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ABSTRACT 

 

Continued pursuit of better superconducting devices and an understanding of how 

the focused ion beam evolves in a complex material are the primary motivations behind 

this work. The materials of interest are MgB2 and Co-doped Ba122.   

Superconducting properties of MgB2 were discovered in 2001. It is the first superconductor 

recognized as a multigap superconductor. Owing to its high 𝑇𝑐 of ~39K, electronic circuits 

based on this material are expected to operate at a much higher temperature (~25 K) than 

low-temperature superconductors, using compact cryocoolers.  

Co-doped Ba122 is also a multigap superconductor which belongs to Fe-based 

superconductor (FeSC) family. The undoped Ba122 compound is a metal exhibiting 

antiferromagnetism which coexists with superconducting phase up to a certain doping 

level. The optimally electron-doped BaFe2As2 exhibits the transition temperature 𝑇𝑐 of ~21 

K which corresponds to the top of the “dome” in the phase diagram. While the Fe-based 

SC may not signify a particular advance in terms of practical applications, many unique 

aspects make them worth studying. In particular, the superconducting gap symmetry and 

structures which appear to be quite different from family to family and not yet fully 

understood.  

We report on investigating the normal-state, and superconducting properties of Co-

doped BaFe2As2 and MgB2 thin films irradiated at room temperature using a 30-keV 

focused He+ ion beam in helium ion microscope (HIM). R-T measurement was carried out 

to extract the dose dependence for 𝑇𝑐 and resistivity 𝜌0 of the irradiated region. We 
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observed an increase in 𝜌0 and a decrease in 𝑇𝑐 down to complete suppression of 

superconductivity for both material, although the trend of the changes was quite different. 

In addition, for Ba122, the data for ∆𝑇𝑐 𝑇𝑐0⁄  versus measured change in resistivity favors 

s± over s++ symmetry. Using TRIM software, the projected range and the damage density 

distribution of the He+ ions were tracked in the samples. Single track irradiation sites for 

MgB2 sample were characterized using FIB extraction/TEM. The TEM micrographs reveal 

the subsurface damage density contours that evolve with increasing dose. 

The Josephson effect is a unique phenomenon that gives direct access to the phase 

difference 𝜑 of the macroscopic wave functions that describe the superconducting state. 

Josephson junction is also appealing for engineering application in superconducting 

electronics. Having found the dose at which complete suppression of 𝑇𝑐 occurs from the 

first part of the study, a fabrication process was developed to produce planar Josephson 

junctions from MgB2 and Co-doped Ba122. The Josephson coupling across the barrier for 

both materials was observed. MgB2 Josephson junctions showed resistivity shunted 

junction (RSJ) I-V curve with excellent uniformity and reproducibility. We have also 

demonstrated tens of planar MgB2 Josephson junctions operating coherently in series 

arrays. 60 Josephson junction series arrays successfully developed with less than 4% spread 

in critical current at 12 K. Under microwave radiation, flat giant Shapiro steps up to 150 

μA width appear at voltages 𝑉𝑛 = 𝑁𝑛Φ0𝑓, where 𝑁 is the number of junction in the array, 

𝑛 is an integer representing Shapiro step index, and 𝑓 is the applied microwave frequency. 

The uniformity and close spacing of JJs in the arrays are significantly better than MgB2 

multi-junction devices made by other techniques. It has been a huge success in showing 
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the feasibility of this technology for pursuing superconducting digital electronics, 

Josephson voltage standards and arbitrary function generators in particular, in MgB2 with 

≥ 20K operating temperature.   
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Figure 3.1 (a) TRIM simulation of the range of 30-keV He+ ions in a 7 nm SiO2/50 nm 

Ba122/LSAT substrate sample. (b) TRIM simulation of vacancy concentration in Ba122 

film. Different atoms are color coded, and shown in the table underneath. ..................... 64 

Figure 3.2 Schematic of the sample with a 4 μm × 10 μm bridge. The blue area represents 

the pristine film. The focused He+ ion beam was rastered over the red rectangle. The 

blowup of the irradiated area shows the raster pattern of the focused He+ ion beam. The 

white dashed lines are guide to eye, showing a pixel size of 1.96 nm × 1.96 nm at the 100 
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Figure 3.3 (a) TRIM simulation of the damage density profile for three adjacent single 

tracks of He+ in the SiO2/Ba122 interface at 5 × 1014/cm2 (b) TRIM simulation of the 

damage density profile for three adjacent single tracks of He+ in the MgO/MgB2 interface 
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Figure 3.4 (a) Resistance vs. temperature curves for four Ba122 bridges irradiated at 

different doses. The inset shows details near the superconducting transition. (b) Normalized 

critical temperature 𝑇𝑐′/𝑇𝑐 and residual resistivity ρ0 of the irradiated region as functions 

of the He+ ion dose. (c) Vacancy concentration for SiO2/Ba122/LSAT configuration at dose 
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Figure 3.5 (a) TRIM simulation of the range of 200-keV proton irradiation in 50 nm Co-

Ba122 film on CaF2 substrate (b) TRIM simulation of the collision events for target 

vacancies. The simulation was performed based on geometry of sample in Ref. 60. ...... 70 

Figure 3.6 (a) Resistance vs. temperature measurement for four MgB2 bridges irradiated at 

difference doses. (b) Normalized critical temperature 𝑇𝑐′/𝑇𝑐 and residual resistivity ρ0 of 

the irradiated region as functions of the He+ ion dose. (c) Vacancy concentration for 

MgO/MgB2/SiC configuration at dose 8 × 1015 /cm2 obtained from TRIM simulation. .. 72 
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Figure 3.7 (a) TRIM simulation of the range of 2-MeV He++ ions with 8˚ angle in 40 nm 

TaxN film + 65 nm MgB2 on SiC substrate (b) TRIM simulation of the collision events for 

target vacancies. The simulation was performed based on geometry of sample in Ref. 61.
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Figure 4.3 Shapiro steps for (a) high-dose 2×1016/cm2 JJ at T = 12 K, and (b) low-dose 

9×1015/cm2 JJ at T = 26 K. Microwaves are applied with a frequency of f = 14.9 GHz, and 

height dependence of the zeroth (= Ic), 1st, 2nd and 3rd Shapiro steps on applied microwave 

power are shown (c) for the high-dose JJ at T = 12 K, and (d) for the low-dose JJ at T = 26 
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Figure 4.4 Modulation of the critical current as a function of magnetic field at different 

temperatures are shown in (a) for the high-dose JJ, and (b) for the low-dose JJ. ............. 92 

Figure 4.5 Temperature dependence of the junction normal resistance (black squares), 

critical current (blue circles) and critical voltage (red diamonds) for both low- and high-
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dirty limit [94]. .................................................................................................................. 94 

Figure 4.6 (a) Optical image of the array pattern. Large bonding pads attached to a centered 

meandering micro-strips. (b) Three branches of the meander are enlarged. Dark color lines 

are Au covered MgB2. The tapered down bridges are SiO2 covered MgB2. (c) Zoomed view 

of single tracks of He+ irradiation at 100 nm inter-spacing on a 5 μm × 15 μm bridge imaged 
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Figure 4.7 (a) TRIM simulation of damage density in SiO2/MgB2 (4+25 nm) film deposited 

on SiC substrate when irradiated with 2.7 × 1016 ions/cm2 He+ ions. (b) Black dashed line 

represents damage profile at SiO2/MgB2 interface. Blue dotted line represents damage 

profile at MgB2/SiC interface. ........................................................................................ 101 

Figure 4.8 (a) 25 keV He+ ion beam penetrates into a silicon surface at normal incidence 

(b) In the top few nanometers, the beam diverges slowly primarily through electron 

scattering. (c) The escape probability of these electrons diminishes rapidly beneath the 
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Figure 4.9 Current-voltage characteristics at different temperatures for (a) single JJ, (b) 60-

JJ array. Temperature dependence of the junction normal resistance (black squares), critical 

current (blue circles) and critical voltage (red diamonds) for (c) single JJ, (d) 60-JJ array. 

Compared to the single junction, normal resistance of the arrays scales with the number of 

junctions in the array. ...................................................................................................... 103 

Figure 4.10 Fit of IV curves (dotted blue) to RSJ model in Mathematica (dotted orange) for 

a single JJ (a) top row at T= 20K. Right panel is the zoomed view around Ic. (b) bottom 

row at T= 22K. Right panel is the zoomed view around Ic. ............................................ 106 
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inset shows dV/dI versus normalized current for single junction. Dashed lines show the 

simulated curves with Ic spread σ = 4% (50-JJ array) and σ = 3.5% (60-JJ array). For single 

JJ, the fitting parameter is 2%. Note that the Simulated curves were generated by 

differentiating  𝑉(𝐼) = 𝑅𝑛√𝐼2 − 𝐼𝑐
2 at limiting case T = 0 so the reported Ic spread for arrays 
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levels. The space between adjacent steps in voltage is 50 times of that for an individual 

junction. (c) 60-JJ series array without and with microwave radiation of f = 12.35 GHz at 
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LIST OF ABBREVIATIONS 

 

Intended as a useful reference guide rather than an exhaustive list. 

 

 

AFM atomic force microscope 

ALIS atomic level ion source 

Ba122 superconductor based on the 

parent compound Ba(FeAs)2, 

with electron-or hole-doping. 

BCS Bardeen Cooper Schrieffer 

(theory) 

FeSC iron-based superconductor  

GFIS gas field ion source  

HIM helium ion microscope  

HPCVD hybrid physical-chemical 

vapor deposition 

HTS high-temperature 

superconductor 

LTS low-temperature 

superconductors   

 

PLD pulsed laser deposition 

PR photoresist 

PR projected range 

RF  radio frequency 

RSJ resistively shunted junction  

SFQ single flux quantum 

SNS superconductor-normal 

metal-superconductor 

(junction) 

SQUID superconducting quantum 

interference device 

TEM transmission electron 

microscopy 

TRIM transport of ions in matter 
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CHAPTER 1 

1 INTRODUCTION 

 

1.1 Superconductivity 

Historically, superconductivity is a phenomenon of the 20th century [1]. Intense 

research has taken place to understand the physics of this phenomenon, to discover new 

superconductors, and to explore potential applications for these materials. Superconductor 

is defined as a material with zero DC electrical resistance and complete repulsion of a weak 

magnetic field, also known as the Meissner effect, below given temperature called the 

critical temperature, Tc [2]. 

Ohm’s law states that the electric current which flows through a conductor is 

directly proportional to the voltage applied to it, with the ratio of voltage to current called 

the resistance which for a uniform conductor is given in terms of resistivity by Pouillet's 

law as R= ρ.L/A, with A is the area of the cross-section of the material, L is the length of 

the material, and ρ is the resistivity which is an intrinsic property of material. Quantum of 

resistivity can be defined using fundamental constants of nature as:  

 𝜌𝑄 =
ℎ3

(2𝜋)2𝑒4𝑚𝑒
= 135 ×  10−4Ωcm (1.1) 

in which h is the Planck’s constant, e is electron charge and 𝑚𝑒is the mass of the electron. 

Comparing to this value, insulators are material with larger resistivity (~1018 Ωcm for 

Teflon), and metals show smaller resistivity values (~10-6 Ωcm). Resistivity of metals has 

been known to be a function of their temperature and purity; so it was expected that by 
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cooling down a pure metal, it becomes less resistive. In 1908, the Dutch physicist Heike 

Kamerlingh Onnes, invented a technique to liquefy helium gas at 4 K. In 1911, using his 

cryogenic technology he cooled down a pure filament of mercury and discovered that its 

resistance abruptly goes to zero at ~4.2 K [3]. He named this phenomenon 

superconductivity. Since then experiments have been carried out to attempt to detect 

whether there is any small residual resistance in the superconducting state and it is 

confirmed that the resistivity ρ of a superconductor is less than 10-26 Ωcm. 

Gorter and Casimir introduced the two-fluid model which is based on the following 

assumptions: superconductors consist of different fractions of two fluids; a condensed 

electron fraction ns(T) namely superfluid and a normal electron fluid with the fraction (1- 

ns). Superfluid is not scattered by impurities or defects, so they are freely accelerated by an 

electric field. Normal electron, however, is subject to scattering and accelerated by an 

electric field. This model explains the second order phase transition occurring at Tc. 

London brothers proposed two equations by applying Maxwell’s equation (curl 𝐸 =  −
𝜕𝐵

𝜕𝑡
 

) and the two-fluid model. As shown in the Fig. 1.1, in the one dimensional geometry the 

solution suggests that a magnetic field exponentially decays within the superconductor over 

a characteristic distance called the penetration depth λ [4]:   

 𝐵𝑥(𝑧) = 𝐵0𝑒−𝑥 𝜆⁄  (1.2) 

where  
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 𝜆 =  𝜆(0) = [
𝑚𝑒

𝜇0𝑛𝑠𝑒2
]

1 2⁄

 (1.3) 

 

with me is the effective electron mass, µ0 is the permeability of free space and e is the 

electron charge. Equivalently, penetration depth defines the surface layer, in which the 

screening currents are flowing. Assuming ns = 1029
 m-3 at T << Tc, then λ(0) ≈ 20 nm which 

can be considered as the lower limit for penetration depth that is expected in practice. 

London equations lead to a relationship for the magnetic field which demonstrates the 

Meissner effect. However, it is based on a local model, ignoring the fact that 

superconductivity is a non-local phenomenon. Since superconducting electrons in the 

condensate state move coherently, consequently there is a characteristic distance, called 

coherence length ξ, over which their number density can change.  

 

 

Figure 1.1 Decay of magnetic field into a superconductor. Penetration depth λ is temperature [4]. 
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The ratio of the two superconducting length scales (λ/ξ) is called the Ginsburg- 

Landau parameter which determines how the superconductor behaves in a magnetic field. 

Type-I superconductors are those with 0 < λ/ξ < 1/√2; superconductivity is abruptly 

destroyed when the strength of the applied field rises above a critical value Hc. Type-II 

superconductors are those with λ/ξ > 1/√2 which only exhibit a complete Meissner effect 

when the strength of the field is smaller than Hc1. Abrikosov [5] showed that the material 

is in a mixed state when the applied field is larger than Hc1 but smaller than Hc2. Lines of 

magnetic flux pass through the superconductor, turning a region of the superconductor 

normal. Each normal core is surrounded by a circulating current called vortex. When the 

second upper critical field Hc2 is reached, the vortex density becomes too large, and the 

entire material becomes normal. The London model was the case of ξ ≪ λ. Type-II 

superconductors with high values of the upper critical field Hc2, are being used in winding 

coils for generating high magnetic fields in MRI, NMR, and particle accelerators. 

What the Londons, Ginsburg and Landau put forward were all phenomenological 

theories to describe superconductivity in terms of electrodynamics and thermodynamics. 

Finally, in 1957, the microscopic theory of superconductivity known as BCS theory was 

introduced by Bardeen, Cooper, and Schrieffer which has been applied with great success 

to conventional superconductors. The key idea in BCS theory is the induced attraction 

between pairs of electrons, called Cooper pairs. Let’s imagine a forward moving electron 

passes through the metal; it distorts the elastic lattice by attracting the positive lattice ions 

towards it. The distortion does not affect the sea of electrons near Fermi surface, but only 

on a backward-moving electron with an opposite spin and wavevector k than forward- 
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moving electron. Since metal preserves time reversal symmetry, these two electrons 

traverse exactly the same trajectories leading to couple effectively. At the ground state of 

the superconductor at T= 0, all the electrons are in bound pairs forming bosons which are 

not subject to Pauli exclusion principle meaning they are all in the same quantum state 

(with the lowest energy level and in phase with each other). This macroscopic wave 

function can be characterized as Ψ = |Ψ|exp(iφ) which is known as the superconducting 

order parameter. |Ψ| is proportional to Δ the gap parameter, and the binding energy of 

Cooper pairs (2Δ) is ≈ 3.5 KBTc in BCS theory. Note that at T > 0, some unpaired electrons 

exist which are called quasi-particles and eventually at the critical temperature all of the 

electrons become unpaired normal.  

As shown in the Fig. 1.2 this quantum wave function can be represented by a phasor 

diagram. When a voltage applied to a superconductor, the energy of each Cooper pair 

changes by 2eV, causing the arrow to rotate with angular frequency ω = ΔE/ħ = 2eV/ħ. If 

 

 

Figure 1.2 Phasor diagram for macroscopic quantum state of a superconductor with wave function 

|Ψ|exp(iφ). 
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the applied voltage is a single flux quantum (SFQ) signal, then change in phase Δφ = 

∫(2eV/ħ) dt = 2eΦ0/ħ = 2π meaning the phasor has rotated one complete revolution. 

Changing the phase φ by 2π will not change Ψ and, correspondingly, will not change any 

physical properties. However, when it occurred in a superconducting ring, one magnetic 

flux quantum traps in the ring.  

By 1986, many other elemental metals and metal alloys were discovered to be 

superconductors at Tc ≤ 23 K in accord with the prediction of BCS theory for Tc to be 

limited to 30 K (now known as low-temperature superconductors (LTS)). The big break in 

superconductivity came in 1986 when Bednorz and Muller discovered the first high-

temperature superconductor (HTS) in LaBaCuO4 ceramics with Tc ≈ 30 K. Chu replaced 

lanthanum by yttrium making the complex conducting oxide YBa2Cu3O7 with critical 

temperature Tc ≈ 92 K. It was followed by the discovery of superconductivity in other 

Cuprates with Tc as high as 134 K in HgBa2Ca2Cu3O8 [6]. In 2006, by the discovery of 4 

K superconductivity in LaOFeP [7], family of Fe-based superconductors was born. They 

belong to HTS with superconducting temperature as high as 56 K in samarium-doped 

SrFeAsF [8]. They will be discussed further in section 1.3.  In 2015, Superconductivity in 

H2S was observed at ~203 K around 150 gigapascals. In 2018, superconductivity was 

reported in twisted bilayer graphene with Tc ~1.7 K [9] 

 All high-temperature superconductors are type-II superconductors. While most 

elemental superconductors are type-I, Nb and V (vanadium) are elemental type-II 

superconductors. NbTi and Nb3Sn are metal alloy type-II superconductors. 
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1.2 Magnesium Diboride (MgB2)  

MgB2 is a BCS s-wave superconductor (discovered in 2001) with Tc higher than 

predicted by theory. It has a binary metallic compound with a crystal structure consisting 

of graphite-like honeycomb layers of boron with alternating hexagonal sheets of 

magnesium (Fig. 1.3.a). σ bands are strong 2D covalent bonds along the B-B planes, and π 

bands are weak metallic bonds between B and Mg layers [10]. Both of σ band and π band 

exist simultaneously in the material and contributing to superconductivity (Fig. 1.3.b). [11]. 

 

 

Figure 1.3 (a) Schematic representation of the electronic structure of MgB2. The σ bonds are 

formed by overlapping sp2
 

boron orbitals and the π bonds are made by overlapping pz boron and s 

magnesium orbitals [9]. (b) The Fermi surface of MgB2. Green and blue cylinders (hole-like) come 

from the bonding px,y bands, the blue tubular network (hole-like) from the bonding pz bands, and 

the red (electron-like) tubular network from the antibonding pz band [10]. 
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Based on the theoretical calculation, the σ band shows a large gap, Δσ = 7.09 meV, whereas 

the π band shows a small gap Δπ = 2.70 meV, well in agreement with gap values reported 

by experimental results using tunneling spectroscopy [12] and tunnel junction [13]. 

Quantum oscillation studies show that two bands are shifted with respect to each other by 

up to 100 meV [14]. Due to the weak interaction between two sets of electrons (from σ and 

π bands), two bands close at same critical temperature, Tc of ~39 K. MgB2
 
shows a low 

room temperature resistivity (~5 μΩcm) primarily originated from smaller electron-phonon 

coupling in 3D π band and very low resistivity just above Tc (around 0.5 μΩcm) mostly due 

to the larger electron-phonon coupling in the 2D σ band. MgB2 shows strong anisotropic 

properties in coherence length, penetration depth, and upper critical field. For instance, 

experimental measurement has given 4-8 nm in-plane coherence length and 2-4 nm out of 

plane coherence length [15, 16]. Penetration depth has also reported varying between 40 

nm to 180 nm [17].  

MgB2 has several advantageous properties compared to other superconductors which 

makes it favorable for device application. The devices based on MgB2 can operate at 

temperatures ~20 K or even ~30 K achievable by a compact cryocooler with roughly one-

tenth of the mass and the power consumption of a 4.2 K cooler of the same cooling capacity 

[18]. Since the grain boundaries in MgB2 do not obstruct current flow (unlike ceramic 

Cuprates), the material is capable of transporting high critical currents in epitaxial thin 

films in the order of ~10
7 
A/cm

2 
[19] to 10

8 
A/cm

2
 [20] at 4.2 K.  
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1.3 Iron-Based Superconductors 

Iron-based superconductor (FeSC) materials are named by their formulas into six 

different categories illustrated in Fig. 1.4 with FeAs planes being highlighted in the cream 

color band.  It has been argued that the alternating FeAs, [in general FeX (X = As, P, Se, 

Te)] planes, which are consistent of four As atoms and one Fe in the tetrahedron 

configuration, are responsible for superconductivity [21, 22]. Without knowing the 

underlying theory behind it, the highest superconducting transition temperature reported 

with a regular tetrahedron, 𝛼 = 𝛽 = 109°, 𝛾 = 90° or equivalently ℎ𝐹𝑒−𝐴𝑠 ≈ 1.38 Å [23]. 
 

 

Figure 1.4 Crystal structures of various iron-based superconductors containing the FeAs planes 

(highlighted in cream color). Each family is associated with its known compound at the bottom. 

Abbreviations: RE, rare earth; HP, high pressure [23]. 
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Most of the FeSC compound are antiferromagnetic (AF) materials. Doping or applied 

pressure will transform FeSC parent compounds into superconductors. In fact, 

superconductivity is achieved by suppressing the AF order. For this thesis, we will focus 

on BaFe1.84Co0.16As2 which is optimally electron-doped BaFe2As2. The undoped Ba122 

compound considers a bad metal with the resistivity at 300K of 430 μΩcm, with an 

anisotropy between the a-b plane and the c-axis 
𝜌𝑐

𝜌𝑎𝑏
≈ 150 [24]. for the optimally Co-doped 

Ba122 the anisotropy in resistivity reaches 
𝜌𝑐

𝜌𝑎𝑏
≈ 5 [25]. Figure 1.5. illustrates the Ba122 

crystal structure with a axis ≈ 3.9625 Å, c axis ≈ 13.0168 Å. Cobalt doping results in a 

 

  

Figure 1.5 Atomic structure of Ba122. (space group I4/mmm). The lattice parameters are as 

following: a axis ≈ 3.9625 Å, c axis ≈ 13.0168 Å, dFe-Fe = 2.802 Å, dFe-As = 2.403 Å. Three typical 

bond angles α, β, γ are marked here. α = 109.66˚, β = 109.38˚ [23]. 
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0.26% decrease in the length of the c axis, while the value of a axis remains unchanged 

[26]. 

In Cuprates the 𝑑𝑥2−𝑦2orbital in the Cu atoms at CuO2 dominates the fermi surface, 

creating a single band superconductor, however, As atoms in FeAs planes have d-orbitals 

that hybridize strongly with five orbits of the Fe-3d electrons (i.e., xy, x2–y2, xz, yz, 3z2-

r2) all cross the Fermi energy, creating a multi-band superconductor. Out of 5 distinct 

bands, 2 of them are overlapping electron pocket at M points (π,π), 2 of them are hole 

pockets at 𝛤 point (0, 0) and one 3-dimensional hole pocket at the Z point (0, π ) in the 

folded Brillouin Zone (BZ) (2 Fe-atoms per cell). Pairing symmetry using theoretical 

calculations has led to nodal s-wave gaps (the sign reversing of the pairing order parameters 

on the hole and electron pockets). However, experiments on pairing symmetry remains 

controversial. 

 

1.4 Josephson Junction 

A Josephson junction (JJ) is formed by placing a thin non-superconducting layer 

between two superconductors. The macroscopic wave function of each superconductor 

decays exponentially as they enter the barrier region but maintain their phase. The 

superposition of these two tails gives rise to the total wave function in the barrier (Fig. 1.6). 

Brian Josephson predicted that if the barrier is thin enough, even in the absence of a voltage, 

a dc supercurrent can flow through the junction which is known as “dc Josephson effect” 

[27]:  
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 𝐼𝑠 = 𝐼𝑐  sin (𝜑) (1.4) 

Where φ = φ1- φ2 is the phase difference between the left and right superconductors. Ic, 

known as critical current of the junction is the maximum current that can pass through the 

barrier and is dependent on thickness and area of the barrier, the superconducting gap of 

the electrodes, and presence of magnetic field. 

If a voltage applied across the junction (V>0), the phase difference depends on this voltage 

as formulated in “ac Josephson effect”:  

 
𝑑𝜑

𝑑𝑡
=

2𝜋𝑉

ϕ0
 (1.5) 

Where Φ0 ≡ h/2e = 2.067834 × 10−15 Wb is the magnetic flux quantum or fluxon. 

Substituting Eq. (1.5) into Eq. (1.4) results in the following alternating supercurrent, 

 

 

Figure 1.6 Schematic of a Josephson junction, two superconducting electrodes are separated by a 

thin layer. The wave function of the superconductor in the left and right overlap in the barrier 

(dashed line). 
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 𝐼𝑠 = 𝐼𝑐 sin((2𝜋𝑓𝐽)𝑡) (1.6) 

Which oscillate at the Josephson frequency 𝑓𝐽  = V/Φ0. 

A Josephson junction can be viewed as a highly nonlinear inductance which can be 

calculated: 

 𝐿𝐽 = 𝑉(
𝜕𝐼

𝜕𝑡
)−1 =

Φ0

2𝜋𝐼𝑐cos (𝜑)
=  

𝐿𝐽0

cos (𝜑)
 (1.7) 

LJ0 is the Josephson inductance which refers to the inductance at the limit φ → 0.  

The free energy stored in the junction can also be calculated:  

 

𝑊 = ∫ 𝐼𝑠𝑉𝑑𝑡 =
Φ0

2𝜋
∫ 𝐼𝑐 sin(𝜑) 𝑑𝜑 

= 𝐸𝐽[1 − cos ( 𝜑)]                     

 

 

(1.8) 

In which 𝐸𝐽 =
Φ0𝐼𝑐

2𝜋
 is the maximum energy which is related to constants and critical current 

of the junction. 

 

1.4.1 Shunted Junction Model 

Since the model of Josephson junction as a nonlinear inductor is not 

comprehensive, often a semi-classical model which is known as capacitive resistively 

shunted junction (RCSJ) is used. The circuit model is shown in Fig. 1.7 where total current 

(I) flows through three parallel components of Josephson element, resistor elements, and 

capacitor element. The total current flowing through the junction then can be written as the 

sum of supercurrent, normal current and displacement current as follows: 
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𝐼 = 𝐼𝑠 + 𝐼𝑛 + 𝐼𝑑 =  𝐼𝑐 sin(𝜑) +  
𝑉

𝑅
+ 𝐶

𝑑𝑉

𝑑𝑡
 

=  𝐼𝑐 sin(𝜑) +
ħ

2𝑒𝑅

𝑑φ

𝑑𝑡
+

ħ𝐶

2𝑒

𝑑2𝜑

𝑑𝑡2
           

 

 

(1.9) 

This equation resembles the expression for a damped driven pendulum, or similarly a 

particle moving down a corrugated tilted surface.  

 𝑇 =  𝑚𝑔𝑙 sin(𝜑) + 𝜂 
𝑑φ

𝑑𝑡
+ 𝜇

𝑑2𝜑

𝑑𝑡2
 (1.10) 

Where 𝜇 is the moment of inertia which is the analog of the capacitance, 𝜂 is the viscosity 

which is the analog of conductance, and the angle 𝜑 is the analog to phase difference. So 

the dynamics of JJ can be described using the mechanics analogy known as “tilted 

washboard potential” with the assumption that phase difference is the particle.  

 

 

Figure 1.7 General circuit model for Josephson junction is capacitive resistively shunted (RCSJ) 

junction. 
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So the evolution of the I-V curve can be explained as following (see Fig. 1.8), at I < Ic, the 

particle is trapped at a potential energy minimum so 
𝑑𝜑

𝑑𝑡
= 0, meaning V = 0. Voltage starts 

to develop when the slope of the tilt is equal to 1, corresponding to I = Ic. By increasing the 

bias current further, the potential energy barrier at minimum vanishes and the particle will 

freely roll down the tilt. 

Equation 1.9 can be rewritten into the following form:  

 
𝐼

𝐼𝑐
= 𝛽𝑐

𝑑2𝜑

𝑑𝑡2
+

𝑑φ

𝑑𝑡
+ sin 𝜑 (1.11) 

where 𝛽𝑐 =
2𝑒𝐼𝑐𝑅2𝐶

ħ
 is the Stewart-McCumber damping parameter. 

When the capacitance and resistance are both small, 𝛽𝑐  ≪ 1, consequently viscosity 

becomes dominant over inertia in mechanical analogs, the junction called RSJ or 

 

Figure 1.8 Tilted Washboard potential. Applied dc current tilts the washboard potential. 

Reporduced from Ref. 134. 
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overdamped. Eq. 1.11. reduces to a first order differential equation which has analytical 

solutions.  

 

𝑉 = 0                            𝑓𝑜𝑟 𝐼 < 𝐼𝑐 

𝑉 = 𝑅√𝐼2 − 𝐼𝑐
2          𝑓𝑜𝑟 𝐼 > 𝐼𝑐 

 

(1.12) 

The current-voltage characteristic plotted in Fig. 1.9.a, explicitly shows parabolic behavior 

at biases near 𝐼𝑐 and ohmic resistor behavior at higher biases.  

In the other limit known as underdamped junction 𝛽𝑐  ≫ 1, the inertial term dominate over 

the viscous loss, meaning for 𝐼 > 𝐼𝑐, the tilt is enough for the ball to start to roll down, but 

since friction is negligible in this case, to retrap the ball back in a periodic dip, one needs 

 

 

  

Figure 1.9 Current-voltage characteristic for (a) a junction with 𝛽𝑐  ≪ 1 known as RSJ. (b) a 

junction with 𝛽𝑐  ≫ 1 known as underdamped junction. 
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to tilt the washboard back to pass the initial threshold. As the result, hysteresis will develop 

in the I-V characteristic of current biased underdamped junction (Fig. 1.9.b).     

 

1.4.2 Microwave Properties of Josephson Junctions  

It was illustrated earlier in Eq. 1.6. that by applying a dc bias voltage to the junction, 

an alternating current which oscillates at the Josephson frequency 𝑓𝐽  (in the microwave 

range) flow across the junction. Now, upon driving the junction with an additional ac 

source, Shapiro steps [28] emerge in supercurrent at the discrete voltages:  

 𝑉𝑛 = 𝑛Φ0ƒ (1.13) 

Where ƒ is the frequency of the ac bias (applied microwave signal) and n = 1, 2, ..., n. Note 

that the characteristic junction frequency ƒc is dependent on the characteristic junction 

voltage IcRn via the second Josephson equation. 

 ƒ𝑐 =
𝐼𝑐𝑅𝑛

Φ0
 (1.14) 

Then one can define the reduced frequency as:  

 Ω =
ƒ

ƒ𝑐
 (1.15) 

The shape of the steps and their height (amplitude) are determined by the reduced 

frequency Ω [29].  

It can be derived from the second Josephson relation for a voltage biased junction 

that the dependence of the height of the steps follows the Bessel function of the first kind. 
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In the experiment, however, the external ac source has a larger impedance than the 

Josephson junction which makes the voltage bias difficult. So the alternative is to consider 

a current biased junction, although only numerical solution to the 2nd Josephson effect can 

be worked out, confirming Bessel-like dependence of the step height. 

  

1.4.3 Magnetic Field Response of Josephson Junctions  

So far the phase difference across the junction was assumed to be φ = φ1- φ2. 

However, the general term should include a spatial variation between the superconducting 

electrodes which is given by gauge invariant phase difference across the barrier: 

 φ = φ1 −  φ2 +
2𝜋

Φ0
∫ 𝐴. 𝑑𝑙

2

1

 (1.16) 

Where 𝐴 is the vector potential and the integration path is along the direction of current. 

 

 

Figure 1.10 Schematic diagram of a sandwich-type Josephson junction in magnetic field 

perpendicular to direction of current flow in the barrier. The dashed line indicates the closed 

contour of integration. Magnetic field decays in the junction electrodes over the length scale 𝜆𝐿. 
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Applying an external field perpendicular to the direction of current in Josephson junction, 

generate spatial changes to the gauge invariant phase difference causing spatial interference 

effect. The interference pattern is called Fraunhofer pattern because it is completely 

analogous to single slit diffraction pattern in optics.   

For a sandwich type Josephson junction shown in Fig. 1.10, 𝜆𝐿1, 𝜆𝐿2 are London 

penetration depth of each superconducting electrode, d is the barrier thickness, and 𝑤 is 

the width of the junction. 𝐴  is the magnetic vector field in eq. 1.16 so the gauge invariant 

phase difference is given by the normalized magnetic flux 
2𝜋Φ

Φ0
 threading the junction 

(linked to barrier), Since the gauge invariant phase difference varies linearly with distance 

along the barrier, 

 
𝜕𝜑

𝜕𝑧
=  

2𝜋Φ

Φ0
  (1.17) 

The supercurrent through the barrier will, according to equation 1.4, also be position 

dependent. By integrating the current over the junction barrier, 

 𝐼𝑐(Φ) =  𝐼𝑐(0)
sin

𝜋Φ
Φ0

𝜋Φ
Φ0

sin 𝜑0  (1.18) 

where 𝜑0 is a constant representing phase difference at z = 0. Thus, the maximum critical 

current varies as the modulus of a sinc function (Fig. 1.11):  

 𝐼𝑐(Φ) =  𝐼𝑐(0) |
sin

𝜋Φ
Φ0

𝜋Φ
Φ0

|  (1.19) 

where Φ = 𝐵 [𝑤. (𝑑 + 𝜆𝐿1 + 𝜆𝐿2)] [30].  
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To obtain insight into the modulation of critical current with magnetic flux, multiple flux 

values would be discussed. As shown in Fig. 1.12.a, for zero field,  Φ = 0, the gauge 

invariant phase difference remains constant along the barrier. Therefore, critical current 

reaches its maximum. Applying Φ = Φ0/2 (Φ = 3Φ0/2), the phase drop between two 

edges is π (3π), so only half oscillation period (one and half oscillation period ) fits into the 

width of w. Clearly for Φ = 3Φ0/2, the total current is less than Φ = Φ0/2 (Fig. 1.12. 

b,d). When Φ = Φ0, the first minima in the sinc function occurs because the same amount 

of current is flowing in +x as in –x directions. More accurately the supercurrent distribution 

exhibit circulation in Josephson vortices. This is analogous to Abrikosov vortex in type II 

superconductor when Hc1 <Hext < Hc2. Lorentz force (J × B) of biased DC current, acts on 

the vortices moving them along the barrier [31]. Josephson vortex, from one side is 

 

 

Figure 1.11 Theoretical dependence of normalized maximum critical current 𝐼𝑐(Φ) on magnetic 

field in a short Josephson junction [27]. 
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confined within the width of the junction and is extended up to London penetration depth 

into the superconducting electrodes from the other side.  

 

1.4.4 Josephson Penetration Depth 

Analogous to London penetration depth in bulk superconductor, Josephson 

penetration depth is a characteristic length scale at which current distributes in the barrier, 

and is a measure to determine whether junction falls into the short or long regime. For a 

sandwich-type structure with the geometry shown in Fig. 1.10 when two superconducting 

electrodes are identical, Josephson penetration depth is given by  

 𝜆𝐽 =  √
Φ0

2𝜋𝜇0𝐽𝑐(2𝜆𝐿 + 𝑑)
  (1.20) 

 

 

Figure 1.12 Supercurrent distribution in the junction with various applied magnetic field. DC 

current biased in –x and magnetic field is applied in y direction [31]. 
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Which is independent of frequency down to DC. In deriving this equation, the assumption 

is the superconducting film thickness 𝑡 ≫ 𝜆𝐿 so inductance per unit length 𝐿 =
𝜇0(2𝜆𝐿+𝑑) 

𝑤
.  

The other structure, which is the subject of this study, is called the planar geometry (Fig 

1.13). In the thin film limit  𝑡 ≪ 𝜆𝐿, the inductance is dominated by the kinetic inductance 

term 𝐿 ≈
2𝜇0𝜆𝐿

2 

𝑡𝑤
. So Josephson penetration for the planar junction is given by [32]   

 𝜆𝐽 ≈  √
Φ0𝑤

4𝜋𝜇0𝐽𝑐𝜆𝐿
2  (1.21) 

Which in comparison to Eq. 1.20, suggests that Josephson penetration depth is larger in 

planar geometry.  

Within the electrodes of a junction, current flows near the outer surface while 

extended into the interior up to 𝜆𝐿 length scale. The junction is a weak link superconducting 

state meaning cooper pair density is significantly reduced at the barrier which is why 𝜆𝐽 ≫

 

 

Figure 1.13 Three dimensional representation of a planar junction. S stands for superconductor, 

Sˊ for a superconductor above Tc, N for a normal metal. 
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𝜆𝐿. So transport current upon reaching the barrier, will penetrate deeper from the edges into 

the width of the barrier. In consequence, depending on how large the width is, the junctions 

are classified into two categories; If 𝑤 ≫ 𝜆𝐽, the current becomes confined into the edges 

in the barrier causing the effective critical current to be less than 𝐽𝑐𝑤𝑡. This is called long 

junction, which can also screen out an external applied magnetic field. On the other hand, 

for a short junction w ≪ λJ, the supercurrent flow uniformly within the barrier. For a short 

junction, the magnetic field will penetrate the entire junction uniformly [1]. The derivation 

of equation 1.19 and the Fraunhofer pattern in Fig. 1.8 are valid for the case of short 

junction where self-field effect by the Josephson current density can be neglected. 

For the long junction regime, however, the magnetic flux density results both from the 

externally applied field and the Josephson current density. With this consideration, now 

equation 1.17 results in a nonlinear differential equation for gauge invariant phase 

difference which is called stationary Sine-Gordon equation (SSGE) which in general 

cannot be solved analytically. Ic(Φ) pattern would be triangular with incomplete 

suppression at the minima and irregular period [30].   

 

1.4.5 SNS Junction 

Superconductor-normal metal-superconductor (SNS) junction are a type of 

Josephson junction when the interlayer is metallic often called “weak link” [33]. By 

convention, weak coupling of the superconducting electrodes through the normal region 

mediates via the proximity effect. The basic mechanism of the proximity effect is the 

Andreev reflection [34] which intuitively can be explained as following (Fig. 1.14), as an 
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electron from the normal metal at energies Ee = (E-Ef) = E less than the superconducting 

energy gap (Δ) reaches the SN interface, a hole with energy Eh = (Ef-E) = -E “reflects” in 

the normal metal, in consequence at each Andreev reflection charge 2e transfers across the 

interface, manifested by a formation of a Cooper pair (Epair = 0) in the superconductor. For 

charge carrier at the Fermi energy, electron-hole symmetry is exact, leading to conservation 

of momentum. At two SN interfaces, a closed path between electron and hole is established, 

and a bound state is induced. It is called “Andreev bound state” which can contribute to 

superconducting transport. The characteristic length of the coherent transport through 

Andreev bound states, 𝜉𝑛 describes the decay length of the superconductivity in the normal 

metal.  

The critical current of an SNS junction is described by Likharev model [35]: 

 

 

 

Figure 1.14 Schematic illustration of the Andreev reflection at an N/S interface. A transport 

mechanism involving an electron-hole coupling is energetically permitted [34]. 
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 𝐼𝑐 =  𝐼𝑐0𝑒−𝐿 𝜉𝑛⁄   (1.22) 

L is the barrier length (the electrode separation, referred to earlier as the barrier thickness). 

A straightforward estimate of 𝜉𝑛 is obtained from the uncertainty principle which result in 

two length scales corresponding to two different regimes: 

In the clean limit where electron mean free path 𝑙𝑛 is larger than 𝜉𝑛, the coherence length 

in the clean limit (ballistic regime) is: 

 𝜉𝑛
𝑐 =  

ℏ𝑣𝑓

𝑘𝐵𝑇
 (1.23) 

With 𝑣𝑓 Fermi velocity. 

In the dirty limit 𝑙𝑛 ≪  𝜉𝑛, and the expression for coherence length for the dirty limit 

(diffusive regime) is: 

 𝜉𝑛
𝑑 = √

ℏD

2𝜋𝑘𝐵𝑇
 (1.24) 

Where D is the carrier diffusion constant in metal. 

The Cooper condensate penetrate through the interlayer and result in the phase-dependent 

supercurrent when the thickness of normal metal remains less than 𝜉𝑛
𝑐 (~10 μm), or 𝜉𝑛

𝑑 

(~10-100 nm) [36]. 

 

1.5 Interaction of Ion and Material 

It is worth noting that there is a substantial difference between the helium ion 

interaction with matter in comparison to electron-matter interaction mostly due to the 
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kinematics and the difference in mass of the projectile. The maximum energy transferred 

at an elastic collision, 𝐸𝑚𝑎𝑥 [37]:  

 𝐸𝑚𝑎𝑥 =
2𝐸𝑖𝑛𝑐(𝐸𝑖𝑛𝑐 + 2𝑚𝑐2)

𝑀𝑖𝑐2
  (3.1) 

Where 𝐸𝑖𝑛𝑐is the kinetic energy of the incident particle, 𝑚 particle mass and 𝑀𝑖 is the mass 

of the atom be displaced. For 𝐸𝑖𝑛𝑐 ≪ 𝑚𝑐2, the equation gets the following form [38]:  

 𝐸𝑚𝑎𝑥 =
𝐸𝑖𝑛𝑐(4𝑚𝑀)

(𝑚 + 𝑀)2
 (3.2) 

For electron collision, the recognition that 𝑚𝑒 ≪ 𝑀, (𝑚𝑒 = 5 × 10−4𝑢) simplify eq. 3.2 

into 𝐸𝑚𝑎𝑥 =
4𝑚𝑒𝐸𝑖𝑛𝑐

𝑀
. For a 200 keV electron beam, 𝐸𝑚𝑎𝑥~40 𝑒𝑣, enough to displace atom 

with 𝑀 = 10 (Atomic mass of Boron is 10.8 u). For mass 𝑀 = 100  (Atomic mass of 

Arsenic is ~75 u) the threshold works out to be ~4 𝑒𝑣, barely enough to displace depending 

on the material. (Displacement energy 𝐸𝑑 is the energy that a recoil needs to overcome the 

target’s lattice forces and to move more than one atomic spacing away from its original 

site. If the recoiling atom does not move more than one lattice spacing, it is assumed that 

it will hop back into its original site and give up its recoil energy into phonons. Typical 𝐸𝑑 

value are for semiconductor ~15 𝑒𝑣 and 𝐸𝑑 for metal ~25 𝑒𝑣 [39].) For He ions (in any 

energy range we consider), we need to take 𝑚 = 4 ( factor of 8000 greater than the electron 

mass) and then there is always sufficient energy to displace. 

Next necessary discussion is regarding the scientific terms in TRIM. It is 

enlightening to use the TRIM textbook which explains various TRIM output. “Assume an 

incident atom has atomic number Z1, and energy E. It has a collision within the target with 
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an atom of atomic number Z2. After the collision, the incident ion has energy E1, and the 

struck atom has energy E2. Previously specified for the target are energies Ed, the 

displacement energy, Eb, the binding energy of a lattice atom to its site, and Ef, the final 

energy of a moving atom, below which it is considered to be stopped. A displacement 

occurs if E2>Ed (the hit atom is given enough energy to leave the site). A vacancy occurs 

if both E1>Ed and E2>Ed (both atoms have enough energy to leave the site). Both atoms 

then become moving atoms of the cascade. The energy, E2, of atom Z2 is reduced by Eb 

before it has another collision. If E2<Ed, then the struck atom does not have enough energy 

and it will vibrate back to its original site, releasing E2 as phonons. If E1<Ed and E2>Ed and 

Z1 = Z2, then the incoming atom will remain at the site and the collision is called a 

replacement collision with E1 released as phonons. The atom in the lattice site remains the 

same atom by the exchange. This type of collision is common in single element targets 

with large recoil cascades. If E1<Ed and E2>Ed and Z1≠Z2, then Z1 becomes a stopped 

interstitial atom. Finally, if E1<Ed and E2<Ed, then Z1 becomes an interstitial and E1+E2 is 

released as phonons.” These may be summed as: Displacements = Vacancies + 

Replacement Collisions, and Vacancies = Interstitials + Sputtered atoms.  

To specify the displacement of different dose, one can define the dpa (displacement 

per atom) as following: 

 
𝑑𝑝𝑎 =  

𝑑𝑜𝑠𝑒 (
𝑖𝑜𝑛𝑠
𝑐𝑚2 ) × 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠(𝑇𝑅𝐼𝑀 𝑜𝑢𝑡𝑝𝑢𝑡)(

𝑛𝑢𝑚𝑏𝑒𝑟
𝑖𝑜𝑛
𝐴

)

𝐴𝑡𝑜𝑚𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑎𝑡𝑜𝑚
𝑐𝑚3 )

 

 

(3.3) 
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Where atomic density calculated as 𝑁𝑎𝑑 =
𝑁𝑎𝑣×𝜌

𝑀
, with 𝜌 being the density, and 𝑀 being 

the molar mass. If a target has several different elements in it for instance MgB2, then one 

should find 𝑁𝑎𝑑 of the mixture. 𝑁𝑎𝑑(𝐵 𝑎𝑡𝑜𝑚𝑠) then become 2 × 𝑁𝑎𝑑(mix). At times dpa 

might be “ill-defined”, thus conversion to a more physical unit like displacements or 

vacancies/volume might be useful. We have used this approach. 
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CHAPTER 2 

2 EXPERIMENTAL TECHNIQUES 

 

2.1 Deposition Method 

2.1.1 Hybrid Physical-Chemical Vapor Deposition (HPCVD) of Magnesium Diboride 

To fabricate Josephson junctions, high-quality thin films of single-phase MgB2 

which are crystalline with low surface roughness are required. Fig. 2.1 shows the 

magnesium vapor pressure versus temperature phase diagram for the correct ratio of Mg/B 

atoms [40]. Magnesium’s melting point is ~649°C. The ‘Gas + MgB2’ region is the 

thermodynamic stability window for the deposition of MgB2 films in the pressure-

temperature phase diagram. To ensure MgB2 growth, the Mg vapor pressure must be 

sufficiently high to keep the MgB2 phase thermodynamically stable. In addition, while the 

residual oxygen is very detrimental to the film quality, the residual hydrogen and nitrogen, 

have a slightly favorable effect on the MgB2
 
film growth. Among many growth techniques 

which have been tried to produce MgB2 thin film, HPCVD is the one that optimally 

satisfies the above criteria and enabling epitaxial growth.  

Epitaxial MgB2
 
films have been prepared at Temple University in the set up shown 

in Fig. 2.2.a-c. The substrate is placed in the center of a round stainless steel susceptor (≈ 

1.7” in diameter) with a 0.25” width groove around the outer rim. The groove retains 4 Mg 

pieces being cut from a long Mg rod (Fig. 2.2.c.). The reactor chamber is pumped to ~14 

mTorr, then purged with high purity hydrogen gas for 10 minutes and then pumped to ~2 
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mTorr background pressure. Next, the chamber pressure set to 40 Torr using 400 sccm 

(standard cubic centimeter per minute) of ultra-high purity H2 carrier gas. A resistive heater 

with windings around the outer rim of the susceptor is responsible for heating and melting 

Mg pallets. The deposition temperature is ~700˚C. The higher the growth Temperature, the 

larger grain size, and lower resistivity in thin film are expected. Due to the low sticking 

coefficient of Mg at high temperatures, there is no film deposition yet. Now B
2
H

6 

(diborane) gas at 20 sccm flow rate is introduced to the chamber, and MgB2 growth begins. 

Schematic diagram of growth process shown in Fig. 2.2.d. The growth rate of MgB2 is 

determined by the rate at which boron is incorporated in the film. The deposition rate is 

approximately 90 nm/min using this recipe. The growth terminates when we stop the 

 

Figure 2.1 The pressure–temperature phase diagram for the Mg:B atomic ratio xMg/xB ≥ 1/2 [40]. 
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diborane flow and shut down the heater. Once the thermometer shows ~40˚C chamber can 

be vented to remove the films. Further details can be found in reference [41].      

Selection of substrate is also important when epitaxial high-quality MgB2 thin films are 

desired. Silicon Carbide substrate has a variety of polytypes based on the stacking sequence 

of the C-Si bilayer [42]. (0001) orientation (c-cut) of 6H SiC with lattice parameters a = 

 

Figure 2.2 Photograph of (a) the HPCVD system at Temple University. (b) control system (c) 

after the growth. substrate holder with 4 Mg pieces on the groove with substrates at the center, 

placed on the resistive heater inside chamber (d) Schematic illustration of HPCVD process. 
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3.073 Å and c = 15.12 Å has a close match to MgB2 lattice parameter. The unit cell lattice 

parameters for MgB2 are a = 3.085 Å and c = 3.521 Å. The lattice mismatch is defined by 

[a(s)- a(f)]/ a(f) ~0.4%. We have used the insulating non-doped SiC (from Cree Co.) in 

junction fabrication and semi-insulating (Vanadium-doped) (from II-VI advanced 

materials) for large area experiment.  

 

2.1.2 Pulsed Laser Deposition (PLD) of Co-doped Ba122 

PLD technique is perhaps the most versatile technique for preparing a wide range 

of thin films [43]. The rapid progress of laser technology in the 60s and 70s helped the 

development of PLD. It eventually attracted the widespread interest after successful growth 

of high-temperature superconducting YBCuO thin films in 1987. The technique uses high 

power laser pulses (typically ~108 W/cm2) to ablate the target and produce a plasma plume 

which is the vaporized material, containing neutrals, ions, electrons. This highly forward 

directed plasma plume, reaches to the substrate placed ~5 cm away, and impinge onto the 

substrate surface. Subsequently, nucleation and growth of the thin film on the substrate 

surface occur. To obtain uniform films and avoid pitting deep into the target surface, target 

needs to rotate so the laser spot raster across the target surface. Incident laser pulse causes 

an enormous heating rate of the target surface (K/s) which result in the stoichiometry of 

the deposited film to be close to the target. Several parameters including Laser energy 

density, pulse repetition rate, and substrate temperature need to be controlled during the 

growth process. A growth pressure can range from UHV to the order of several hundred 
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mTorr, besides the convenient post-annealing up to atmosphere also enhances the 

versatility of PLD in terms of the oxidization level of the film. 

Epitaxial thin films of optimally doped BaFe2As2:Co (Ba122) [44] were grown by 

pulsed laser deposition (PLD) using a KrF UV excimer laser (λ = 248 nm, and pulse 

duration 25 ns) (Fig. 2.3(a,b)). The targets were synthesized at Florida state university with 

Mechanically-Induced Self-propagating Reaction (MSR). Pre-reacted Ba3As2 with 5% less 

Ba and 5% extra As were used in the target to achieve the composition of 

Ba(Fe0.92Co0.08)2As2 in the films. The components were placed in zirconia milling vial and 

milled for 1 h inside the Ar glove box. The powder placed into stainless steel ampules 

which were evacuated, welded shut and pressed to a pallet at 275 Mpa. The target then, 

 

Figure 2.3 (a) Photograph of the PLD system at Temple University for pnictide film growth. Target 

carousel flange has one manual and one motorized rotarymotion feedthrough. (b) Schematic 

illustration of PLD process. 
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heat treated at hot isostatic press (HIP) in several rounds [45]. The target was sent to 

Temple University sealed in a stainless steel sleeve which was taken out by cutting the 

sides using a diamond saw. Single crystals of 5 × 5mm (La,Sr)(Al,Ta)O3 (LSAT) along 

(001) direction with (a = 3.868 Å) (from CrysTec company) were used as substrates. The 

substrate-target distance was 55 mm. Laser fluence of 3.09 J/cm2/pulse was used, and the 

base pressure was ~4 × 10-7 Torr, but it was worsened after heating. The silver paste which 

is used to mount the substrate is a single component, water-dispersible system that contains 

no organic resins or solvents. Its commercial name is Pyro-duct compatible with high 

vacuum up to 927oC. The shutter covering the substrate remained close while ramping up 

the heater until deposition temperature of ~730oC was reached, then the shutter was 

opened. Once the temperature stabilized, the TMP gate valve was closed, and the chamber 

was opened to the cryopump instead. Upon reaching a stable pressure within a few short 

minutes, laser ablation was started. The pressure during the deposition reached ~2 × 10-6 

Torr using a cryopump. With the above growth condition, 1400 pulses of the laser at the 

rate of 29.1 Hz produce a 52 nm film (~26 pulses/nm). The target holder flange was 

modified so it could accommodate holding 5 targets. Specifically, an Au target was 

mounted on the target carousel enabling the in-situ gold deposition. When the substrate 

cooled down to 200oC (thermometer reading), the Au deposition was started to deposit a 

thin capping layer on the film at the same laser frequency of 29.1 Hz with ~34 pulses/nm. 

After the deposition when the sample was cooled to room temperature, a sequence of 

venting the chamber with air up to ~500 Torr followed by evacuation was employed for 

several times so that the arsenate deposit in the vacuum chamber was passivated by the 
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moisture in the air, and the resultant arsine gas exhausted safely before the vacuum 

chamber was opened. 

 

2.1.3 Magnetron Sputtering 

Magnetron sputtering is a tool to deposit thin films, where a magnet being used 

behind the cathode (negatively charged electrode) to trap the free electrons in a magnetic 

field right above the target. These free electrons ionize the neutral gas molecule with very 

high probability allowing for faster deposition rate. The positively charged ions (Ar+) 

accelerate toward the cathode, striking the target surface and sputter the material which 

subsequently gets deposited onto the substrate. The trapped electrons carve a circuitous 

path on the surface of the targets which would be clearly visible by extensive use of the 

target. The schematics of the process shown in Fig. 2.4.b [46].  The system at Temple 

Material Institute (TMI) cleanroom was a Kurt J. Lesker multisource system with a 

cryopump on the main chamber and a TMP on a load lock chamber (Fig. 2.4.a). It is a 

direct sputtering system where the substrate is centered directly in front of the 2-inch 

diameter target. Conductive materials were deposited using a direct current (DC) power 

supply, and insulators were deposited by using a radio frequency (RF) power supply which 

ran at 13.56 MHz. An automatic impedance matching network was used for continuous 

“tuning” of generator input to the chamber. The capacitive coupling of the RF generator to 

the insulating target ensures that only the target material is sputtered. Ar gas introduced 

into a pre-pumped main chamber, allowing the chamber pressure to reach a specific level 

by adjusting the manual gate valve. 
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A bilayer of Cr/Au sputtered on MgB2 films. The Cr film as a wetting layer was deposited 

for 30 seconds (~7nm) with 25W at 280 V, and 93 mA and the Au film was deposited with 

100 W at 490 V and 200 mA aiming 20 nm for passivation.  Ba122 thin film was passivated 

with thin Au layer in-situ in PLD. For device wiring layer, a 200 nm Au film was sputtered. 

Cr layer had to be eliminated since it was detrimental to adhesion of two gold layers. The 

 

Figure 2.4 (a) Photograph of the Magnetron Sputtering system at TMI cleanroom class 1000. (b) 

Diagram of the DC magnetron sputtering process [46]. 
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MgO or SiO2 films were used to passivate the fabricated bridges against moisture. Targets 

that have low thermal conductivity are susceptible to thermal shock, so they require to ramp 

up when they run at higher power. Although the growth parameters were modified once in 

a while to ensure the correct rate, the typical conditions are as following: For SiO2, at 7 

mTorr with ramp up to 80 W, thin films were sputtered at 4.6 nm/min rate. For MgO, at 10 

mTorr with 30 W power, 4 nm or 7 nm film was sputtered at 0.7 nm/min. 

 

2.2 Microfabrication Techniques 

2.2.1 Photolithography  

To create a device, layers of thin films have to be patterned, etched and coated. 

Photolithography or UV lithography is a process which connects these steps and makes the 

 

Figure 2.5 Schematic of the main steps in Photolithography process 
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microfabrication possible to transfer the pattern with submicron features on the mask to the 

photoresist (PR) through the exposure process. Several steps needed to be taken in 

sequence (Fig. 2.5) which will be described here and further details are provided in table 

2.1. PR is spin coated on the substrate and prebaked (soft baked) on a hot plate, so the 

excess solvent evaporates, and PR becomes dense. A photomask which is a “Cr on quartz 

glass” type is placed in hard contact with the substrate so ideally, the feature sizes transfer 

with 1:1 ratio. With the hard contact exposure mode, the gap between mask and sample is 

reduced by purging nitrogen underneath the wafer. Thus the wafer is pushed harder against 

Table 2.1 Photolithography condition used with various PR. Mask aligner set to constant power, 

with light intensity at ≈ 24 W 
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the mask. The PR is exposed to intense mercury light i-line at 365 nm. PR is a 

photosensitive material, which can be either positive or negative. For the positive 

photoresist, the exposed regions become soluble in developer whereas, for the negative 

photoresist, the unexposed regions become soluble. Post bake (hard bake) was used to 

stabilize and harden the developed photoresist prior to processing steps that the resist will 

mask.  The process will be followed by etching or adding material depending on the step 

of the fabrication. The areas that are not protected by photoresist were removed by etching 

in Ar ion milling. When adding thicker gold to bonding pads was required, the patterned 

layer was deposited over the top of the photoresist and unwanted Au is “lifted off” when 

 

Figure 2.6 Karl Suss MJB-4 mask aligner which uses OSRAM Hg 350 W, connected to CIC1200 

power supply which run lamps at constant intensity as well as in constant power. 
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resist is removed. In this work, the Karl Suss MJB-4 mask aligner located in class 100 

cleanroom yellow room was used (Fig. 2.6). In order to avoid exposing the PRs, the 

fluorescent lighting in the room needs to be filtered out of ultraviolet light which is why 

the room appears as yellow. 

 

2.2.2 Helium Ion Microscope 

Helium ion microscope (HIM) is based on gas field ion source (GFIS) which is a 

direct descendant of the field ion microscope (FIM). FIM was invented by Müller in 1951. 

Its mechanism, shown in Fig. 2.7.(a), briefly described here; a sharpened metal needle is 

placed inside an ultra-high vacuum chamber, which is backfilled with an imaging gas such 

as helium. The tip is cooled to cryogenic temperatures (~80 K). A positive 

voltage (typically 5 to 30 kilovolts) is applied to the tip. An extractor which is a metal 

electrode held at ground potential is placed near the tip. Gas atoms adsorbed on the tip are 

ionized by the strong electric field in the vicinity of the tip (thus, "field ionization"). At the 

most protruding atoms, electric fields as large as 4.4 volts per angstrom can be attained 

with modest voltages of 30 kV. Positively charged ions being repelled from the tip and 

through the hole in the extractor reached and recorded on the screen. Figure 2.7.b. 

shows individual tungsten atoms as it was first observed by Müller & Bahadur. 

The tip in Zeiss Orion He ion source, known as ALIS (atomic level ion source), 

made from crystalline wire which is chemically etched to a fine point. Later the mounted 

tip goes through a build process which results in the buildup of atoms into a pyramidal 

shape, on the end of the tip. The apex and edges of this pyramid are atomically sharp. By 

https://en.wikipedia.org/wiki/Erwin_Wilhelm_M%C3%BCller
http://en.wikipedia.org/wiki/Helium
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Volt
http://en.wikipedia.org/wiki/Adsorption
http://en.wikipedia.org/wiki/Electric_field
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adjusting the applied voltage, 3 atoms at the apex of the pyramid are being ionized as seen 

in Fig. 2.7.c. Each of the three atoms of the trimer emits ions in angular distribution that is 

Gaussian with the width about 0.2 deg. A typical angular separation between adjacent 

 

Figure 2.7 (a) Schematic drawing of a field ion microscope (FIM). (b) FIM pattern resulting from 

emission at the apex of the emitter needle. (c) The trimer atom formation at the end of an ALIS 

He ion source after building. Creation of the source trimer consist of both a build process to form 

the basic triangular tip structure, and a field evaporation process to select a trimer pattern [47]. 
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beams is approximately 20 mrad. One of these ion streams is then aligned and focused by 

the ion optical column and becomes the helium focused ion beam with less than 0.5 nm in 

beam diameter and high brightness. One approach calculating the source brightness is to 

assume that the current is being emitted from a disk with a diameter 𝑑𝑣, referred to as the 

virtual source size. The semi-angle αo is defined as the beam divergence angle after it has 

left the extraction optics [47]. 

 𝛽 =
4𝐼𝑏

(𝜋𝛼0𝑑𝑣)2
 (2.1) 

For example, for the optimized condition where the parameters are Ib = 1 pA, 𝛼0= 0.5 mrad, 

and 𝑑𝑣 = 0.25 nm, the brightness of a source mounted on a focusing column is 

approximated, 𝛽 =  2.5 ×  109 𝐴 𝑐𝑚−2 𝑠𝑟−1. If the helium gas pressure is increased, then 

the beam current correspondingly increases thus the higher brightness of source is 

attainable. It should be noted that high helium pressure might shorten the trimer life time 

and degradation of the beam profile due to an increase in the number of gas scatter.  

The other type of source for ion microscope is a liquid metal ion source (LMIS) which for 

instance utilizing gallium (Ga), with a brightness β of ≈ 106 A cm-2sr-1. He ions have a 

significantly reduced ability to sputter material in comparison to Ga FIB, due to the small 

mass of the helium ions. Yet He+ ions have much higher mass than an electron so effective 

wavelength (~0.08 pm) is considerably shorter than for an electron, to the point that 

diffraction does not play a significant role in determining the final size of the focused beam. 

The helium beam can be used to pattern a thin film of resist [48-52]. The fine patterns can 

be made without diffraction which is a limiting factor in optical lithography.  Compared to 
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E-beam lithography, the ion beam is more effective in exposing the resist with no proximity 

(SE2) effects. 

The ion optical column controls the beam from the source to the sample, and it 

consists of different components shown in Fig. 2.8.b. A zoom lens (condenser) is an 

electrostatic lens which causes the divergent ions to converge. Aligning the beam to the 

objective lens carries out using Quadrupole electrostatic deflectors in a two-stage 

deflection process. The two additional beams become excluded with the aperture with a 

varying diameter of 5, 10, 20, 40, and 70 µm. Beam blanker assembly is a Faraday cup 

with a hole in the bottom. When the beam is not blanked, it passes through the hole in the 

 

Figure 2.8 (a) Orion Plus Helium Ion Microscope, (b) Schematic drawing of the ion optical 

column. 
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bottom of the Faraday cup. When the beam is blanked, it strikes the side of the Faraday 

cup that can serve to measure the current in the ion beam. Double deflection octopoles use 

electrostatic fields to deflect and stigmate the beam. They are two sets of plate with 

opposite polarity so that beam passes through the nominal optical center of the objective 

lens. The octopoles then deflect the ion beam and cause it to scan over the area of interest 

of the sample. Finally, the high-resolution objective lens is an electrostatic lens that serves 

to bring the ion beam to a focus. Its minimum focal length is in the order of 10 mm and 

careful consideration needs to be taken into account for electrode thickness and inter-

electrode spacing.    

At the very low beam currents of 1 pA, the arrival of the helium ions at the sample 

can be considered as independent events separated by about 160 ns. It is valid to consider 

them independent since the energy dissipation of a helium ion in the sample occurs over 

just tens of picoseconds. Transport of ions in matter (TRIM) computer software [53] is 

used to predict the interaction of He+ with the samples. TRIM uses a Monte-Carlo method 

based on the binary collision approximation by taking into account the quantum-

mechanical models with the assumption of an amorphous target. It should be noted that 

TRIM does not account for accumulated damage or implantation effects. Helium ions 

impinge on the sample and interact with the sample via two different mechanisms. At 

higher energies, they lose their energy by scattering from electrons which cause only small 

angular deflections in ions due to intermediate mass of helium (MHe >> me). In 

consequence, the beam stays relatively collimated near the surface. As the ions progress 

into the sample, energy is gradually lost, and nuclear interactions become dominant, 
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causing many lattice dislocations (vacancies). The trajectory, therefore, terminates in an 

abrupt large change. The damage will increase with increasing the areal dose.  

With imaging resolution of 0.5 nm, Orion HIM generates high-resolution images that 

have 5 to 10 times greater depth of field when compared to images acquired with field 

emission scanning electron microscopy (FE-SEMs). For the reference, the typical areal 

dose required to acquire a HIM image with 1024 × 1024 pixels for a specific field of view 

(FOV) is given in table 2.2. While no observable damage is expected for large fields of 

view, the smaller fields of view result in damage in the sample.   

It should be noted that the larger dose results in a larger region of damage which 

might be greater than the critical damage level. Figure 2.9 illustrates the schematics of two 

 

Table 2.2 The dosage needed to acquire a HIM image for a specific field of view (FOV). 
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damage profiles for two different doses. The larger dose (top panel) has the same angular 

distribution and the same full width at half maximum (FWHM) as the smaller dose, but its 

intersection with critical damage level yields a larger region of damaged material. 

 The final remark is regarding the beam current. Since for the purpose of making JJ 

barrier, a smaller probe size is of the interest, then lowering beam current should be 

considered. Of course, the overall stability of the microscope and its environment would 

 

Figure 2.9 Schematic showing two damage profiles, different intensity, same FWHM, with 

intersections at a critical damage dose such that (y2-y1)>(x2-x1). Larger dose (top panel) creates 

greater region of damaged material. 
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become an essential criterion to meet. Nonetheless, it can be seen in Fig. 2.10 that there is 

a decrease in probe size as the beam current is lowered to 0.1 pA, to 0.24 nm (20%). 

We have used the Carl Zeiss Orion Plus scanning helium ion microscope at Rutgers 

University which was equipped with an ELPHY Plus pattern generator from Raith. The 

pattern generator enables beam scan control to expose complex patterns and is deployed in 

the direct-write with no need to image the bridge. 

 

2.3 Etching Method 

2.3.1 Argon Ion Milling 

 

Figure 2.10 Calculated probe size versus beam current, at 35 kV accelerating voltage, and 4 mm 

working distance (assuming optimized conditions for each beam current) [47]. 
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In this work either removing the material or smoothing the surface of the film was 

carried out in Intlvac Nanoquest argon ion mill which is pictured in Fig. 2.11.a. Ar ion 

Milling is a physical etching technique whereby the ions of Ar gas accelerate from a broad 

beam ion source into the sample in the vacuum (~10-4 Torr) in order to remove material to 

some desired depth or smooth the surface. In our system, the source is a 7.5 cm Kaufman 

DC (KDC) gridded series of broad beam ion sources, shown in Fig. 2.11.b, which is a 

cylinder with a two grid “optic system” to extract the Ar ions from the discharge chamber. 

Outside of the source, there is a neutralizer which is a tungsten filament stretched across 

the ion beam to resolve two issues. First, by providing additional electron neutralize the 

ions, so beam does not get diverged as it gets further from the source and the second is to 

prevent charging in the substrate. The chamber is pumped with a 12” MagLev TMP which 

reaches to 10-6 Torr in about 20 minutes. Due to the bombardment of the substrate by ions, 

part of the kinetic energy converts to heat causing the substrate to heat up. So the stage is 

configured with a cooling water flow maintained by a chiller. The stage can accommodate 

substrates up to 6” and is mounted on 20” diameter door. The stage can be tilted at various 

angles with respect to the ion beam. Since the roughness of the film can be lowered by 

milling at grazing incident angle, this feature will be specifically useful. Besides that, the 

milling rate strongly depends on the angle; for instance, the rate at ~45˚ can be up to 50% 

higher than the normal incident. The stage is also able to spin around its central axis with 

various rotational speed for optimizing the uniformity across the sample. When removing 

the material from a substrate coated with resist, sputtering is interrupted after 2 minutes to 

prevent baking of PR and to help easier clean off the PR in a solvent.   
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Figure 2.11 (a) Argon ion mill located in the cleanroom class 1000 at TMI. (b) Kaufman DC 

Discharge Configuration with thermionic cathode Filament to provide source of electrons. 
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2.3.2 Reactive Ion Etching 

Reactive ion etching (RIE), shown in Fig. 2.12.a is an etching technique where a 

chemically reactive plasma removes the material. The RIE chamber shaped cylindrical 

consisting of a sample stage (bottom electrode) which is electrically insulated from the rest 

of the chamber and a top electrode which is grounded to the rest of the chamber (Fig. 

2.12.b) [54]. Gases are introduced into the chamber and plasma is initiated in the system 

by applying a strong RF to the sample stage. The main principle of RIE is that the 

negatively charged bottom electrode causes acceleration of positively charged ions into it 

(where the sample positioned). In one hand, the kinetic energy of these ions causes physical 

etching of the substrate. On the other hand, the process gas which is used for plasma 

 

Figure 2.12 (a) Reactive Ion Etching system at TMI cleanroom class 1000. (b) Diagram of the RIE 

process. Samples are placed on the powered electrode. Ions induced by RF power directly attacks 

the substrate, and they will increase the etch rate [54]. 
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generation is not inert, so chemical etching takes place in parallel. The main application of 

RIE in this work was to remove photoresist residue. Oxygen gas was introduced to the 

chamber and stabilized at 50 mTorr pressure. By applying 60 W RF electromagnetic field, 

green color monatomic oxygen plasma was created which contains 𝑂2
+ ions, and 𝑂 free 

radicals. While ions bombard physically to remove photoresist by sputtering, radicals 

chemically react with the photoresist surface to create volatile molecules (ash) such as H2O 

and CO2 which is removed from the chamber with the vacuum pump. The combination of 

these two mechanisms is a key of the plasma ashing by RIE etching. Since the reactive ions 

can directly attack the substrate surface, it is important to minimized the ashing time. 

  

2.4 Low Noise Measurements at Cryogenic Temperature  

To study the superconducting and normal state of the superconducting film and 

devices the cryogenic system setup was used.   

 

2.4.1 Dip Probe 

For typical temperature dependence (from room temperature to 4.2 K) of thin film 

resistivity or low temperature I-V scans, an 8-pin probe (Fig. 2.13), immersed in a thermal 

bath of He4 was used. The probe is made of thin-walled stainless steel and wired with 

twisted pairs of non-magnetic CuSnP alloy wires (36 AWG, clear Formvar insulation). 

Both SS and wire have relatively poor thermal conductivity and minimize the heat leak 

into the sensor and cryogenic system. To be able to lower the probe into the dewar while 

maintaining a seal, a stainless steel ultra-Torr sliding fitting is welded to the flange that fits 
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into a narrow-mouth 100 liquid helium dewar. The head is machined out of high purity, 

oxygen free copper and braised to the SS tube. Temperature is measured using a Si diode 

temperature sensor with a response curve calibrated with a Lakeshore Cryotronics 

temperature controller. The probe design allows for the measurement to be taken quickly 

and easily with reliable temperature stability.  

 

2.4.2 Janis Research Pulse Tube Cryocooler  

The majority of the junction measurements were done at a customized Janis 

Research pulse tube (PT) cryocooler, shown in Fig. 2.14, calibrated by Dr. Daniel Cunnane. 

PT cryocooler is a mechanical refrigerator that does have some level of vibration and only 

functions properly when it is operated in a purely vertical orientation. It is able to reach the 

 

Figure 2.13 (a) Dip probe sample stage. 8 pins enable bonding two samples at once. Four-point 

contact made on each sample using silver paste. (b) measurement rack 
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minimum temperature of 2.9 K and keep cold as long as the power and proper helium 

pressure at the compressor are maintained. The temperature stabilized using a Lakeshore 

336 cryogenic temperature controller with 150 W of low noise heater power. In comparison 

to the dip probe, the temperature shows greater fluctuation (about 0.1 K below 30 K) 

causing less temperature stability in the cryostat. 

The sample is anchored with Apiezon N vacuum grease into the Leaded Chip Carrier 

(LCC) and is connected to the electronics via wire bonding using manual west bond 

7476D-79 wire wedge bonder. The LCC sits in a socket which is soldered to the PCB. 

There are 28 pins connected to BNC connectors by 14 twisted wire pairs to minimize 

 

Figure 2.14 (a) Janis pulse-tube cryocooler used in cryogenic measurements. (b) The sample 

being cooled is mounted onto the 2nd stage with coil and RF antenna secured on the stage. 
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ground loops and eliminate noise. An antenna situated directly above the sample allowed 

microwave radiation from an HP 8510C network analyzer up to 20 GHz to be applied. To 

filter out unwanted frequencies including 60 Hz signal from the power line, low pass RC 

filters with cutoff frequency 10 Hz could be switched on each twisted pair. The system is 

subject to the 2 Hz noise from The cryocooler’s pumping mechanism. 

There are 4 additional BNC connectors, 2 of them being used for applying current to the 

magnetic field coil. Since the structure of the junctions in this work are planar, a new 

resistive coil was made and calibrated at room temperature. The bias current of 1A through 

the coil generates a magnetic field perpendicular to the Josephson supercurrent of 7.3 mT 

(see Appendix A). The chamber is shielded by two layers of μ-metal to reduce the ambient 

field to a few hundred nT at room temperature. 

In all the measurement, I-V and R-T in particular, the four-point configuration was 

employed. Whenever possible, both voltage leads and current leads chose to be twisted 

pairs. In the event that 2 sets of pairs were not available, keeping the voltage leads as the 

twisted pairs were priority.   

The Josephson devices were current biased; the Keithley 2400 sourcemeter was 

operated as the source of current and measured the voltage generated across the junction. 

A Stanford Research system SR560 voltage preamplifier was used to amplify the signal to 

noise ratio of the voltage and filter out high frequency (> 3 kHz or > 10 kHz). The gain 

setpoint varied and selected to be up to 5 × 103. Keithley 2400 is limited in the total number 

of data points collected in each measurement which limits the resolution and accuracy of 

an I-V curve. 
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A current bias is applied to the junction using Keithley 3390 waveform generator 

(triangular waveform) in series with 100 Ohm resistor. The measured voltage drop on the 

junction is first amplified by a voltage preamplifier and then observed on the oscilloscope 

DPO3014 (2.5GS/s) as average values. This method allows for the I-V curve to be observed 

in real time so that the effects of a magnetic field or RF signal could be seen directly.  

For measurement in magnetic field, Keithley 2400 output current for the coil. 

SR560 preamplifiers have three internal lead-acid batteries enabling battery operation 

which isolates the measurement from the noise generated by the power line frequency at 

60 Hz. The coil current was applied from a negative value to positive value and return. The 

electronics were computer controlled, along with data acquisition using LabView programs 

written by Dr. Ke Chen. 

 

2.4.3 Physical Property Measurement System 

The primary system to measure transport properties of “large area samples” was a 

Quantum Design physical property measurement system (PPMS) model 6000, shown in 

Fig. 2.15 which provide precise thermal control in 1.9−400 K temperature range. It is a 

high-capacity nitrogen-jacketed dewar which has an 87 L liquid-helium capacity and a 48 

L liquid-nitrogen capacity with 9 T longitudinal magnet built in using a superconducting 

(NbTi) magnet. The probe is composed of several concentric stainless steel tubes, 

thermometers, and heaters surrounded by the magnet. Its outer layer isolates the sample 

chamber from the liquid-helium bath, and its most inner tube is a sample chamber. It is 

made out of copper in order to provide a region of uniform temperature. The very base of 
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the sample chamber contains a 12-pin connector that contacts the bottom of an installed 

sample puck. It is made out of oxygen-free high-conductivity copper and has been gold-

plated to prevent oxidation. The thermometers and heater are in close proximity of the 

sample puck connector which allows for maintaining close thermal contact during 

experiments. The wiring for the sample puck connections runs up to the probe head where 

it gathers in a gray-ringed Lemo connector where it can connect to the proper port for four-

wire resistance measurements option. PPMS MultiVu software controls the operation of 

the PPMS.  

 

 

Figure 2.15 Physical Property Measurement System 
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2.5 Film Characterization 

The following measurement was carried out on both MgB2, and Co-doped Ba122 

thin films to ensure that the physical properties of the films are good to proceed with the 

device fabrication. The surface morphology of the films was characterized by an atomic 

force microscope (AFM) (Bruker, Dimension icon). Epitaxy and crystallinity were 

confirmed with x-ray diffractometry (XRD), and x-ray reflectivity (XRR) determined the 

thickness of the films. Transport measurement (R-T) was performed on the thin films to 

verify the transition temperature and residual resistivity ratio (RRR).  

 

2.5.1 MgB2 

Atomic Force Microscope images on a 30 nm MgB2 film in Fig. 2.16 clearly show 

hexagonal structure of the grains. The surface root mean square roughness (Rq) of the film 

were measured to be 1.9 nm. Figure 2.17.a shows the out of plane θ-2θ XRD patterns of 

the film grown on SiC substrate. Sharp diffraction peaks (001), and (002) are observed 

indicating c-axis growth normal to the substrate. Figure 2.17.b shows the rocking curve 

scan for 002 reflection of MgB2. Figure 2.18 shows the resistivity as a function of 

temperature for a typical MgB2 film grown on SiC substrate by the HPCVD method. Tc of 

the film is ~41 K which is greater than that of the bulk (39 K). The higher Tc is the result 

of compressive strain induced in the MgB2 film as discussed earlier in HPCVD technique.  
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Figure 2.16 AFM image of a 30 nm MgB2 film. The left image is a 5 μm scan. Root mean 

square (RMS) roughness of the film is 1.90 nm. The right image is a 2 μm scan. The hexagonal 

structures are MgB2 grains. 

 

Figure 2.17 (a) XRD θ-2θ scan of the film grown on SiC. The existence of the 001 and 002 peaks 

imply epitaxial growth along the c-axis direction. (b) Rocking curve and FWHM for (002) 

reflection of MgB2. 
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2.5.2 Ba122 

To ensure the good roughness of the films, AFM image was acquired, shown in 

Fig. 2.19, for a 10 μm scans of the film on LSAT. Root mean square (RMS) roughness 

(Rq) of the film is 2.95 nm. Figure 2.20.a shows the out-of-plane 𝜃 − 2𝜃 scans of the films 

 

Figure 2.19 Atomic Force Microscope image of Ba122 film showing a 10 μm scan. Root mean 

square (RMS) roughness of the film is 2.95 nm. 

 

Figure 2.18 Resistivity as a function of temperature for MgB2 thin film showing the critical 

temperature of 41 K. 
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on LSAT substrate. Except for two intense peaks from the substrate, the XRD pattern 

shows that the film 00l reflections dominate, which indicates c-axis growth normal to the 

substrate. c-axis lattice parameter calculated from the peak positions is calculated to be 

13.054Å. Rocking curves for the 004 reflection were scanned to determine the out-of-plane 

mosaic spread and crystalline quality. As seen in Fig. 2.20.b, the full width at half 

maximum (FWHM) of rocking curve at the 004 peak is about 0.9˚ which is considerably 

narrower than other reports of Ba122 films grown on LSAT at Δω ~3.1˚ [55]. The FWHM 

for Δω in bulk single crystal of Ba122 is 0.18˚ [24]. To characterize the superconducting 

transition temperature Tc, resistivity was measured as a function of temperature (ρ-T) by 

the van der Pauw method. Figure 2.21 shows the change in resistivity of the film from 

room temperature to 4.2 K giving RRR ~2 a value consistent with Co-doped Ba-122 single 

 

Figure 2.20 (a) XRD Out of plane θ-2θ patterns of the film grown on LSAT. The existence of the 

00l peaks imply epitaxial growth along the c-axis direction. (b) Rocking curve and FWHM for 

(004) reflection of Ba122. 
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crystals [24]. The inset shows details around the superconducting transition region with Tc 

onset = 21.5 K and Tc0 = 20 K. 

 

 

 

 

 

 

 

 

Figure 2.21 Resistivity as a function of temperature for 100 nm Ba122 thin film. Inset shows the 

critical temperature at 20 K. 
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CHAPTER 3 

3 NORMAL-STATE AND SUPERCONDUCTING PROPERTIES OF CO-DOPED 

BAFE2AS2 AND MGB2 THIN FILMS AFTER FOCUSED HELIUM ION BEAM 

IRRADIATION 

 

3.1 Introduction 

The effects of ion irradiation on the properties of various superconductors have 

been well documented, for example, in high-temperature superconductors [56], iron-based 

superconductors [57], and MgB2 [58, 59]. Fabrication of Ba122 and MgB2 Josephson 

junctions with a focused He+ ion beam requires an understanding of the irradiation effects 

on both the normal-state and superconducting properties of the superconductors. This 

information has not been reported to date. The most relevant reports are on 200 keV proton 

irradiation of Ba122 films [60] and on 2 MeV 4He++ ion irradiation of MgB2 films [61]. A 

focused ion beam was not used in these reports. In both works, although the transition 

temperature Tc was found to decrease upon irradiation, complete suppression of 

superconductivity was not reported. In this chapter, the modification of the normal-state 

resistivity and superconducting transition temperature of Co-doped Ba122 and MgB2 thin 

films by 30 keV focused He+ ion beam irradiation will be discussed [62]. In both cases, 

complete suppression of Tc was observed. The systematic changes in Tc and resistivity 

provide guidelines for using a focused He+ ion beam to fabricate planar Ba122 and MgB2 

Josephson junctions. 
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3.2 Experimental Details 

The details of growth and fabrication are discussed in chapter 2. Here, we just 

emphasize on the specifics of the samples. Co-doped Ba122 film thickness was 50 nm, and 

the films exhibited zero-resistance at Tc ~19 K. A 20-nm protective Au layer was deposited 

in-situ on the film at 200°C. MgB2 film thickness was 40 nm. The as-grown films were 

immediately transferred to a DC magnetron sputtering chamber where a bilayer of Cr/Au 

(5 nm/300 nm) was sputtered on the films for protection during processing. Standard UV 

lithography and Ar ion milling were used to pattern a 4 or 5 µm-wide bridge on the films. 

Subsequently, a 300 nm-thick Au film was sputter-coated on the contact pads and the Au 

(Cr/Au) on top of the Ba122 (MgB2) bridge was removed by Ar ion milling. The entire 

sample was passivated with a 7 nm SiO2 (by RF magnetron sputtering) in Ba122 and 7 nm 

MgO (by reactive DC magnetron sputtering of Mg target in an Ar/O2 mixture) in MgB2 

(see table 3.1). RT measurement performed on all the bridges after fabrication to verify Tc 

 

Table 3.1 Characteristics of the Co-doped Ba122 and MgB2 thin films used in this study. 
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and resistivity before irradiation. Focused He+ ion beam irradiation was conducted at room 

temperature using a Zeiss Orion Plus helium ion microscope with a 30 keV He+ beam of 

 
 

Figure 3.1 (a) TRIM simulation of the range of 30-keV He+ ions in a 7 nm SiO2/50 nm 

Ba122/LSAT substrate sample. (b) TRIM simulation of vacancy concentration in Ba122 film. 

Different atoms are color coded, and shown in the table underneath.  
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0.5 nm spot size. The beam is perpendicular to the plane of the film with the possibility of 

channeling through the crystal. Figure 3.1.a shows the TRIM simulation for the distribution 

of 30 keV He+ ion range in a 7 nm SiO2/50 nm Ba122/LSAT substrate sample. The 

thickness of the Ba122 film was chosen to be much smaller than the range of the He+ ions, 

which therefore nearly completely penetrate the film into the substrate. The same 

consideration was taken into account in choosing the thickness of MgB2 film. Figure 3.1.b 

shows the TRIM simulation of vacancy concentration in the stack of targets. Both of the 

stopped atoms as well as moving atoms are color coded according to the table underneath 

the panel b. Also listed in the table are density and energy assumptions taken in TRIM 

simulation.   

 
Figure 3.2 Schematic of the sample with a 4 μm × 10 μm bridge. The blue area represents the 

pristine film. The focused He+ ion beam was rastered over the red rectangle. The blowup of the 

irradiated area shows the raster pattern of the focused He+ ion beam. The white dashed lines are 

guide to eye, showing a pixel size of 1.96 nm × 1.96 nm at the 100 nm FOV. 
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For measuring the irradiation effects on Tc and the normal-state resistance, we 

rastered the He+ beam to irradiate multiple tracks over a length of 1 µm or 5 µm in a 10 

µm-long bridge. The geometry of the bridge and the irradiated area are illustrated in Fig. 

3.2. The blowup of an irradiated area shows that, at a 100-µm field of view (FOV), the 

pixel size is 1.96 nm × 1.96 nm, larger than the beam spot. The He+ ion beam moved from 

the center of one pixel to the next, delivering the needed dose at each center spot. Figure 

3.3.a, and 3.3.b shows the simulated damage profile of three adjacent tracks caused by the 

He+ ion irradiation in three beam spots, with 1.96 nm pixel spacing, penetrating into the 

SiO2/Ba122 and MgO/MgB2 film, respectively. Although the lateral spreading of the 

damaged regions quickly exceeds the beam spot size after the ions enter the film, 

overlapping over the entire irradiated area, the damage is not laterally uniform in the top 

 
 

Figure 3.3 (a) TRIM simulation of the damage density profile for three adjacent single tracks of 

He+ in the SiO2/Ba122 interface at 5 × 1014/cm2 (b) TRIM simulation of the damage density profile 

for three adjacent single tracks of He+ in the MgO/MgB2 interface at 8 × 1015/cm2. 
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part of the samples. Note that each single track is based on the simulation of 100k ions. 

Similarly, a single pixel line of ion beam experiences broadening while progressing into 

the bottom of the film. Consequently, the planar Josephson junction formed by this 

technique might have inhomogeneity in the barrier due to deviation from the ideal straight-

sided edges. It can be avoided by using a thinner film.  

 

3.3 Helium Ion-Induced Damage in Co-doped Ba122 Thin Film 

3.3.1 Normal State and Superconducting Properties 

Figure 3.4.a shows electrical resistance vs. temperature of four bridges on a Ba122 

film, three of which were irradiated with different He+ ion doses. At a dose of 2 × 1014 

/cm2, a second transition with a lower transition temperature of 7.7 K and a residual 

resistance of 9.2 Ω appears, which correspond to the properties of the irradiated area. We 

denote the transition temperature of the irradiated region as 𝑇𝑐
′, and the resistance above 𝑇𝑐

′ 

as R2, schematically shown in Fig. 3.2. The properties of the unirradiated area remain 

unchanged, with an original transition temperature Tc of 16.8 K. At a dose of 1 × 1015 /cm2, 

the superconductivity in the irradiated area has been completely suppressed and no zero 

resistance region is observed down to the lowest temperature measured. Further irradiation 

results in an additional increase in the resistivity of the irradiated area. The transition 

temperature of the irradiated region normalized to that of the unirradiated region, 𝑇𝑐
′/𝑇𝑐 is 

plotted against the He+ ion dose in Fig. 3.4.b. The data points were collected from multiple 

bridges and multiple samples and the midpoint of the higher-temperature transition taken 
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as Tc. Therefore, a normalization to the unirradiated Tc) was necessary to make the data 

 

Figure 3.4 (a) Resistance vs. temperature curves for four Ba122 bridges irradiated at different 

doses. The inset shows details near the superconducting transition. (b) Normalized critical 

temperature 𝑇𝑐
′/𝑇𝑐 and residual resistivity ρ0 of the irradiated region as functions of the He+ ion 

dose. (c) Vacancy concentration for SiO2/Ba122/LSAT configuration at dose 5 × 1014 /cm2 

obtained from TRIM simulation. 
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comparable. 𝑇𝑐
′ decreases with increasing irradiation dose, and superconductivity is 

completely suppressed at a critical dose of 5 × 1014 /cm2. Figure 3.4.c shows TRIM 

simulation for vacancy concentrations for As, Ba, and Fe, as well as total vacancy 

concentration produced by this dose of He+ ions as a function of depth from the sample 

surface. Near the film surface, the damage regions from the adjacent pixels do not overlap, 

and the vacancy concentration results are not reliable. At depths greater than 20 nm, the 

total vacancy concentration is of the order 1021 /cm3, increasing gradually towards the 

film/substrate interface. This is a very high vacancy concentration, about 2% of all atoms. 

It is possible that the top layer of the films, where the damaged regions from the adjacent 

beam spots do not overlap, retains a continuous superconducting path until a much higher 

dose when superconductivity in the outermost area is suppressed. In the 200 keV proton 

irradiation experiment reported in [60] the highest dose, 1.8 × 1015 /cm2, created a vacancy 

concentration of the order 1020 /cm3, but complete suppression of Tc was not achieved. 

TRIM simulation was carried out for their experiment shown in Fig. 3.5. Combined with 

optical conductivity measurement, Schilling et al. suggested that proton irradiation-

induced disorder causes a closing and reopening of the superconducting gap on one of the 

Fermi surface sheets, accompanied by a sign change, thus changing the order parameter 

symmetry from s± to s++ [60]. This explanation, however, needs to be reconciled with the 

complete suppression of superconductivity reported in this work. 

Also plotted in Fig. 3.4.b is the residual resistivity 𝜌0, calculated using the nominal 

area of the irradiated region. The residual resistivity of the unirradiated Ba122 films is 

around 100 μΩcm. Upon He+ ion irradiation, it continuously increases to about 1000 μΩcm 
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at around 1017/cm2, then undergoes a sharp upturn at higher doses. The behavior of 𝑇𝑐
′ and 

𝜌0 shown in Fig. 3.4.b is similar to that observed in YBa2Cu3O7–δ films irradiated with 75 

keV He+ ions, although the critical dose is six times lower for Ba122 than for YBa2Cu3O7–

δ (3 × 1015 /cm2) [63]. The wide range of irradiation doses between the disappearance of 

superconductivity and the rapid increase in the resistivity provides a tool to tune the 

 
Figure 3.5 (a) TRIM simulation of the range of 200-keV proton irradiation in 50 nm Co-Ba122 

film on CaF2 substrate (b) TRIM simulation of the collision events for target vacancies. The 

simulation was performed based on geometry of sample in Ref. 60. 
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properties of planar superconductor/normal metal/superconductor (SNS) or 

superconductor/insulator/superconductor (SIS) Josephson junctions in Ba122 using a 

focused He+ ion beam. 

 

3.4 Helium Ion-Induced Damage in MgB2 Thin Film 

3.4.1 Normal State and Superconducting Properties 

Figure 3.6.a shows the electrical resistance as a function of temperature for four 

bridges on an MgB2 film, three of which were irradiated with different He ion doses. 

Similar to the overall trend in Ba122, 𝑇𝑐
′
 decreases and resistivity increases when MgB2 is 

irradiated. However, the superconducting transition of the irradiated area persists to much 

higher irradiation doses than in Ba122: only when irradiated with close to 1016 /cm2 He+ 

ions is the superconductivity completely suppressed in the MgB2 film. In Fig. 3.6.b, 𝑇𝑐
′/𝑇𝑐 

and 𝜌0 are plotted as functions of the He ion irradiation dose. A critical dose of 8 × 1015 

/cm2 for suppressing superconductivity is observed. Again, this dose may correspond to 

the value when the continuous superconducting path is completely destroyed in the top 

layer of the films, where the damaged regions from the adjacent beam spots do not overlap. 

It could, therefore, be much higher than the dose necessary to suppress superconductivity. 

Figure 3.6.c TRIM simulation for vacancy concentrations in Mg, and B, as well as total 

vacancy concentration produced by 8 × 1015 /cm2 He+ ion dose as a function of depth from 

the sample surface. The total vacancy concentration at depths greater than 20 nm is of the 

order 1022 /cm3, and it also increases slightly towards the film/substrate interface. This is a 

very high vacancy concentration, about 10% of all atoms, much higher than that produced 
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by 1.3 × 1017 /cm2 2 MeV 4He++ ions irradiation (0.2 × 1022 /cm3), reported in [61], where 

 

Figure 3.6 (a) Resistance vs. temperature measurement for four MgB2 bridges irradiated at 

difference doses. (b) Normalized critical temperature 𝑇𝑐
′/𝑇𝑐 and residual resistivity ρ0 of the 

irradiated region as functions of the He+ ion dose. (c) Vacancy concentration for 

MgO/MgB2/SiC configuration at dose 8 × 1015 /cm2 obtained from TRIM simulation. 
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no complete Tc suppression was observed. TRIM simulation was carried out for their 

experiment shown in Fig. 3.7. As mentioned above the TRIM results do not take into 

account channeling effects which can strongly modify/reduce defect creation. Such damage 

 
Figure 3.7 (a) TRIM simulation of the range of 2-MeV He++ ions with 8˚ angle in 40 nm TaxN film 

+ 65 nm MgB2 on SiC substrate (b) TRIM simulation of the collision events for target vacancies. 

The simulation was performed based on geometry of sample in Ref. 61. 
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estimates therefore might be high by as much as a factor of 10! The lack of complete Tc 

suppression in Ref. [61] may also be due to the high energy of the He ions, which generates 

an even lower concentration of vacancies near the film surface, which could short out the 

more disordered part of the film. Unlike Ba122, where resistivity increases only moderately 

when the superconductivity is suppressed, the resistivity of the irradiated MgB2 has 

increased by 65 times at the critical dose. However, because the residual resistivity of the 

unirradiated MgB2 film is low, about 2 μΩcm, even after a nearly 100 times increase at an 

irradiation dose of 1017 /cm2, it is still relatively low and the film maintains a metallic 

behavior. Thus, planar Josephson junctions of MgB2 made by focused He+ ion beam 

irradiation will be SNS in nature. 

Hot-electron superconducting bolometric (HEB) mixers are the key element in 

terahertz high-resolution spectroscopy. The current state of the art receivers relies on NbN-

based mixers. Although very popular, a transition temperature of 9-11 K and narrow 

intermediate frequency (IF) bandwidth (2-4 GHz) impose a limitation on practical 

operating temperature and reaching to the extragalactic observation. It has been proposed 

to used ultrathin films of MgB2 with 40 K critical temperature to reach IF bandwidth ~20 

GHz. To serve this purpose, the resistivity of the pristine MgB2 thin film (2 𝜇Ω𝑐𝑚) needs 

to be modified to ensure the good impedance match between HEB device and antenna. Our 

result shows that the proper dose of He+ irradiation is capable of increasing the resistivity 

without degrading Tc significantly, paving the way in the novel functionality of MgB2 in 

HEB mixers. 
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3.4.2 Transmission Electron Microscopy of He+ Irradiated MgB2 Thin Film 

To observe the progression of helium ion beam in MgB2 thin film, FIB 

extraction/transmission electron microscope (TEM) was performed; a patterned 25 nm 

MgB2 on SiC substrate with 10 nm MgO as passivation layer was loaded into the HIM 

chamber. Across a 4 by 10 μm bridge, 4 single pixel width lines were irradiated at 4 

different doses 8 × 1015, 2 × 1016, 6 × 1016, 5 × 1017 /cm2, all with a normal incident beam 

to the film’s surface. To avoid impacts on the inspected line by adjacent lines (cross-line 

dosing) the irradiated lines were separated by 1µm distance (Fig. 3.8). TEM sample 

preparation was performed following the “lift-out” technique using a Dual Beam Focused 

Ion Beam - SEM (FEI Strata DB235). The standard procedures with various precautions 

 
 

Figure 3.8 TEM image of 4 single pixel width lines at 4 different doses spaced at 1μm 
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to minimize damage to the samples took place. The TEM instrument used in this study was 

a JEOL JEM2100 operated at 200 kV. 

Using the TEM image and extrapolating based on TRIM simulation of ion damaged 

region, we have estimated the lateral spread of the beam in the thin film. Figure 3.9. (a-d) 

represent the evolution of the subsurface damages captured by bright field (BF) TEM. At 

the two lowest doses, some disruptions become visible in the substrate (seen as different 

contrast in Fig. 3.9.a, 3.9.b). At higher dose 6 × 1016 /cm2, the center region of the ion beam 

(where the current density is highest) show an apparent disruption in the SiC crystalline 

lattice and amorphizes the substrate (bright area in Fig. 3.9.c). For dose 5 × 1017/cm2, the 

amorphous region continues to grow through the depth of the sample as well as laterally, 

as the damage produced by the outer part of the probe current also reaches the damage 

threshold (Fig. 3.9.d). At this dose, the outline of the amorphization zone in the substrate 

 
Figure 3.9 Complete series of BF TEM micrographs of thin film of (10 nm MgO/25 nm MgB2/on 

SiC substrate) irradiated by a 30 keV He+ ion beam with increasing doses. The dose values on each 

micrograph are in ions/cm2. 
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tracks the damage density distribution expected by TRIM simulation. As shown in TEM 

micrograph in Fig. 3.10, the width of the amorphous region at the MgB2/SiC interface was 

~10 nm for 6 × 1016 /cm2 and ~30 nm for 5 × 1017 /cm2. Here the small protrusion on the 

MgO layer might be due to material swelling. 

Right after the electron beam was focused on the disrupted area caused by two low 

doses, the damage to the SiC was no longer detectable. It is very likely that the high energy 

of the incident electron probe reduced the delocalization in the material (TEM not shown 

for low doses). Thus, to get an estimate the lateral spread at the lower doses, He+ damage 

in the thin film was modeled by the TRIM simulation. The simulation generates a vacancy-

3D.txt file which contains total displacement (Number/ Angstrom- Ion) in the target with 

respect to x (lateral spread) and z (target depth) coordinates. By multiplying TRIM output 

 

 
Figure 3.10 TEM micrographs of the thin film of 10 nm MgO/25 nm MgB2/on SiC substrate 

irradiated with a helium ion dose of (a) 6 × 1016 /cm2, (b,c) 5 × 1017 /cm2. 
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to dose, one can get the total displacement and plot it with respect to lateral spread at the 

interface of MgB2/SiC (at z = 35 nm) (Fig. 3.11). The lower limit on the displacement 

density axis was set where the lateral spread of two higher doses is relatively in agreement 

with their TEM. Accordingly, the lateral spread at MgB2/SiC interface for displacement 

level ~1 × 1020 /cm3, estimated to be 7 nm for 2 × 1016 /cm2 and 5 nm for 8 × 1015 /cm2.   

 

3.5 Hillock Formation 

It is known that when irradiated with low-mass accelerated ions, at a dose level not 

high enough for sputtering, swelling occurs in the crystalline substrate [64-67] The cavity 

(bubble) formation has been linked to the mechanical properties of the target material [68]. 

This effect needs to be taken into account in considering the influence of focused He ion 

 
 

Figure 3.11 Total number of displacement as a function of lateral spread for various doses. The 

plot is derived from TRIM simulation for given doses in the experiment. 
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beam irradiation on the properties of the pnictide and MgB2 bridges. Figure 3.12.a shows 

an atomic force microscope (AFM) image of a multiple-track irradiated at a He ion dose 

of 3 × 1016 /cm2, the irradiated area is elevated from the unirradiated area, clearly indicating 

hillock formation. The hillock was confirmed by a line scan along the blue line in the figure 

and shown below the AFM image. A nearly flat-topped hillock across the 5-μm irradiated 

length with a height of around 27 nm was observed. For fabricating Josephson junctions 

with a single pixel line of focused He+ ion beam irradiation, the hillock of a single track is 

the most relevant. An AFM image of a single-track irradiated Ba122 bridge and a line scan 

 

Figure 3.12 AFM images and line scans for (a) a multiple-track irradiated Ba122 bridge with 

a helium ion dose of 3 × 1016 /cm2 and (b) a single-track irradiated Ba122 bridge with a 

helium ion dose of 4 × 1017 /cm2. The line scans are along the blue lines in the AFM images. 
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across the track are shown in Fig. 3.12.b. For a He+ ion dose of 4 × 1017 /cm2, a hillock 

with a width of ~500 nm and a height of ~28 nm is seen in the figure. Similar hillocks for 

multiple-track and single-track irradiation have been observed in MgB2 bridges on the SiC 

substrate. The width of the single-track hillock is about 1000 times larger than the ion beam 

spot. As shown in Fig. 3.1.a, the He ions stop deep inside the substrate and spread out to 

over a region with a ~300 nm diameter. Density change of material due to amorphization, 

and to a lesser extent, buried He+ ions are responsible for the swelling of the substrate. 

Figure 3.13 shows the hillock height as a function of He ion dose for multiple-track 

irradiation from both Ba122 and MgB2 bridges as well as from the bare LSAT and SiC 

substrates. Also included are the results of single-track irradiation from both Ba122 bridges 

on LSAT and the LSAT substrate only. In all cases, the hillock heights on the bridges are 

the same as on the bare substrates, confirming that the hillock formation is due to the 

swelling of the substrate [66]. The figure also shows that the swelling in SiC occurs at 

much lower doses than in LSAT, although the increase of the hillock height with irradiation 

dose is much slower. The single-track irradiation requires an order of magnitude more dose 

to generate hillocks of comparable height than the multiple-track irradiation, presumably 

because it is easier for the He ions to diffuse to the surrounding volume than in the case of 

multiple-track irradiation.  

There does not seem to be a clear correlation between the suppression of 

superconductivity and hillock formation. In the case of Ba122, superconductivity is 

suppressed before the irradiation dose at which substantial hillock formation occurs. For 

MgB2, the hillock height does not change significantly around the critical dose. On the 
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other hand, the hillock height does seem to be responsible for the upturn of residual 

resistivity of the Ba122 bridges. Above the dose where the upturn takes place, around 1017 

/cm2, the hillock height exceeds that Ba122 film thickness, creating steps at the edges of 

the irradiated region. This may explain the more rapid increases of resistivity at high doses. 

 

3.6 Nature of Defects Produced by 30-keV He+ Irradiation  

Exploring energy gap structure in superconductors can be done by introducing 

artificial disorders and subsequently studying the superconducting transition temperature 

(Tc) dependence to disorder. Two techniques have been used to produce these defects, 

namely substitution, and irradiation. The latter causes defects ranging from point-like to 

clusters and columnar [69]. The controlled point-like disorders give the best and closet 

comparison to theoretical calculations of Tc suppression due to pair-breaking effects of 

 
 

Figure 3.13 Hillock height as a function of He+ ion dose. 
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nonmagnetic scatterers. It has been shown in so-called Anderson theorem that BCS 

superconductors, (isotropic single-gap superconductors), do not go through the change in 

Tc and superconducting gap by introducing non-magnetic impurity scatterings, but rather 

via spin-flip scattering on magnetic impurities [70]. In two-band anisotropic, the sign 

change of the order parameter either along one sheet of the Fermi surface or between the 

sheets is what causes the fast suppression of Tc due to the pair-breaking nature of interband. 

Multiband character of superconductivity is expected to only smear the gap variation on 

the Fermi surface, including the difference in gap magnitudes between the different bands 

[71].  That is why electron-irradiated single-crystalline MgB2 (two band isotropic s++ SC) 

shows very “slow” decrease of Tc [72]. However, other unconventional superconductors 

with different gap symmetries are sensitive to nonmagnetic scattering [73-79]. Both 

magnetic and non-magnetic disorders have a drastic effect on d-wave superconductors 

[80]. According to the Abrikosov-Gor’kov (AG) law, nonmagnetic scatterers suppress Tc 

at a “fast” rate in a two-band s± state [81]. In Iron-pnictides, point defect has been achieved 

by using electron irradiation into BaFe2(As1-xPx)2 [69], Ba(Fe1−xRux)2As2 (x=0.24) [82], 

Ba1−xKxFe2As2 (x ≤ 0.34) [83]. 

A quantitative treatment of Tc suppression versus impurity scattering rate requires 

knowledge of the ratio of intra- to interband scattering rates [84], which becomes a free 

parameter when fitting the experimental data within the Abrikosov-Gor’kov theory [85]. 

For point-like defects that occur under electron irradiation of Ru-substituted Ba122, 

complete suppression of Tc has been observed for a change in residual resistivity Δ𝜌0  40 

µcm, yielding a (reasonable) ratio of 0.65 for the scattering rates [82]. Helium ion can be 
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thought of as intermediate between that of the electron and the heavier ions. During 

interacting with the material, it loses energy mainly to the electrons in the target and does 

not produce collision cascades of the kind produced by heavy ions except near the end of 

its travel when it has lost most of its energy [37, 86]. There is some evidence that defects 

produced by -particle irradiation fall in point defect [60]. For irradiation with 30 keV He+ 

ions, a closer analysis of the data in Fig. 3.4(b) show that complete suppression occurs 

around Δ𝜌0   20 µcm; assuming the same model can be applied, this indicates a 

scattering ratio closer to 1. We note that this is most likely an overestimate because our 

resistivity data is underestimated due to the nonuniformity of the displacement densities 

mentioned earlier and shown in Fig. 3.3(a). Nevertheless, these estimates are reasonable 

and offer additional support for s+– over s++ symmetry. 

To summarize, in conventional BCS superconductors Tc is determined primarily by the 

density of states, in correlation with the carrier density, but almost insensitive to moderate 

defect concentrations. The nearly rigid vertical shift in the 𝜌(𝑇) curves as a function of 

dose in Figs. 3.4(a) and 3.6(a) imply that irradiation increases impurity scattering, leaving 

the carrier concentration unchanged. This rapid decrease of Tc in the Ba122 is consistent 

with the prediction for the rate of suppression of Tc in the s± model. Note that suppression 

of Tc is considered one of the evidence to evaluate the pairing state. Complementary 

measurements such as low temperature London penetration depth is needed to confirm it. 
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3.7 Conclusions 

Focused He+ ion beam irradiation is shown to completely suppress 

superconductivity in Ba122 and MgB2 thin films. The critical dose required to suppress 

superconductivity is ~5 × 1014 /cm2 for Ba122 and ~8 × 1015 /cm2 for MgB2, corresponding 

to large vacancy concentrations in the films. In the case of Ba122, the normal-state 

resistivity experiences large increases above the critical dose, partly aided by the hillock 

formation, making it possible to fabricate planar SIS and SNS junctions using focused He+ 

ion beams. In contrast, even with increases of 100 times at high irradiation dose, MgB2 

maintains a metallic behavior with low resistivity, making the focused He+ ion beam 

process suitable for planar SNS junctions. It should be noted that the irradiation-induced 

disorder spread out beyond the focused ion spot size in the depth of the film as shown in 

Fig. 3.3.(a,b). Thus, in fabricating a Josephson junction with a focused He+ ion beam, one 

should minimize the thickness of the film so that the damaged area remains narrow enough 

for the interference of the order parameter to take place. It should also be noted that when 

irradiating multiple-tracks, the damage density throughout film might not be uniform as 

there may be a layer near the first interface where the damaged regions do not overlap. 

Also, the specific values of the irradiation doses for suppression of superconductivity and 

enhancement of resistivity presented here are for the multiple-track irradiation and 

expected to differ from those in the single-track irradiation. Nevertheless, the results are 

useful to guide the development of a focused He+ ion beam technology for fabricating iron 

pnictide and MgB2 planar Josephson junctions. 
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CHAPTER 4 

4 MAGNESIUM DIBORIDE JOSEPHSON JUNCTIONS AND SERIES ARRAY 

PRODUCED BY FOCUSED HELIUM ION BEAM 

 

4.1 Introduction 

The Josephson effect in superconductors has been exploited in many analog and 

digital applications including superconducting quantum interference devices (SQUIDs), 

rapid single flux quantum (RSFQ) logic circuits, and Josephson voltage standards (JVS).  

Generally, JVS application requires JJs with critical currents over 1 mA and low 𝐼𝑐𝑅𝑛 ~ 

0.1 mV (large-area junction), with JJ counts from only a few in quantum voltage noise 

source (QVNS) to a few hundred or thousand range in programmable Josephson voltage 

standards (PJVS) and waveform synthesizers. Superconducting digital circuits, however, 

require submicron-size junctions with 𝐼𝑐 ≤ 0.1 mA, 𝐼𝑐𝑅𝑛 over 1 mV, with JJ counts over a 

million. Good uniformity over large-size wafers must be achieved. For instance, single flux 

quantum (SFQ) circuits containing close to one million JJs of Nb/AlOxAl/Nb with circuit 

density over 1.3 × 106 JJ per cm2 have been demonstrated at MIT LL [87]. 𝐼𝑐𝑅𝑛 product 

(characteristic voltage) determines the junction frequency response and the signal to noise 

ratio. Since the response time is given by 𝜏 = Φ0 𝐼𝑐⁄ 𝑅𝑛, so a junction with a characteristic 

voltage of 1 mV yield a minimum response time of roughly 1 psec.  

There are two primary ways in which a focused ion beam can be used to create 

planar Josephson junctions. In one form, the ion beam is used to sputter away a section of 
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superconducting material creating a weak link barrier. This sputtering is usually 

accomplished by using more massive ions like Gallium. Microbridge junctions in MgB2 

were demonstrated in the past [88, 89]. This technique can also result in SNS structure 

when a metal layer added in the gap made by FIB [89, 90]. Here the interface is prone to 

degradation. Also since the junction properties being derived from the depth of the gap 

affects, etching process needs to be finely optimized or even be selective to allow the 

reproducible fabrication. The other approach is directly writing Josephson junction into the 

plane of thin films. In this technique, a finely focused neon or helium ion beam would be 

used to locally alter material by damaging it along the incident beam forming the junction 

barrier. Ne+ has been utilized to fabricate planar MgB2 JJs [91]. However, a few drawbacks 

make the reproducibility a challenge. With a probe size ~1 nm, Ne+ beam can sputter with 

the yield of 50% to 100% (for low-energy beam) of that of Ga [92]. Also due to 

considerable lateral spread, defects fall far off the incident ions direction which would be 

detrimental in nanofabrication. Using lighter ions like He+ reduces the extent of damage 

and contamination. Sputter yield of Ag at 10 keV is 0.4 for He ions compared to 14.8 for 

Kr (close in mass to Ga) [86]. He+ can deliver a focused probe with a spot size of less than 

0.5 nm which is of great importance in materials with shorter coherence length such as 

YBCO and pnictides. Tailoring the transport properties of YBCO [93] and producing the 

Josephson junctions in YBCO [94] has been demonstrated using the He+ beam. 

In this chapter, I would first report the properties of MgB2 superconductor-normal-

superconductor planar junctions with uniform barriers made by focused helium ion beam 

irradiation [95]. Next, the series arrays of planar MgB2 junction will be discussed [96].   
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4.2 Planar MgB2 Josephson Junction 

We used a 30 nm thin film of MgB2. The fabrication technique remains the same 

as previously discussed in chapter 3 in making bridges for large area irradiation. A single 

pixel line of 30 keV beam (the highest energy commonly available with the system with 

nominal beam diameter < 0.5 nm and pitch = 2 nm) was used to directly write Josephson 

junctions into the plane of the thin film at room temperature. 

Our result on large area study revealed a critical dose of ~8 × 1015/cm2 for a complete Tc 

suppression. This dose was taken as the starting point for the single-track irradiations to 

produce a barrier for Josephson coupling across the damaged region. We later found out 

that there is a window of dose (0.8 - 4 × 1016/cm2) at which Josephson coupling occurred. 

Table 4.1 Single track irradiation at higher doses resulted in resistors links. Measured at 3K. 
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Higher doses came out heavy and the bridge measurement is given resistances which scale 

with the dose as seen in table 4.1. It is most likely due to the fact that at higher doses the 

width of the barrier becomes considerably large so it won’t allow Cooper pairs to tunnel 

through the barrier.  

The range of the 30 kV He+ ions in the MgB2/SiC structure from computer simulations 

using the TRIM software shown in Fig. 4.1 is greater than ~150 nm, approximately 4 times 

the film thickness (30+8 nm). This ensures a minimal lateral straggle of the ions traveling 

through the MgB2 film and therefore a more uniform localized damage in the barrier region 

is obtained.  

 
Figure 4.1 TRIM simulation showing irradiation of 30 keV He+ ions in our film/substrate 

geometry. Layers (from left to right): 8 nm SiO2 passivation layer on 30 nm MgB2 film on SiC 

substrate. The deduced He+ range >150 nm insures that most of the He+ ions stop well into the 

SiC substrate. 
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In Fig. 4.2. the results for two Josephson junctions created with differing He+ beam 

doses, 2×1016/cm2 and 9×1015/cm2, are compared. The effect of dose on the strength of the 

Josephson barrier is clear from the I–V characteristics (Fig. 4.2.a and 4.2.b). At 4 K, the 

high-dose junction has a much lower critical current density of ~1×106A/cm2 compared to 

that of the low-dose one, ~107A/cm2. The extremely high Jc of the low-dose junction is 

indicative of a high transparency barrier as described in the Blonder-Tinkham-Klapwick 

model [97]. The I–V curves of the high-dose junction can be fit well by the resistively 

 
Figure 4.2 Current-voltage characteristics at different temperatures for SNS Josephson 

junctions (JJs) fabricated with (a) high-dose 2×1016/cm2 and (b) low-dose 9×1015/cm2 of He+ 

beam. 
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shunted junction (RSJ) model for a short junction (w < 2J, with 𝜆𝐽 =  √Φ0𝑤 4𝜋𝜇0𝜆𝐿
2𝐽𝑐⁄  

is the Josephson penetration depth for planar junction, and w is the bridge width) for most 

temperatures measured, as discussed below.  

The results are free of hysteresis down to 2.8 K. The low-dose junction displays long-

junction behavior for T < 24 K, as described next, and the I–V curve, becomes hysteretic 

below 8K. The I-V curves of planar Josephson junctions are known to deviate from the RSJ 

model in the long-junction regime due to non-uniform current distribution across the 

junction consistent with what was seen here.  

Both samples were exposed to RF radiation at 14.9 GHz via an antenna placed 5 

mm above the sample in the cryogenic environment. Shapiro steps are seen in the I–V 

curves for both samples (Fig. 4.3.a, 4.3.b) with current jumps at voltages corresponding to 

𝑛ℎ𝑓 2𝑒⁄ . For the high-dose junction, the Shapiro steps are seen at all temperatures below 

Tc. The Shapiro steps for the low dose junction dissapear below 8 K, which coincides with 

the onset of hysteresis in the I–V curve. The Shapiro step height as a function of the RF 

power is shown for different orders for the high-dose junction in Fig. 4.3.c and low-dose 

junction in Fig. 4.3.d.  

From the critical current density of the junctions and the estimated distance between the 

two electrodes, 𝜆𝐽 given above can be calculated for the two junctions using the penetration 

depth of MgB2. The resulting 𝜆𝐽 for the low-dose junction varies from 190 nm at 12 K to 

450 nm at 26 K and, for the high-dose junction, from 450 nm at 3 K to 1.1 μm at 12 K. 

Compared to the junction length of 4 μm, this would place the low-dose junction in the 
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long junction regime for the entire temperature range measured (and the high-dose junction 

in the long junction regime below ~12 K), in contradiction with the above-mentioned short-

junction RSJ behavior of the low-dose junction seen at 26 K. This contradiction can be 

explained by considering flux–focusing effects. In planar thin films, when applying 

magnetic field perpendecular to Josephson supercurrent, due to the Meissner effect, the 

 
 

Figure 4.3 Shapiro steps for (a) high-dose 2×1016/cm2 JJ at T = 12 K, and (b) low-dose 

9×1015/cm2 JJ at T = 26 K. Microwaves are applied with a frequency of f = 14.9 GHz, and 

height dependence of the zeroth (= Ic), 1st, 2nd and 3rd Shapiro steps on applied microwave 

power are shown (c) for the high-dose JJ at T = 12 K, and (d) for the low-dose JJ at T = 26 K. 
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electrodes at both ends of the junction barrier push the magnetic field lines into the junction 

barrier area and therefore the penetration depth of the superconductor thin film calculated 

by the first Ic minimum (ΔB in the Fraunhofer pattern) is larger than that of the bulk value. 

This is known as flux focusing effects of ellectrodes and based on the analysis of Rosenthal 

et al. for film thickness smaller than the magnetic penetration depth, the period of 

modulation in the Fraunhofer pattern is decreased and scales inversely with the square of 

the junction width [98]. Following their analysis, the 2π phase difference across the 

junction is expected to occur at 

 Δ𝐵 = Φ0

1.84

𝑤2
 (4.1) 

For a 4 μm junction this cooresponds to ΔB of 2.3 G. As seen in Fig. 4.4.a and 4.4.b, the 

first Ic minimum occurs at 2.2 G for the high-dose junction (at 14 K) and 1.7 G for the low-

dose junction (at 24 K), in good agreement with the prediction. The magnetic field 

 
 

Figure 4.4 Modulation of the critical current as a function of magnetic field at different 

temperatures are shown in (a) for the high-dose JJ, and (b) for the low-dose JJ. 
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dependence of Ic for the high dose junction at 14K as a function of Φ Φ0⁄  was plotted. Here 

we introduce a flux focusing factor C to the ordinary sinc function for a Fraunhoffer pattern. 

 
𝐼𝐶

𝐼𝐶0
=

sin (𝐶 𝜋Φ Φ0)⁄

(πΦ Φ0)⁄
 (4.2) 

This equation was fit to the data using Ic and C as fitting parameters. The fit is in good 

agreement with the data and yields a flux focusing parameter of 26. This cooresponds to 

an effective area of 10.4 μm2 compared to the actual area of 0.4 μm2.  

In comparing the Fraunhoffer patterns (Fig. 4.4.a and 4.4.b) we see several noteworthy 

features. The high-dose junction shows a nearly ideal Fraunhofer modulation of the critical 

current with field, however even at the highest measured temperature (14 K) at which the 

junction should be in the short–junction limit by both criteria (w < 4𝜆𝐽 and close fit of the 

I–V curve to the RSJ model, as mentioned above) the lack of complete suppression of 

critical current and the small deviation from the expected sin(x)/x shape suggests the barrier 

is not perfectly uniform. At the lowest temperatures (4–6 K) the pattern evolves toward the 

characteristic long-junction behavior seen in the lower-dose junction below ~24 K, where 

a linear Ic-vs-field dependence of the primary lobe is seen. This linear dependence is well 

understood and is due to nucleation of vortices at the junction edge and subsequent flux-

flow motion instead of field penetration across the entire junction width as occurs in short 

junctions [30]. As shown in Fig. 4.4.a, the first minima in the pattern are not effectively 

zero which is a result of non-uniformity in the current spatial distribution, as in SIS 

junctions with structural imperfection of the barrier [30]. Another reason why 

critical current doesn't vanish fully at the current reversal points is the appearance of 
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second harmonics in the current phase relation (CPR) according to Goldobin theory [99] 

which is not applicable to our case.  

Further information about the barrier properties produced by He+ irradiation can be 

obtained by analyzing the temperature dependence of the junction normal resistance Rn, 

critical current Ic, and critical voltage 𝐼𝑐𝑅𝑛 for both junctions (Fig. 4.5). Both Ic and Rn 

were taken from fits of the I–V curves to the RSJ model. The temperature independence of 

 
 

Figure 4.5 Temperature dependence of the junction normal resistance (black squares), critical 

current (blue circles) and critical voltage (red diamonds) for both low- and high-dose junctions. 

Dashed lines are fits of the IcRn to the proximity–coupled expression in the dirty limit [94]. 
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Rn indicates that the irradiated barrier is fully normal down to 2.8 K for both low- and high-

dose junctions and its resistance increases with dose. Taking the normal resistance at 10 K 

from the large area irradiation data and using the resistivity equation 𝑅 =  𝜌𝐿/𝐴, we can 

estimate the barrier length as <10 nm for both junctions. This is somewhat larger than 

expected for the sub-nm He+ beam used and the lateral spread taken from the TRIM 

simulations, and can be considered an upper limit. According to Likharev’s theory for SNS 

junctions in the dirty limit, the variation if the 𝐼𝑐𝑅𝑛 product with temperature obeys the 

following relation [100]. 

 𝐼𝑐𝑅𝑛 ∝ (1 − 𝑡4)
𝐿√𝑡

𝜉𝑛(𝑇𝑐)
 exp [−𝐿√𝑡/𝜉𝑛(𝑇𝑐)] (4.3) 

Here t is the reduced temperature (T/Tc), L is the barrier length, and 𝜉𝑛 is the coherence 

length of the normal metal. Data for the IcRn product vs temperature was plotted for each 

junction and fit to Likharev’s theory with the ratio L/𝜉𝑛 left as a fitting parameter. The fit 

yields values of L/𝜉𝑛(Tc) ≈ 6.2 for the high-dose and 4.8 for the low-dose junction. This 

permits an estimate of 𝜉𝑛(Tc) ≈ 1.6 nm for the high-dose and ≈ 2 nm for the low-dose 

junction. 

At high enough critical current (<15 K for high-dose and <25 K for low-dose) both 

junctions show an “excess” critical current, i.e. a nonzero intercept when extrapolating the 

ohmic portion of the I-V curve (at voltages greater than ~5 𝐼𝑐𝑅𝑛). This excess critical 

current is important for practical operation since it is not completely modulated under 

applied magnetic field and thus can impact device performance; excess currents can also 

reveal more fundamental information about nonequilibrium transport in the junction that 
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alters the current-phase relationship. Theoretical treatment of nonequilibrium effects in 

proximity-coupled Josephson junctions is based on the time-dependent Usadel equations 

[100] at high Jc (i.e. low temperature) in which nonequilibrium conditions lead to both 

excess current, that saturates at ~75% of Ic (in qualitative agreement with the data in Fig. 

4.5 for both junctions at low temperatures), and eventually hysteresis, as seen in the low- 

dose junction. Strong nonequilibrium effects are expected for high-transparency normal 

barriers. Excess current and hysteresis can also result from heating (the “hot spot” model 

[101] but these have a power dependence that cannot explain the data in Fig. 4.5. 

In summary, we have fabricated high-quality planar MgB2 SNS Josephson 

junctions using He+ focused ion beam damage to create a normal metal barrier. The 

presented result above is for two doses of, 9 × 1015/cm2 and 2 × 1016/cm2; both show 

Josephson coupling characteristic of a highly uniform barrier.  

 

4.3 Series Arrays of Planar MgB2 Josephson Junction 

As discussed earlier Josephson junctions (JJs) are the basic building blocks of 

superconducting electronics. A reliable and reproducible technique to fabricate junctions 

is necessary for scaling up superconducting circuits. One application of the Josephson 

effect is in electrical metrology. A conventional Josephson voltage standard (JVS) has been 

a better alternative to a Weston cell with improved accuracy of dc voltage measurement. 

The primary reason is that the Josephson voltage depends only on the frequency which can 

be obtained from the atomic clock (known with better than 1.7 × 10−16 uncertainty) [102]. 

Currently, the programmable Josephson voltage standard (PJVS) is widely used for dc and 
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ac voltage calibration [103]. The pulse-driven ac Josephson voltage standard (ACJVS) is 

used for audio frequency applications and low voltage applications as quantum voltage 

noise source (QVNS) for noise thermometry [104]. These devices all require series arrays 

consisting of thousands of identical JJs with sufficiently low parameter spreads of the 

junctions, i.e., critical current, and normal resistance. It is also beneficial to develop 

lumped-element arrays instead of distributed arrays. In a lumped-element array, all of the 

junctions are placed in less than one-quarter of the wavelength of the RF drive frequency 

so that the phase of the junctions is synchronized by the applied RF signal leading to a 

higher voltage for a given microwave. This sets a stringent limit for the spacing between 

adjacent junctions in the array. For instance, a drive frequency of 16 GHz and 13500 series 

junctions requires a 120 nm spacing [105]. Moreover, heat generated in the stacked JJ array 

is difficult to be dissipated compared to a planar configuration, which allows the heat to be 

readily transferred to the substrate [106]. The quality of the Nb-based JJ array is excellent, 

fabrication of 1000 Nb/Al-AlOx/Nb JJs for very large scale integration (VLSI) has been 

reported with the Ic spread from 0.8% to 8% for JJs with sizes from 1500 nm down to 200 

nm [107]. Besides, the Ic spread of less than 1.6% was obtained for a series array of 200 

NbTiN/Al-AlNx/NbTiN Josephson tunnel junctions [108]. However, the transition 

temperature of Nb at 9.25 K or NbTiN at 14.2 K requires the device to operate at 4.2 K or 

< 10 K. As expressed in details in chapter 1, magnesium diboride (MgB2), a simple binary 

compound with a critical temperature ~40 K, superconducting energy gaps greater than 2 

meV, and a relatively long coherence length (~5 nm) has attracted considerable interest as 
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an alternative to Nb-based devices that can operate at ~20 K, where cheaper, more efficient 

and reliable cryocooling technology is available.  

Besides specific applications, junction series arrays are a useful tool for measuring 

the parameter spread of Josephson junctions. The current state of the art Nb junction 

technology contains over 65,000 junctions [109, 110], impossible to measure individually 

to determine the junction parameter spread. The parameter spread obtained from measuring 

series arrays permits a quick evaluation, which can facilitate the further improvement of 

the junction production. 

 Ion-damaged planar Josephson junctions have been used as a promising approach in 

manufacturing superconducting circuits. Neon ion beam irradiated arrays of junctions have 

been reported on YBCO [111] and MgB2 [91]. There are also reports on using oxygen ions 

to produce arrays [112], superconducting quantum interference devices (SQUIDs) [113], 

and superconducting quantum interference filters (SQIFs) [114] on YBCO. 

Building upon our result of single JJ, we have successfully made series arrays of 

JJs. The general approach of the fabrication remains the same. However, there have been 

some modifications in the fabrication process which were essential in achieving this level 

of success that will be discussed here. Prior studies by my colleague, Dr. Narendra Acharya 

have demonstrated that the roughness of as-grown MgB2 films can be reduced by ion 

milling of the surface at grazing incident angle [115]. The low angle milling preferentially 

mills away rough parts of the film while leaving the smooth parts relatively intact. In the 

array study, to improve the quality of the film that we start with, I have carried out Ar ion 

milling process containing of two segments. First, one degree milling segment for 2 
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minutes were performed. Then, the angle was set to 15 degrees and the films were thinned 

down to 25 nm.  

To protect the surface of the MgB2 thin film from degradation during the 

fabrication, a bilayer of Cr/Au (5 nm/20 nm) was deposited by DC magnetron sputtering 

on top of the film. Meandering microstrip line containing 15 μm × 5 μm bridges and 

electrical bonding pads connected to the microstrip were patterned by standard UV 

lithography and argon ion milling (see Fig. 4.6). A second lithography and ion milling were 

carried out to remove the Cr/Au bilayer on top of the bridges. A 4 nm SiO2 thin film was 

then deposited on the entire sample by RF magnetron sputtering for protection against the 

moisture. The sample was then loaded ex-situ into the chamber of a Zeiss Orion plus helium 

 
Figure 4.6 (a) Optical image of the array pattern. Large bonding pads attached to a centered 

meandering micro-strips. (b) Three branches of the meander are enlarged. Dark color lines are 

Au covered MgB2. The tapered down bridges are SiO2 covered MgB2. (c) Zoomed view of 

single tracks of He+ irradiation at 100 nm inter-spacing on a 5 μm × 15 μm bridge imaged in 

HIM. 
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ion microscope. A single pixel line of 30 keV beam (the highest energy commonly 

available with the system with nominal beam diameter < 0.5 nm and pitch = 1 nm) was 

used to directly write Josephson junctions into the plane of the thin film at room 

temperature. The vacuum pressure inside the HIM chamber was about 7×10-7 Torr and a 

beam current varying between 0.24 𝑝𝐴 ≤ 𝐼 ≤ 0.3 𝑝𝐴 from one bridge to another. The 

beam defining aperture size was 10 μm. It was demonstrated that junction property can be 

tailored by fine tuning the dose. We have picked the dose so that the junctions fall into 

short junction regime with RSJ behavior. TRIM (Transport of ions in matter) software 

program was used to simulate the He+ ion beam interaction with the target material. The 

total thickness of the MgB2 + SiO2 protection layer (25 nm + 4 nm) was chosen to be 

substantially smaller than the projected range (PR) of the 30 keV He+ ions in the target (> 

150 nm). In Fig. 4.7.a, damage density (displacement per volume, color scale) is shown 

within the sample suggesting that at displacement level ~ 1 × 1020 /cm3, the width of the 

damaged region, is ~7.5 nm at the MgB2/SiC interface and ~1 nm at SiO2/MgB2 interface. 

This lateral spread allows for observing the Josephson effect in the MgB2 planar junctions. 

Figure 4.7.b shows the damage profile for the top and bottom interfaces of MgB2 film, 

indicating that the lateral spread of the damage characterized by FWHM is nearly doubled 

by the time ions reach the bottom of the film. 

Single JJs and nine series arrays with the various number (10, 30, 50, 60) of JJs were written 

on different bridges using single pixel lines of He+ beam with a dose of 2.7 × 1016 ions/cm2 

and 100 nm inter-junction spacing (Fig. 4.6.c). The image was taken at current of 0.8 pA. 

The dark lines are illustrating the He+ damaged tracks. While the width of the line appears 
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to be ~50 nm, it certainly does not mean that the barrier for the junction is as thick. Once 

the writing gets done, the ions strike the peripheral region to the main trajectory. 

Consequently, the different contrast in the image is most likely caused by the variation in 

the emission of secondary electrons from the irradiated parts even at the very small damage 

level. Helium has a relatively low backscatter rate leading to very few type-2 secondary 

 
 
Figure 4.7 (a) TRIM simulation of damage density in SiO2/MgB2 (4+25 nm) film deposited on 

SiC substrate when irradiated with 2.7 × 1016 ions/cm2 He+ ions. (b) Black dashed line 

represents damage profile at SiO2/MgB2 interface. Blue dotted line represents damage profile 

at MgB2/SiC interface. 
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electrons (SE2). On the other hand, type-1 secondary electrons (SE1) are abundant causing 

a local and very surface-specific information in the image. Another consideration regarding 

HIM’s SE signal is that the beam divergence can produce secondary electrons from a lateral 

radius that expands as the beam penetrates deeper. However, at the greater depths (where 

the divergence is more significant) the probability that these SEs can reach the surface is 

substantially diminished [47]. This behavior was shown in Fig. 4.8 for a 25 keV helium 

ion beam striking a silicon surface at normal incidence.   

I will mostly discuss the results on 50- and 60-JJ arrays typical of the whole set. Also for 

comparison purposes, the result of a single JJ will be presented. 

Figure. 4.9.a and 4.9.b show I-V curves at different temperatures for the single JJ 

and the 60-JJ array, respectively. The fitted values of critical current (𝐼𝑐), normal resistance 

(𝑅𝑛), and characteristic voltage (𝐼𝑐𝑅𝑛) to the resistively shunted junction (RSJ) model are 

 

Figure 4.8 (a) 25 keV He+ ion beam penetrates into a silicon surface at normal incidence (b) In 

the top few nanometers, the beam diverges slowly primarily through electron scattering. (c) 

The escape probability of these electrons diminishes rapidly beneath the surface [47]. 



103 

 

 

 

plotted as a function of temperature in the Fig. 4.9.c and 4.9.d. While the single JJ remained 

hysteresis-free down to the lowest measurement temperature of 3 K, the 60-JJ array became 

hysteretic at approximately 6 K. We barely observed any multiple steps around 𝐼𝑐 of the 

array, which suggests minimal variations in the junction critical current in the array. For 

both the single JJ and the array data, the increase of the resistance with the increase in 

temperature and bias current indicates that the boundaries between the superconducting 

 
 

Figure 4.9 Current-voltage characteristics at different temperatures for (a) single JJ, (b) 60-JJ 

array. Temperature dependence of the junction normal resistance (black squares), critical 

current (blue circles) and critical voltage (red diamonds) for (c) single JJ, (d) 60-JJ array. 

Compared to the single junction, normal resistance of the arrays scales with the number of 

junctions in the array. 
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electrodes and the junction barrier move as temperature changes and the bias current varies, 

respectively, in agreement with the previous ion-damaged junction study [116]. The shape 

of the hysteretic I-V shown in Fig. 4.9.b at low temperature is consistent with an SNS 

junction with high current density driven into non-equilibrium [100]. A couple of junctions 

could be hysteretic causing the hysteresis in a series array of Josephson junctions. There is 

a nearly constant critical current independent of the number of junctions (N) and an almost 

linear increase of 𝑅𝑛 with N; subsequently, the 𝐼𝑐𝑅𝑛 product also increases linearly with N 

(see table 4.2). While the normal resistance at 12 K for single JJ was 0.15 Ω, it roses to 

~7.8 Ω for the 50-JJ array and ~9.8 Ω for the 60-JJ array, indicating good scaling with the 

 

Table 4.2 The dependence of normal resistance and characteristic voltage on the number of 

junctions 

Number of 

Junctions (N) 

1 50 60 

Rn (Ω) 

at 12 K 

0.15 7.8 9.8 

𝑅𝑛(Ω)

𝑁
 0.15 0.16 0.16 

Ic Rn (mV) 

at 12 K 

0.23 13.3 14.4 

𝐼𝑐𝑛
(mV)

𝑁
 0.23 0.26 0.24 
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single junction normal resistance. The value of 𝐼𝑐𝑅𝑛 product for the 60-JJ array at 12 K 

was ~14.4 mV. Both 𝐼𝑐 and 𝑅𝑛 were taken from fits of the I–V curves to the RSJ model 

given by the following equation [30].  

 < 𝑉 >=
2

𝛾
𝑅𝐼𝑐

exp(𝜋𝛾𝛼) − 1

exp(𝜋𝛾𝛼)
T1

−1 (4.4) 

Where  

 𝛾 =
ħ𝐼𝑐(𝑇)

𝑒𝑘𝐵𝑇
 ;      𝛼 =  

𝐼

𝐼𝑐
 ;  

 

 T1 = ∫ exp (−
𝛾

2
𝛼𝜑

2𝜋

0

)I0(𝛾 sin
𝜑

2
)𝑑𝜑  

with I0 modified Bessel function. Figure 4.10.a and 4.10.b show the fits in Mathematica 

for single JJ at 20 K and 22 K.  

Additional differential resistance calculations were performed at 12 K to reveal the 

distribution of the individual critical currents in 50- and 60-JJ array. I-V curves exhibit 

RSJ-like behavior as low as 12 K while thermal smearing remains minimal. To evaluate 

the spread of the critical current in the 50- and 60-JJ arrays, we fit the experimental dV/dI–

I curves obtained by numerical differentiation of I–V curves with calculated curves 

obtained by assuming a random Gaussian-type critical current distribution with a standard 

deviation σ, i.e., the Ic spread, in a series array consisting of JJs following the RSJ model 

at T = 0, namely 𝑉(𝐼) = 𝑅𝑛√𝐼2 − 𝐼𝐶
2
 [30]. The normal resistance Rn was assumed to be 

https://en.wikipedia.org/wiki/Continuous_variable
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constant for each junction to follow empirical observation. Therefore, to obtain the 

simulated curves, the following expression was differentiated and plotted for 0 ≤ 𝜎 ≤ 20 

in 0.5 intervals. 

 < 𝑉 >= 𝑅𝑛 ∫ 𝐼√1 − (
𝐼𝑐𝑁

𝐼
)2

exp (−
4𝑙𝑛(2)(𝐼 − 𝐼𝑐𝑁)2

𝜎2 )

𝜎√
𝜋

4𝑙𝑛(2)

𝑑𝐼 (4.5) 

The constraint for under the square root is to remain non-negative. Thermal smearing effect 

is ignored to simplify calculations and will be analyzed separately. The fitting results in 

Fig. 4.11 show overall agreement between the experimental results and the simple 

 
 

Figure 4.10 Fit of IV curves (dotted blue) to RSJ model in Mathematica (dotted orange) for 

a single JJ (a) top row at T= 20K. Right panel is the zoomed view around Ic. (b) bottom 

row at T= 22K. Right panel is the zoomed view around Ic. 
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theoretical model except for double peaks in both 50- and 60-JJ array. The fitting parameter 

σ for the fitting is 4% and 3.5% for the 50- and 60-JJ arrays, respectively. Applying the 

same fitting method to a single JJ yields σ = 2% which can be explained by thermal 

smearing that was ignored in the theoretical model. Subtracting the thermal smearing, from 

the given spreads for arrays would result in yet lower fabrication spread. The origin of the 

 

 
Figure 4.11 dV/dI versus normalized current for (a) 50-, (b) 60-JJ array at T = 12 K. The inset 

shows dV/dI versus normalized current for single junction. Dashed lines show the simulated 

curves with Ic spread σ = 4% (50-JJ array) and σ = 3.5% (60-JJ array). For single JJ, the fitting 

parameter is 2%. Note that the Simulated curves were generated by differentiating  𝑉(𝐼) =

𝑅𝑛√𝐼2 − 𝐼𝑐
2  at limiting case T = 0 so the reported Ic spread for arrays can be considered an 

upper limit. 
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double peak in dV/dI curves is not determined yet. It should be noted that HIM was ran at 

reduced beam current, so to reach a certain dose (2.7 × 1016 ions/cm2) the irradiation time 

was extended (up to ~20 minutes for 60 JJA) which might have caused slight variation in 

the beam characteristic contributing to double peak features. 

The lowest reported value on the critical current spread was for a 100-JJ array of 

MgB2/MgO/MgB2 tri-layer junctions showing 54% on-chip spread in critical current [117]. 

To verify that the arrays consist of Josephson junctions and assess their uniformity, the 

single JJ and arrays were exposed to RF radiation using an antenna placed above the chip. 

I-V characteristics were observed while adjusting microwave power and frequency. Figure 

4.12.a shows current-voltage characteristics of a single JJ with different applied microwave 

power at frequency 11.79 GHz, measured at 24 K. Figure 4.12.b and 4.12.c show giant 

 
 

Figure 4.12 Current-voltage characteristics at T = 24 K for (a) single junction without and with 

microwave radiation of f = 11.79 GHz at different input power levels. (b) 50-JJ series array 

without and with microwave radiation of f = 11.76 GHz at different input power levels. The 

space between adjacent steps in voltage is 50 times of that for an individual junction. (c) 60-JJ 

series array without and with microwave radiation of f = 12.35 GHz at different input power 

levels. The space between adjacent steps in voltage is 60 times of that for an individual 

junction. 
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Shapiro steps in the I–V curve of the 50-JJ array and 60-JJ array when applying 11.76 GHz 

(at 24 K) and 12.35 GHz (at 24 K) RF radiation respectively. As discussed in section 1.4.2, 

Shapiro steps are expected to appear at voltages: Vn = NnΦ0ƒ, where n is an integer 

representing the Shapiro step index and ƒ is the frequency of the RF radiation, and Φ0 is 

the flux quantum. N will be replaced by the number of JJs in the array or 1 in single JJ. The 

measurements of the first voltage step for single JJ (24.0 μV ± 0.1 μV), 50 JJA (1200 μV 

± 4 μV), and 60 JJA (1500 μV ± 4 μV) agree with the expected voltages within the 

uncertainty of the measurement system. In consequence, it is evident that all the junctions 

are on the first step at the same time and that the junctions are tending to phase-lock to the 

RF current. The current amplitude of the 1st Shapiro steps (step width) in the arrays was 

about 0.15 mA. By reaching a large step amplitude, the array would be less susceptible to 

noise-induced transitions between the quantized voltage states [104].  

To examine the lateral homogeneity of the barriers, the critical current of the JJ is 

modulated by an applied magnetic field normal to the sample surface. In the case of a single 

JJ, a Fraunhofer pattern which is basically the modulus of the Fourier transform of a 

constant critical current density within the junction is expected. In the planar geometry, the 

field inside the junction is much larger than the applied field due to the flux focusing effects 

[98] of the electrodes. Based on Rosenthal’s result, we expect the first minima in 

Fraunhofer pattern occur at ~± 0.15 mT which agrees with the experimental result of ~± 

0.11 mT as shown in Fig. 4.13.a. The magnetic field dependence of Ic for single JJ at 26 K 

as a function of Φ Φ0⁄  is plotted. The experimental data is fitted to Eq. 4.2 using a flux 

focusing factor C (Fig. 4.14). The fit is in good agreement with the data producing a flux 
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focusing parameter of 16.4. This corresponds to an effective area of 8.2 μm2 compared to 

the actual area of 0.5 μm2. Another approach to get an estimate of effective area is using 

the following equation which holds for 𝑤 ≪ 𝜆𝐽. 

 Δ𝐵𝐼𝑐𝑚𝑖𝑛 =
Φ0

𝜆𝐿𝑒𝑓𝑓 × 𝑤
 (4.6) 

Therefore 𝐴𝑒𝑓𝑓 = 𝜆𝐿𝑒𝑓𝑓 × 𝑤 ≈ 9.5 𝜇𝑚2 giving Δ𝐵𝐼𝑐𝑚𝑖𝑛~0.21 𝑚𝑇 at 26 K.  

On the other hand, Fig. 4.13.b and 4.13.c illustrate the oscillatory behavior of critical 

current in the presence of magnetic field for 50- and 60-JJ arrays, respectively, which 

 
 

Figure 4.13 Dependence of critical Josephson current on an applied magnetic field at different 

temperature for (a) single JJ, (b) 50-JJ array, (c) 60-JJ array. 
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clearly deviates from the Fraunhofer pattern in that a plateau is formed at the field around 

zero. The plateau suggests some magnetic field screening, possibly resulting from close 

inter-junction spacing of 100 nm, comparable to the London penetration depth of MgB2 

(~100 nm at the measurement temperature [118]), since no plateau and similar to single JJ 

Fraunhofer pattern was observed for a 10-JJ array with 1 μm inter-junction spacing. The 

observed interference patterns in our 50- and 60-JJ array also differ from 50 series array of 

YBCO step-edge junction for which Fraunhofer minima occurred at the field similar to a 

single junction (with no peak broadening) [119] The comparison suggests that the ratio of 

inter-junction spacing to penetration depths plays an important role in the interference 

pattern.  

Figure 4.15 shows the dependence of critical Josephson current on an applied 

magnetic field for 50- JJ and across a broader range of temperatures. Δ𝐵𝐼𝑐𝑚𝑖𝑛
was extracted 

based on the 1st pair minima, and 2nd pair minima and the values displayed in table 4.3. In 

 
Figure 4.14 The measured critical current versus normalized magnetic flux. Blue line is 

Fraunhofer pattern according to eq. 4.2. corrected with a magnetic flux focusing parameter. 
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comparison to single junction, while the center peak clearly broadened resulting in larger 

Table 4.3  Extracted values for Δ𝐵𝐼𝑐𝑚𝑖𝑛
for 50-JJ array. 

 

 
 

Figure 4.15 Dependence of critical Josephson current on an applied magnetic field at different 

temperature for 50-JJ array. Black dashed lines are guide to the eye. 
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values on the first column, the second column values are almost twice Δ𝐵𝐼𝑐𝑚𝑖𝑛
 of single JJ. 

This observation suggests that the effect of magnetic field on the two junctions located at 

the very outer part of the series arrays is different than the rest of inner-placed junctions 

resulting in the minima to be nearly doubled compare to single JJ. 

By increasing the temperature, Δ𝐵𝐼𝑐𝑚𝑖𝑛
 decreases indicating that effective area, in 

consequence, effective 𝜆𝐿 become larger. A similar trend was observed for the dependence 

of critical Josephson current on an applied magnetic field for 60- JJ and across a broader 

range of temperatures shown in Fig. 4.16. Further research is required to understand this 

phenomenon. We speculate that dc SQUID magnetometers using closely spaced arrays in 

two arms can benefit from their properties of high IcRn product, high Rn, and less suppressed 

 
 

Figure 4.16 Dependence of critical Josephson current on an applied magnetic field at different 

temperature for 60-JJ array. 
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critical current under the magnetic field, resulting in higher dynamic range, slew rate, and 

sensitivity than traditional dc SQUIDs formed by two single JJs.  

As anticipated, the uniformity of the JJ array parameters are affected by the condition of 

focused ion beam including aperture size (10 μm), the voltage that trimmer built at (30 

kV), and beam current (~0.3 pA). Besides general focusing of the beam on the sample, fine 

focusing of the beam next to each bridge needs to be carried out. Moreover, the 

photolithographically defined bridges need to have a minimal variation of the width so that 

variation in geometry of the bridge will not contribute to the fabrication spread of array.  

Figure 4.17 shows I-V curves for 20-JJ array where two sets of 10-JJ array were 

written with 0.27 pA and 0.28 pA on separate branches of the meandering line at dose of 

2.7 × 1016 ions/cm2. The spacing between 10 lines of each set is 100 nm. Next to zero 

voltage 𝐼𝑐, a step is clearly observed which supposedly corresponds to second 10-junctions 

 
 

Figure 4.17. Current-voltage characteristics at different temperatures for 20-JJ array consisting 

two sets of 10-JJ array on two branches of the meander. 
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making transition to the voltage state. We took the numerical differentiation of 𝑉 − 𝐼 curve 

and plot it against 𝐼 shown in bottom panel in Fig. 4.18. Each of these spikes are occurring 

at the value of 𝐼𝑐 of the individual junction. To measure the distribution of 𝐼𝑐, we define 

spread of 𝐼𝑐 as (𝐼𝑐𝑚𝑎𝑥 − 𝐼𝑐𝑚𝑖𝑛) 𝐼𝑐𝑎𝑣𝑒𝑟𝑎𝑔𝑒⁄  which results in 𝜎 ~12%.  

 

4.4 Conclusion 

Large area irradiation revealed a critical dose of ~8 x 1015/cm2 for a complete Tc 

suppression. This dose was taken as the lower limit for the single-track irradiations to 

produce a barrier for Josephson coupling across the damaged region. the junction properties 

 
Figure 4.18. (Top) Voltage-current characteristics for 20-JJ array. (Bottom) dV/dI versus 

current for 20-JJ array at T = 3 K. 
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such as Rn, Ic, and IcRn at a desired temperature can be tailored by dose (over a window of 

dose) that is useful in a wide variety of superconducting electronic applications. 

Series arrays of densely packed planar MgB2 Josephson junctions were fabricated by direct 

writing using a focused helium ion beam. The 60-JJ array showed excellent uniformity and 

reproducibility, with a spread of the array’s critical currents being less than 3.5%, 

indicating excellent lateral homogeneity of the barrier. 

The results also pave the way for many other applications requiring tens to hundreds of 

MgB2 Josephson junctions, such as voltage standard, quantum voltage noise source, and 

superconducting digital circuits, with operating temperatures above 20 K. 
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CHAPTER 5 

5 CO-DOPED BA122 JOSEPHSON JUNCTIONS PRODUCED BY 

FOCUSED HELIUM ION BEAM 

 

5.1 Introduction 

Since the discovery of iron-based superconductors (FeSC), researchers have 

attempted to theoretically and experimentally explain several fascinating specifications of 

the Fe-based superconductors. One particular question is the symmetry of the 

superconducting gap. s± with multiple isotropic gaps of opposite phase is the most popular 

prediction [120-122]. Yet there are some results which favor s++ [123, 124], p-wave [125], 

or d-wave [22, 126] symmetry, too. Among different proposal to test the pairing symmetry, 

one of the direct ways is to use Josephson junction and a superconducting quantum 

interference device (SQUID) with two or three Josephson junctions of different properties 

[127-129] to conduct phase-sensitive measurements. 

One of the early observed Josephson effects in 122 system was the c-axis Josephson 

junctions on single crystals of 𝐵𝑎1−𝑥𝐾𝑥𝐹𝑒2𝐴𝑠2 by using Pb as the counter electrode with 

𝐼𝑐𝑅𝑛 product 300 μV [130]. Also, junctions formed between single crystals of 

𝑆𝑟𝐹𝑒1.74𝐶𝑜0.26𝐴𝑠2 and 𝐵𝑎0.23𝐾0.77𝐹𝑒2𝐴𝑠2 showed 𝐼𝑐𝑅𝑛 of ~10 μV [131]. The low values 

of the 𝐼𝑐𝑅𝑛 products are mostly the case in these junctions. For instance, an edge-type (ab-

plane) hybrid Josephson junction based on Co-doped BaFe2As2 thin film showed a total 

𝐼𝑐𝑅𝑛 product of about 12 μV [132]. SIS’ hybrid Josephson junctions on the polished surface 
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of Ba122 single crystals (and thin film) as a base electrode and Pb/In as a thin-film counter 

electrode, and TiOx as the insulating barrier, resulted in 𝐼𝑐𝑅𝑛 products up to 1.15 mV (95 

μ) at 4.2 K [133]. They observed a prominent existence of an excess current in most of the 

junctions on samples of both types. This excess current has to be included in the RCSJ 

model to get a proper fit of the measured I–V characteristics. Magnetic field response is 

not Fraunhofer-like as expected for homogeneous single junctions. 

 

5.2 Planar Ba122 Josephson Junction 

The result of my study for large area irradiation of Ba122 thin film revealed a 

critical dose of ~5 × 1014/cm2 for a complete Tc suppression when irradiated perpendicular 

to the a-b plane. In a similar approach to junction creation in MgB2, this dose was taken as 

the lower limit for the single-track irradiations to produce a barrier for Josephson coupling 

across the damaged region. 

Growth and fabrication have been extensively explained in previous chapters. Here the 

summary is being reviewed. Epitaxial thin films of optimally doped BaFe2As2:Co (Ba122) 

were grown by PLD on LSAT substrate. As grown film thicknesses were 50 nm passivated 

in-situ with ~20nm gold layer to protect the film from contamination during processing. 

Photolithography and a subsequent Ar ion milling were used to define the large scale 

features. Second lithography performed to add thick Au layer to bonding pads. The last 

lithography was used to remove the thin Au layer on top of the bridges which are intended 

for irradiation. A 7nm MgO layer was deposited by DC magnetron sputtering to protect 

the film against the moisture. I later followed a slightly different fabrication process to 
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eliminate one of the lithography steps. I first used the bonding pads’ mask pattern to add a 

thick Au layer on top of the sample. Second lithography carried out to define the whole 

pattern. Using Ar ion milling, the thin top gold layer was milled away. The samples which 

were sent to Dr. Cybart’s group have been fabricated using the latter method.   

Several attempts were made to produce Josephson junction on Ba122 samples. The upper 

limit to create the barrier appears to be ~3 × 1015/cm2. Larger doses turn the barrier into a 

resistor. Direct writing was done using Raith pattern generator. The first pattern allowed 

the FOV as small as 100 μm and 2nm pitch size. Later on, the pattern was changed so that 

50 μm FOV and 1 nm pitch size could be reached. The beam current also varied from 

between 2.5 pA to 0.4 pA. Junctions were measured in the Janis pulse tube closed cycle 

cryocooler. Figure 5.1 shows the current-voltage characteristics for two junctions at various 

temperatures, typical of the fabricated junctions. In the case of this sample, beam current 

 

 
 

Figure 5.1 I-V curves at different temperature for two junctions made at 7˚ tilt, dose (a) 5 × 

1014 /cm2, (b) 1 × 1015 /cm2. 
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was 0.4 pA, and the substrate was tilted at 7˚ to minimize the possible channeling effects. 

No junction showed resistively-shunted-junction (RSJ) model behavior but rather I-V 

curves which are dominated by flux-flow. As expected, the supercurrent decrease as the 

dose increase. As shown in Fig. 5.1 (a) and (b), at 3 K 𝐼𝑐 of ~720 μA at dose of 5 × 1014 

/cm2 decreases to ~210 μA for dose of 1 × 1015 /cm2. The lower dose junction has 𝐼𝑐𝑅𝑛 

product of ~40μV at 8K.  

The junctions were exposed to microwave radiation via an antenna within the 

cryogenic system and in close proximity to the sample. As shown in Fig. 5.2. the RF 

frequency is ~15 GHz and 13.2 GHz for lower dose and higher dose junction respectively. 

While the 𝐼𝑐 was suppressed by increasing the RF power, no well-pronounced Shapiro steps 

was observed.  

 
 

Figure 5.2 I-V characteristics with applied RF for junctions made at 7˚ tilt, dose (a) 5 × 1014 

/cm2. (b) 1 × 1015 /cm2. 
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The difficulty with producing Josephson junction of Ba122 is partly because of high 

resistivity and low 𝐽𝑐 of the pristine film. Moreover, during the He+ irradiation, we 

experienced enormous charging of the substrate. The precaution which were taken to 

ground the substrate seems not to be enough possibly creating a wider barrier than 

expected.  

We have then started a collaboration with Dr. Shane Cybart at UC Riverside to tackle the 

task of JJ on Ba122 films. I have provided the patterned films so the bridges (5μm × 10μm) 

will be irradiated with single pixel line using their HIM system. Figure 5.3 shows the 

current-voltage characteristics for different doses at 4.2 K. The reported doses are for line 

scan. The result shows good reproducibility in doses with 𝐼𝑐 of about 20 μA at 4.2 K. The 

magnetic field dependence of the junction’s critical current for dose 400/nm is shown in 

 
Figure 5.3 Current-voltage characteristics for varying doses at 4.2K. The numbers in the legend 

correspond to linear dose. (Courtesy of Shane Cybart) 
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Fig. 5.4. The interference pattern appears to be hysteretic with asymmetric washed out 

subsequent minima, yet better than the Fraunhofer patterns which have been reported on 

JJs of Ba122 thin film produced by other techniques. The hysteresis needs to be studied 

further to confirm the shift in field is linked to the magnetization in the barrier. If so, we 

could perform a non-linear fit to the function: 

 
𝐼𝐶(𝐻)

𝐼𝐶0
=

sin (
𝐻 + 𝑏

𝑎 )

(
𝐻 + 𝑏

𝑎
)

 (5.1) 

 
Figure 5.4 Dependence of critical current on magnetic field for the junction made at dose 

400/nm at 4.2K. (Courtesy of Shane Cybart) 
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Where a is linked to the magnetic surface of the junctions 𝑎 =
Φ0

𝐿𝑑′′′ with 𝑑′′′ being effective 

magnetic spacing, L= 5 μm. a value empirically is the distance of 1st and 2nd minima. b is 

the constant shift due to the residual magnetization of the barrier [134].     
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CHAPTER 6 

6 CONCLUSION AND FUTURE OUTLOOK 

 

6.1 Conclusion 

In this thesis, the most recent investigation on the effect of 30 keV focused He+ ion 

beam on MgB2, and Co-doped Ba122 superconducting material was presented. The results 

show that the critical temperature of the large irradiated region (1 or 5 μm width) reduces 

to < 2 K for doses ~5×1014/cm2 for Ba122 and ~8×1015/cm2 for MgB2 films. These doses 

called critical dose. All the samples show a consistent increase in the resistivity of the 

irradiated region with the increase in the dose of the beam. We simulated the interaction of 

helium ion beam with our film/substrate geometry to find out the projected range (PR) of 

ions as well as to get an estimate on the displacement density. The dose of 8×1015/cm2 

equates to a vacancy density of ~2×1022/cm3 in 40 nm MgB2 film, and dose of 5×1014/cm2 

equates to a vacancy density of ~2×1021/cm3 in 50 nm Ba122 film.  

Focused ion beam interaction profiles in MgB2 thin film was investigated using 

transmission electron microscope. While the induced damage was detectable in SiC 

substrate for four various ion doses in the range of 8×1015 up to 5×1017/cm2, the damage 

progressively increased with increasing the dose. The induced damage found to be 

annealed by 200 keV electron beam during acquiring images in TEM to the point that 

damage went below the threshold detectable by TEM for doses of 8×1015 and 2×1016/cm2.  
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As the amorphized region enlarges with increasing doses, the material density in the ion 

beam interaction region continues to decrease. The initial density reduction is caused by 

the crystalline target turning amorphous from the ion beam induced knock-on events. 

Further density reduction is the result of the subsurface implantation of helium, which 

coalesces into nanobubbles. In consequence, we observed a noticeable hillock formation 

(~27 nm height at dose 3×1016/cm2) particularly when the width of the irradiated region is 

large (5 μm).  

Novel designs and process technology developments are indeed critical to 

maintaining the ever-increasing need to improve Josephson junction parameters. A single 

pixel line of He+ ions is used to damage the superconducting film and produce a normal 

metal barrier in planar JJs. Relying on the established baseline for large area irradiation, I 

used the critical doses as the starting point for making JJ barrier. As the dose increases, the 

barrier gets wider, so the upper limit on the dose for JJ barrier is governed by the thickness 

of the barrier. For MgB2 the window of dose found to be 0.8 - 4 ×1016/cm2 to allow 

Josephson coupling. From a systematic study of I-V curves as a function of temperature, 

Rn remains nearly independent of T indicating that the irradiated barrier is fully normal 

down to 3 K for both low- and high-dose. Moreover, IcRn product can be described by the 

superconductor-normal metal-superconductor Josephson junction model at the dirty limit. 

𝐼𝑐 as a function magnetic field and I-V curves under RF radiation show a uniform barrier 

region. 𝐽𝑐of the junction can be fine-tuned by adjusting the dose which results in different 

𝜆𝐽 values. Knowing 𝑤 < 4𝜆𝐽 for short junction and 𝑤 > 4𝜆𝐽 for long junction regime, the 

junction can be designed to fall into the desired regime.   
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The applications of Josephson arrays and SQUIDs require highly controllable 

junction properties which proved to be possible using this technique. Series arrays of 

junctions consisting of up to 60 JJ were made by tuning the junction’s parameter so that 

they are fully RSJ-like. The parameter spread of the critical current in the array is less than 

4% at 12 K. Under microwave radiation, flat giant Shapiro steps up to 150 μA appear at 

voltages Vn = NnΦ0ƒ, where N is the number of junctions in the array, n is an integer index 

of the Shapiro step, Φ0 is the magnetic flux quantum, and ƒ is the applied microwave 

frequency. The results prove that these devices are promising candidates for use in the next 

generation of Josephson voltage standards. 

In Ba122 we have shown the possibility of Josephson coupling in the window of 

dose of 0.5 - 3 ×1015/cm2. The stringent constraint on the barrier appears to be difficult to 

fulfill which is mostly due to intrinsic properties of the material including a very small 

coherence length and relatively high resistance for a metallic compound. In consequence, 

the barrier needs to be extremely narrow. The small critical current of these devices is 

hardly detectable in a cryocooler, so we teamed up with Shane Cybart lab to measure these 

devices.   

 

6.2 Future Outlook 

To further investigate the large area irradiation, the samples can be annealed. It is 

expected that the lattice disorders will be removed and defects can be recrystallized after 

thermal annealing. 
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The geometrical scaling of the process technology calls for exploiting HIM to keep 

up both in terms of resolution and machining acuity. Figure 6.1 shows the visibly unsmooth 

side of the bridge which was defined photolithographically. To improve the on-chip feature 

non-uniformity due to lithography limitations, He+ beam at higher doses can be used on 

the edges turn the material nonsuperconductor. In case that smaller features are needed, 

one could go completely maskless and expose the resist with high fidelity in HIM.  

Our closely spaced 60 JJ arrays are not near the potential limit of HIM in producing 

uniform damaged region, but a huge success in showing that this technique is a viable 

option in scaling up the superconducting devices. More experiments need to be established 

 

 
 

Figure 6.1 A bridge irradiated with single pixel lines of He+ where the lines continue on 

the bare substrate. The non-uniformity on the edge of photlithographically defined bridge 

is clear. 
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to explore the limit of the technique both in terms of interline spacing and the total number 

of JJs in the device.  

Rutherford backscattering spectrometry (RBS) channeling enables us to investigate 

crystalline material such as epitaxial MgB2 films on SiC substrate. Samples can be 

irradiated at medium energy ion source (MEIS) in an attempt to create damage with the 

same energy as HIM but in mm scale. Using these two techniques, we can find out the 

damaged atom density in the irradiated MgB2 films, and in consequence, get an estimate 

on the damage level needed to create junction barrier. 

Another new idea as mentioned earlier when array results were discussed, is to 

fabricate and test dc SQUID magnetometers using closely spaced arrays in two arms and 

compare their performance and sensitivity to traditional dc SQUIDs formed by two single 

JJs.  

In terms of designing new patterns, there are also progressive steps to take. In larger 

arrays to enabled uniform microwave power coupling to all the junctions, the design needs 

to be modified to include coplanar waveguide (CPW). 

Quantum voltage devices are "optimal" when operated at the junction's characteristic 

frequency. Therefore, Josephson effect in MgB2 has potential applications for high-

frequency operation. It would be a good stepping stone to design an antenna for THz 

measurements and test its characteristics. Eventually, research should be undertaken to 

utilize these devices in voltage metrology, THz mixers, and direct detectors. 
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APPENDIX A 

MAGNETIC COIL 

 

For the purpose of applying magnetic field to planar junctions, a new coil was made 

and calibrated. It is known that the magnetic field in the core of a solenoid is given by 𝐵 =

𝜇0𝑛𝐼. This result is exact for the infinite solenoid at which the length of the solenoid is very 

much greater than its diameter. Therefore, it is not applicable for the coil shown in Fig. 

A.1.a. To derive, the magnetic field at point p in a finite solenoid, one needs to write the 

magnetic field at point p due to an elemental coil and integrate over the length of the 

solenoid. The final expression would be as following:   

 𝐵𝑝 =
1

2
𝜇0𝑛𝐼[𝑐𝑜𝑠 𝜃1 + 𝑐𝑜𝑠 𝜃2] (A.1) 

Where 𝜇0=4𝜋 × 10−7 𝑇𝑚
𝐴⁄  and 𝑛 is the number of turns per unit length of the solenoid. 

Angles are illustrated on Fig. A.1.b. This magnetic coil was wound around a spool with L= 

1 cm, inner d = 2.35 cm causing cos 𝜃1 = cos 𝜃2 = 0.316. Copper wire (𝜌𝐶𝑢 = 1.68 ×

10−8Ω𝑚) with 0.012 in diameter was used. By measuring room temperature resistance (5.3 

Ω), the length of the wire estimated to be 𝑙~22.3 𝑚. Thus the total number of turns can be 

calculated:  

 𝑁 =
𝑙

2𝜋𝑟
=

22.30

2 × 3.1428 × 0.03048 × 10−2
= 23259 𝑡𝑢𝑟𝑛𝑠 (A.2) 
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Substituting all the parameters in eq. A.1, result in 
𝐵

𝐼
= 92.394 

𝐺

𝐴
. Using the Gaussmeter, 

I measured the magnetic field at the core of the coil getting 
𝐵

𝐼
= 73 

𝐺

𝐴
 (Fig. A.1.c). This 

experimental value was used to convert the current into the applied field into the junctions.  

For a 1 ampere current flow across the coil, the power around 5 Watts would be generated 

in room temperature. Since resistivity be about third in low temperature, the heat generated 

while passing the current would be minimal not to heat up the sample temperature.   

 

Figure A. 1 (a) Magnetic coil to applied filed perpendicular to supercurrent in planar 

junctions. (b) Schematic of a finite solenoid. (c) Generated field versus applied current 

plotted to calibrate the coil. 

 

 


