) of the SIS SQUID mea-
sured at high bias. The peak of the dynamic conductance occurs at approximately
20 mV.

2
AL = TL As a result, the kinetic inductance becomes much greater than the geomet-

ric inductance. For the SIS SQUID, the gap-like feature occurs at a different peak
value (at 20 mV) than the example presented in chapter 3. We believe the difference
is due to different starting materials: both peak values fall within the values reported
in the literature. The flux noise of a SQUID represents the quality of the SQUID.
Our FHB SQUID matched the same noise level as the current state-of-the-art HTS
SQUID in the high frequency range(white noise fY), and out-performed it at lower
frequency (pink noise %) than 10 Hz. Most biomedical signals are less than 10 Hz,

where the FHB SQUID has less 1 noise and out performs the step edge SQUID. In
practice, the SQUID has to be able to detect magnetic field from the source. There-
fore, the magnetic field noise is the criterion. In work by Faley et al. [81], the step
edge SQUID sensor can reach 7 fT/Hz~'/? at 10 Hz, while the LTS SQUID sensor
noise level is 5 fT/Hz~ /2. The magnetic field noise level can be reduced by a flux
transformer to reduce the SQUID period. By combining an inductance-matched flux
transformer with a FHB SQUID, there is the very real potential of surpassing the
signal-to-noise ratio of the LTS SQUID sensor.
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Figure 6.6: A comparison of the flux noise spectrum for SQUIDs fabricated with
different technologies. The blue is the FHB SQUID measured at 68 K and the red
is the SQUID by Faley et al. measured at 77 K. A LTS commercial SQUID from

Tristan Technologies Inc. measured at 4 K is shown in black as a reference.

6.5 Conclusion

In conclusion, we have demonstrated YBCO SQUIDs fabricated with a focused
helium beam with both SIS and SNS junctions. The FHB SQUIDs exhibit higher
voltage modulation in field than the masked junction SQUIDs and are comparable to
other technologies. Furthermore, the voltage modulation can reach the IR product
determined from I-V characteristics. Both SNS and SIS SQUIDs have RSJ-like I-V
characteristics for low bias. At high bias, the I-V of SIS SQUID also exhibits typical
tunneling characteristics and gap-like features in the dynamic conductance. Cur-
rently, the magnetic field noise of the state-of-the-art HTS SQUIDs are comparable
to the LTS SQUID at 77 K. FHB SQUIDs have similar or even better intrinsic flux
noise than that of current state-of-the-art HTS SQUIDs. In addition, FHB SQUIDs
have very simple fabrication processes and high yields, which solve the current major
roadblock for the HTS SQUIDs. Furthermore, the noise of the FHB SQUIDs can be
further improved with the nanojunctions [85] mentioned in chapter 4. The future is

bright for different applications of HTS SQUIDs.
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Chapter 7

Junction arrays

7.1 Motivation

In many applications of Josephson junctions and SQUIDs, higher output volt-
age, larger dynamic range, or impedance matching devices are required for example
in communications [86, 16] and digital circuits [13, 15]. Since the voltage output adds
linearly with number of SQUIDs in series (N), and while critical current scales with
number of SQUIDs in each parallel segment (M). The resistance of a N x M array
scales as Rayray = %R. Array of SQUIDs provides the possibility of satisfying most
of the requirements [46, 58]. In addition, it is commonly believed that the noise of
an array increases asyv/N, along with the scaling of voltage with N, and so the signal-
to-noise ratio could improve as T~ =+/N. Another potential design is a 1D array
of long junctions. A long junction is when the width of the junction is greater than
the Josephson penetration depth \j as described in chapter 1. Figure 7.1 shows the
evolution of the I¢(B) as the junction width changes from (a) five times Ay to (d) two
times Aj. Due to the self-field effect from the applied measuring current, the magnetic
field response is skewed making the resultant Fraunhofer pattern more triangular and
tilted. Eventually with increasing width the V-B becomes a multivalued function
and the minima disappear [34, 87]. I¢(B) in principle can be converted to V-B with
the normal state resistance. If the width of the junction is chosen properly, in theory,
the slope of the transfer function can approach infinity, for example, in figure 7.1(b).

Therefore, with this vertical I¢(B) a device could be current and magnetic field biased

60
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Ic
A

Figure 7.1: Figure adapted from Basavaiah et al. [87] showing the I¢(B)s for different
bridge width.

at the most sensitive part of the V-B for maximum performance. The sensitivity of
a 1D array of long junctions (or Fraunhofer amplifier) can approach the sensitivity of
a SQUID with much larger dynamic range. In addition, the SQUID oscillations that
follow Eq. (6.1) and Eq. (6.2) are not linear functions. On the other hand, from [34],
a portion of the center peak of V-B for a long junction is linear. In this chapter, we

will demonstrate both designs.

7.2 SQUID arrays

A test sample was fabricated on a 25 nm-thick YBCO film on Sapphire covered
with 200 nm of gold. Using the same processes as described in chapter 3.2 for the
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Figure 7.2: Optical pictures of the 1D SQUID array sample at different magnifications.
The sample has 15 cells with each cell (b) having 84 SQUIDs in series and each SQUID
has a 5 pm x 5 pm loop with a 4 micron wide bridge. The junctions were labeled
with red lines in (c).

thinner YBCO films. Due to limitations of the helium ion microscope, the SQUID
array was separated into a series of 15 cells of 100-micron wide write fields as shown
in figure 7.2(a). In each cell there are 84 SQUIDs in series (Fig. 7.2(b)) in a meander
line. Each cell has independent voltage probes that allow 4-point measurements on
the whole array, partial array, or individual cells. Each SQUID has a 5 ym x 5 ym
loop and 4 micron wide bridges. The junctions in each SQUID were written with
300 ions/nm as shown in red lines in figure 7.2(c).

The sample was measured in a pumped liquid nitrogen cryostat cooled below
77 K [88]. Figure 7.3(a) shows the IV of a single cell in the sample, the resistance
of the array is approximately 140 €2 and the critical current is approximately 20 pyA
at 51.6 K. The V=B shown in figure 7.3(b) for 14 cells in series, 1176 SQUIDs, has
voltage modulation of 2.5 mV with magnetic field period of 30 uT at 65 K. The
transfer function of the device with 1176 SQUIDs is approximately 160 V/T. As a
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Figure 7.3: (a) I-V of a single cell of 84 SQUIDs measured at 51.6 K, the inset shows
a zoomed-in curve of the same [-V near zero bias. (b) V-B of 14 cells in series

at 65 K, a total of 1176 SQUIDs. Maximum voltage modulation is approximately
2.5 mV.

comparison in [58] the transfer function of 5225 x 6 array is 500 V/T at 34 K.

7.3 Single junction arrays

The designs of single junction arrays are very straightforward, a 1 mm-long
bridge of 10 pm and 20 pm width with four contact pads for 4-point measurements.
As described in chapter 3.2, the samples were fabricated with the same processes.
The 1 mm long bridge was separated into eight 150 pum-wide write fields and the
10 micron-wide array was irradiated with 350 ions/nm while the 20 micron-wide
array was with 200 ions/nm. Both arrays have 600 junctions in series and were tested
in a cryocooler. Figure 7.4 illustrates the -V (a) and V-B (b) of the 10 micron-wide
array. This device has a critical current of ~ 120 yA and a resistance of ~ 90
at 61 K. The maximum voltage modulation of 23 mV in V-B is shown in the inset
of figure 7.4(b), where the most linear part has a transfer function of 500 V/T and
dynamic range over approximately 30 4T and 12 mV. The field range in figure 7.4(b)
is offset in B due the field generated by the bias current and the Bean effect [89, 90],

when the current applies a Lorentz force on the fluxoid. Hence, the V-B becomes
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Figure 7.4: (a)l-V of six hundred 10 micron wide junctions in series measured at
61 K. (b) The linear part of the V-B of the 10 micron wide array measured at
60.5 K, where the red arrow indicates the magnetic field sweep direction. The inset
of (b) is the V-B measured at a larger field range.

hysteretic in figure 7.4(b) and only a curve measured sweeping field in one direction
was shown to emphasize the transfer function. Similarly, the -V and V-B of the
20 micron-wide array are shown in figure 7.5(a) and 7.5(b), respectively. The array
has Ry of 35 Q and I of 1.2 mA at 73 K. Due to the larger bridge width the V-B is

tilted much more than the 20 micron-wide array, with a transfer function of 27 V/T.

7.4 Conclusion

In this chapter, we presented both single junction arrays and single SQUID
arrays. Although SQUID arrays have larger dynamic range and more tunable I and
Ry, a flux transformer on a washer SQUID still provides higher sensitivity. In order
for a typical SQUID array with a voltage modulation of 2.5 mV and a SQUID period
of 30 u'T to match a 100 £V, 1 nT washer SQUID with a flux transformer, the array
has to be over three orders of magnitude larger. Further analysis and discussion of
the SQUID arrays is done in the thesis of Travis J. Wong [88]. The long junction
arrays have very large dynamic range compared to a SQUID array and can operate

in non-zero magnetic field. In addition, from the skewness of the two arrays, the
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half of the V-B peak.

sensitivity depends heavily on the bridge width. Trimming the bridges with FHB

could potentially increase the uniformity of the arrays.



Chapter 8

Conclusion

In this thesis, I have experimentally developed an expectation that came from
our group investigations. The belief was based on our previous work on masked ion
irradiated Josephson junctions and the BTK theory. By reducing the barrier width
and increasing the strength of the barrier, the junctions should undergo a metal-
insulator transition. Previously, the mask feature size and the irradiation damage
profile were too large for quasiparticle tunneling. With the newly developed focused
helium ion beam microscope by Carl Zeiss Microscopy ™, it is possible to pattern at
much smaller length scale. I observed a continuous change in the electrical properties
of the junction barrier, from metallic to insulating, by varying only the irradiation
dose to control the barrier strength. With FHB SIS junctions, I performed in-plane
tunneling spectroscopy of YBCO-YBCO junctions for the first time, confirming the
gap-like feature and peak dynamic conductance. The temperature dependence of the
peak dynamic conductance fitted very well with the BCS theory. Furthermore, I ob-
served hints of the angular dependence of IRy when placed at different orientations
with respect to the crystal.

In addition to patterning the junction, an FHB can also be used to pattern
the circuit using higher dose to drive YBCO insulating, therefore, defining a current
path. Patterning circuits with an FHB can easily exceed the limitations of current
fabrication processes that will damage the materials. I have shown junctions as small
as 20 nm wide on a 25 nm-thick film. This technique opens up a large parameter space

where I, Ry, (¢, and temperature dependence can be individually tuned with dose,
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junction orientation, and bridge size. The SQUID made with FHB junctions exhibits
large voltage modulation that is close to the [yRy, and the flux noise level is on par
with current state-of-the-art HT'S SQUIDs at high frequencies and better below 10 Hz.
Arrays of FHB SQUIDs and array of single junctions have suggested uniformity better
than the previous masked ion irradiation junctions. A current engineering obstacle
in HTS electronics is the lack of a reliable large scale process to reduce the cost of
each device. The direct-write processing greatly simplifies the fabrication of HTS
circuits and has the potential of wafer scale processing. This technique is not unique
to YBCO but to all materials that are sensitive to disorder. For example, I have made
FHB Josephson junctions in both iron-based superconductor (Co-FeAs) and MgB,,
as well as modifying the conductance in semiconductor (GeAs).

Despite the advancements in focused ion beam technology and the exciting
results from the FHB microscope, there is still huge improvement needed for this
technology to be mature. Currently, the beam energy is limited to 30 keV because
the FHB was designed to be used as a microscope. This limitation restricts the
maximum film thickness, such that the penetration depth A, is long and the kinetic
inductance is very high. Higher beam energy would allow the processing of thicker
films with better superconducting properties, potentially renewing the interest in HT'S
electronics for biomedical imaging, digital circuits, and quantum computing. Most
importantly, higher energy beams could have smaller beam size and narrower barriers
for true tunneling junctions without hopping transport. By doing so, physicists can
potentially study the superconducting mechanism behind the unconventional super-
conductors and make significant strides towards solving the great mystery that has

puzzled physicists for 30 years since the discovery of HTS in 1986.
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