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ABSTRACT 

 

 While magnesium diboride (MgB2) was first synthesized in the 1950s, 

MgB2’s superconductive properties were not discovered until 2001. It has the 

highest superconducting transition temperature of all the metallic superconductors 

at ~39 K at atmospheric pressure. MgB2 is also unique in that it has a two 

superconductive gaps, a pi gap at 2 meV and a sigma gap at 7.1 meV. There are a 

theoretical models discussing the inter- and intra- gap scattering of the 

superconductivity of MgB2 and the Josephson transport of MgB2 Josephson 

Junctions. The focus of this work is to further the study of all-MgB2 Josephson 

junctions and quantum interference device technology. This work discusses the 

transport in all-MgB2 Josephson junctions and designing, fabricating, and 

measuring multi-junction devices. 

 The junctions studied include all-MgB2 sandwich-type Josephson 

junctions (one with TiB2 normal conducting barrier and another with an MgO 

insulating barrier). The junction MgB2 films were deposited by hyprid physical-

vapor deposition and the junction barrier were deposited by sputtering. The 

junctions were patterned and etched with UV photolithography and argon ion 

milling. With the TiB2 barrier we studied Josephson transport by the proximity 

effect. With these junctions, we also observed complete suppression of the critical 

current by an applied magnetic field showing for the first time a leakage free 

barrier in an all-MgB2 Josephson junction with a single ultrathin barrier.  We also 
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studied junctions utilizing MgO barrier deposited by reactive sputtering which 

gave a larger characteristic voltage of 1-3 mV compared to TiB2 barriers.    

By connecting several SQUIDs with varying loop areas we developed of 

two types of superconducting quantum interference filters (SQIFs). The first SQIF 

designed with 21 SQUIDs connected in parallel and the SQUID loops are 

sensitive to magnetic fields applied parallel to the substrate. The SQUID loop 

areas were designed to vary in such a way that the voltage modulation gave a 

unique peak corresponding to the absolute value of the applied magnetic field. 

The SQIF shows an antipeak height of 0.25 mV with a transfer function of 16 V/T 

at 3 K. The lowest noise measured for this SQIF is 110 pT/Hz1/2. The second 

SQIF is designed with 17 SQUIDs in parallel and the SQUID loops are sensitive 

to magnetic field perpendicular to the substrate. This SQIF has shown improved 

voltage modulation with a peak height of 1 mV and a transfer function of 7800 

V/T.  The noise sensitivity was measured at 70 pT/Hz1/2. The sensitivity of the 

SQIF shows MgB2 potential superconductor to improve performance of current 

superconductive electronics. 

Utilizing known all-MgB2 junctions and SQUID parameters two rapid 

single flux quantum (RSFQ) circuits were designed and tested. A toggle flip flop 

(TFF) operating as a frequency divider was developed. The TFF design consisted 

of a Josephson transmission line, a splitter, and an interferometer (a DC SQUID). 

The TFF utilized an improved designed, compared to previous all-MgB2 TFFs, 

and showed operation up to 335 GHz at 7 K and operation up to 30 K. A low 

frequency set-reset flip flop (SRFF) was also developed to demonstrate RSFQ 
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digital logic. The SRFF design includes a DC-SFQ converter, a Josephson 

transmission line, and an inductively coupled readout SQUID. The SRFF 

demonstrates proper digital logic by toggling between a high and low voltage 

state with a sequential set and reset input. While these developed devices are not 

close to the potential that MgB2 allows, they do show the promise MgB2 based 

devices have in making more sensitive and faster superconductive logic devices. 
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CHAPTER 1  

INTRODUCTION 

  

1.1 Superconductivity 

 

A superconductor is defined as a material with zero DC electrical 

resistance and complete repulsion of weak magnetic field lines, also known as the 

Meissner effect, below given temperature called the critical temperature, Tc. [1] 

The Tc is dependent the material, and the highest temperature measured so far (at 

room pressure) is 133 K in cuprate superconductors [2]. Superconductivity was 

first discovered by Heike Kamerlingh Onnes in 1911 [3].  Walther Meissner and 

Robert Ochsenfeld discovered the Meissner effect in 1933 [4]. 

 Currently, a number of superconductors with Tc below ~40 K can be 

explained by the Bardeen-Cooper-Schrieffer (BCS) theory which was first 

proposed in 1957 (and won the 1972 Nobel prize). BCS theory is based on a 

coupling mechanism between phonons and electrons near the Fermi surface that 

permit the formation of so-called “Cooper pairs”. In a simple model, the Cooper 

pairs are formed when an electron passes through the conductor and attract the 

positive lattice ions towards the initial electron forming a high charge density 

region. This high density region then attracts a second electron of opposite spin 

and wavevector than the initial electron. The two electrons are effectively coupled 

and form a Cooper pair. The Cooper pair flow through the vibrating phonon 

lattice without any resistance [4]. 
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  Pairing of the electrons at the Fermi surface results in the creation of a 

temperature-dependent energy gap 2 at the Fermi energy, causing a lowering of 

the ground-state energy of the system that is described as: 

∆(0) = 2 ℏ 𝜔𝐷𝑒
−

1

𝑁(0)𝑉 = 1.76  𝐾𝐵𝑇𝑐    (1.1.1) 

where 𝜔𝐷 is the Debye frequency, N(0) is the density of states at the fermi surface 

at 0 K, V is the Cooper pair binding energy, and KB is the Boltzmann constant. 

The above equation is true if we assume, 𝑘𝑏𝑇𝑐 ≪ ℏ𝜔𝐷 and that the electron and 

phonon coupling is weak, 𝑁(0)𝑉 ≪ 1. [4] 

 In 1935, the London equations were first introduced. They defined the 

London penetration depth, 𝜆, that defined the length scale over which the 

magnetic field exponentially decays at the surface of a superconductor, ~𝑒−
𝐿

𝜆 

where L is the depth into the superconductor. [5] Other than along the surface, a 

superconductor repels magnetic field lines from penetrating it up until a critical 

field, Hc. In 1956, Abrikosov expanded the idea of magnetic penetration in a 

superconductor. Abrikosov proposed that some materials could have a lower 

critical field, Hc1, were magnetic fields between Hc1 and Hc will penetrate the 

superconductor via isolated vortices (Abrikosov vortices). Superconductors with a 

Hc1 are called type-II superconductors. Superconductors without an Hc1 are called 

type-I superconductors. [6] 

 BSC theory accurately describes phonon-mediated superconductivity. 

Until the 1980s, the Tc of superconductors based on the BCS electron-phonon 

coupling mechanism was thought to be limited to <30-40 K, and expectations of 
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finding materials with higher Tcs was low until the discovery of an oxide group of 

superconductors [7] made of complex materials, in particular YBCO which has a 

Tc higher than the boiling point of nitrogen. [8] In 2008, a family of FeAs-based 

superconductors [9]were discovered with superconductivity as high as 54 K.  

Very recently, superconductivity has been discovered in H2S, as high as 190 K 

under extreme pressure but this result still needs to be confirmed. [10] 

 Several applications of superconductors have been proposed and 

developed since 1911. Applications for bulk superconductors include highly 

efficient transmission lines and resistance-free motors. Applications for 

superconductive thin films include extremely sensitive magnetic field sensors for 

medical applications, ultra-fast digital circuits, hysteresis free RF amplifiers, 

sensors for radio astronomy and photon detection. Until now, the largest 

commercial successes have been in medical applications: for example, magnetic 

resonance imaging (MRI) uses superconducting magnets to generate large fields, 

and magnetocardialogy and magnetoencephalography use arrays of 

superconducting quantum interference devices, or SQUIDs, to measure the small 

magnetic fields generated by the heart and brain, respectively. A much smaller but 

important market exists for superconducting magnets for particle and electron 

accelerators. All these applications typically operate at liquid helium temperatures 

(2-4 K), with consequently high refrigeration costs.   

 1.2 Magnesium Diboride  

 Magnesium diboride (MgB2) was originally discovered in the 1950s [11], 

but its superconductivity was only discovered in 2001 [12]. Because of MgB2’s 
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relatively simple structure and high Tc (39 K bulk and 41 K in thin films), it is 

considered to be a good compromise between the low Tc superconductors and the 

complex high Tc superconductors. Aside from having the highest phonon-

mediated Tc currently known, MgB2 is the first superconductor with two 

distinctive gaps to be discovered and confirmed, also known as two-band 

superconductivity. [13] 

 The conductance spectrum of the above Figure 1.2.1 taken by scanning 

tunneling microscopy clearly shows low conductivity at voltages below the gap 

energies, and characteristic quasiparticle peaks at two energies. The peaks 1 at 

~2.1 meV correlate to the pi gap and the peaks 2 at ~7 meV correlate to the larger 

sigma gap. The gaps form in different parts in the Brillouin zone, with the pi gap 

having a 3D structure while the sigma gap is 2D. 

 

 

Figure 1.2.1 Normalized dI/dV versus V curves taken in a scanning tunneling 

microscope (STM), showing MgB2’s pi and sigma gaps, indicated by arrows 1 and 

2, respectively. [14] 
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 The Fermi surface of MgB2 and the superconductive gaps are shown in the 

Fig. 1.2.2 above where the blue region is the pi gap and the red regions are the 

sigma gap. The superconductive transport in MgB2 is asymmetric and spatially 

dependent. As H. J. Choi et al states, scanning the current along the a-b plane the 

conductance will be dominant by the sigma gap but in between the boron planes 

the conductance is only through the pi gap [13] and was experimentally 

demonstrated in Iavarone et al [14]. If you measure the conductance along the c 

axis you will only find that the conductance is only from the pi gap [13]. The 

penetration depth of MgB2 was experimentally measured to be ~40 nm at 0 K. 

[15]

  

Figure 1.2.2. (a) The Fermi surface of MgB2. (b) is the conductance spectrum of 

MgB2 with both the pi (blue regions) and the sigma gaps (red and orange regions). 

c) Highlights the spatial dependence of the energy gaps. [13] 
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 1.3 Josephson Junctions. 

 A Josephson junction is a structure in which Cooper pairs are transported 

from one superconductor to another superconductor across a weak link, either an 

insulating barrier, a normal metal (resistive) layer, or a constriction in a 

superconductor. Below the critical current, Ic, of the Josephson junction, typically 

~103–104 less than the critical current in either superconducting electrode with the 

same cross-section, there is current flow without any voltage dissipation or energy 

loss. If a Josephson junction is biased above its critical current, the junction will 

start to dissipate a voltage. At voltages corresponding to several (>5) times the 

energy gap, the current flow is completely normal and the junction is 

characterized by its normal resistance 𝑅𝑛. Resistance–free transport in a 

Josephson junction is considered a macroscopic quantum effect and can be 

described by a superconducting waveform with a superconducting phase, 𝜃1, 

tunneling across a potential barrier into another superconductor with a 

superconducting phase, 𝜃2. [1] Josephson junctions were first theorized by Brian 

Josephson [16] and experimentally confirmed by Anderson and Rowel. [17] 

Josephson described two relations, the DC and AC Josephson relations, 

which describe the Josephson current. The DC Josephson relation: 

 

𝐼𝑐 = 𝐼𝑐,0sin (𝜙)  (1.3.1) 

Where 𝐼𝑐,0 is the maximum critical current for the junction and 𝜙 is the phase 

difference in the superconductive waveforms of the two superconductors 

(𝜃1 − 𝜃2). [18] The AC Josephson relation: 
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𝑑𝜙

𝑑𝑡
=

2𝑒

ℏ
𝑉   (1.3.2) 

Where the term, 
ℎ

2𝑒
= Φ0, is a constant defined as the magnetic flux quantum. 

Because of flux quantization in superconductors, Φ0, is a common term in 

superconducting electronics. The two Josephson relations are used to describe 

only the supercurrent from the Josephson effect; [1] other nonJosephson forms of 

current must be considered when modeling the total current through a junction, 

taking into account the physical properties of the junction as discussed below. [1] 

 The Josephson junction can be described a two superconductors separated 

by a weak link that can take different forms [19]. In a tunnel junction, the weak 

link is a thin insulator; in this type of junction the Josephson transport is from 

Cooper pairs tunneling through the insulating barrier. [1] The junction can also be 

a conductive barrier including a thin resistive layer, in which Cooper pairs scatter 

one or more times as they move diffusively across the resistive barrier. This 

normal region can also be produced by locally damaging the superconductor via 

ion or electron bombardment, so that Tc is locally reduced. Another type of 

junction is to create a constriction in the superconductor of order less than the 

coherence length [19], such as a patterned nanobridge (typically 1 µm to several 

nm scale), point-contact junction, or, in superconductors with very small 

coherence length, by transport across a grain boundary junction. Junctions with a 

conducting barrier, the Josephson transport is be the proximity effect. [19] In the 

proximity effect, a finite Cooper pairs density is induced by contact with a 

superconductor in an otherwise nonsuperconducting material; the Cooper pair 
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density decays over a length scale given by the normal coherence length, that 

depends on the properties of the normal metal and the superconductor in contact 

with it. [19] An insulating barrier can be conducting barrier if the insulator has a 

defects and high transparent regions. [20] 

 

 The barrier and superconductor characteristics will affect the transport 

properties of the junction. Depicted in Figure 1.3.1(a), the junction can be 

modeled as a resistor (for single electron current through a junction), a Josephson 

junction (for cooper pair transport), and a capacitor (for charge build up on both 

sides of the barrier) connected in parallel. [21] In a circuit diagram, a Josephson 

junction is denoted by a cross, X, in the circuit layout. The capacitive, resistive, 

and Josephson current through a junction can be modeled accordingly: 

 

𝐼𝑡𝑜𝑡𝑎𝑙 =  𝐶
𝑑𝑉

𝑑𝑡
+

𝑉

𝑅𝑛
+  𝐼𝑐 sin(𝜙)    (1.3.3) 

By using the AC Josephson relation the above equation can be rearrange: 

𝐼𝑡𝑜𝑡𝑎𝑙

𝐼𝑐
=  𝛽𝑐

𝑑2𝜙

𝑑𝑡2 +  
𝑑𝜙

𝑑𝑡
+ 𝑠𝑖𝑛𝜙     (1.3.4) 

Where 𝛽𝑐 = (
𝐼𝑐𝑅𝑛

Φ0
) (𝐶𝑅𝑛) is the Steward-McCumber parameter. [1] 𝛽𝑐 is used to 

model the I-V characteristics. As depicted in Fig. 1.3.1(b) in a pure Josephson 

tunneling case, 𝛽𝑐 ≫ 1, the junction is underdamp and the IV curve is hysteretic. 

Biasing the underdamped junction above the critical current the voltage will jump 

to 
∆1+∆2

𝑒
 and the voltage will increase according to Ohm’s law with a 

resistance, 𝑅𝑛.  ∆𝑖 is the superconducting gap for each superconductor. The 
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junction will remain resistive until the biasing current is lowered to 0 mA. By 

decreasing 𝛽𝑐 the hysteresis is reduced, the junction is once biased above the 

critical current, the junction will not be superconductive until biased below a 

return current, 𝐼𝑟, and there is also some subgap current (current between 

±
∆1+∆2

𝑒
). By increasing 𝛽𝑐 to 1 and below, the critical current and the return 

current will merge together and there will be current throughout the subgap 

region. This type of junction is a RSJ (Resistively Shunted Junction) like junction. 

The IV characteristics are RSJ-like because the capacitance is so small it can be 

negated. [1] 
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Figure 1.3.1 (a) The circuit diagram for the RCSJ model where Rn is for the 

resistive current, JJ is the current due to the Josephson effect, and C is for the 

capacitance of the junction. (b) The I-V characteristics of a Junction with various 

values of βc. 

 

 

 

 

a) 
 

b) 
 

Rn 
 

JJ 
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 Having an RSJ-like characteristic is ideal for circuits and devices because 

it is not hysteretic and has predictable IV characteristics. The residual resistance 

and capacitance of the junction are intrinsic to the junction properties. The 

junction’s 𝛽𝑐 parameter can be artificially altered by connecting an external 

resistor in parallel to the junction and thereby lowering the resistance of the 

junction. [21] 

 The 𝐼𝑐𝑅𝑛 product is called the characteristic voltage.  It is the product of 

the critical current and the residual resistance of the junction (as measured with a 

voltage greater than 
∆1+∆2

𝑒
). The characteristic voltage is a gauge for the quality of 

the junction. Josephson junctions with a higher characteristic voltages can be used 

to make more sensitive and faster devices and circuits. [21] 

 When biasing a Josephson junction above it’s critical current, the junction 

does allow the DC current to pass through it with a given voltage. [1] Along with 

the DC signal the junction also generates a very fast AC signal. By integrating the 

AC Josephson relation (assuming that the voltage is constant from the DC bias) 

we are given the value for 𝜙(𝑡) = (
𝑉

Φ0
) 𝑡 + 𝐶 and C is a constant. Combining the 

value of 𝜙(𝑡) with the DC Josephson relation we are given a value of the 

current:𝐼(𝑡) =  𝐼𝑐 sin[(
𝑉

Φ0
) 𝑡 + 𝐶]. [1] The relation shows that that the AC signal 

generated at a frequency proportional to the voltage biased by ~483 GHz/mV. 

This frequency’s upper limit is the characteristic voltage of the junction. [1] 

 If we bias the junction with both an AC and DC currents we will see an 

interesting effect called the AC Josephson Effect. By a integrating the AC 
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Josephson relation and combining it with the DC Josephson like in the previous 

paragraph we can obtain a solution for the current value. [1] But since we are 

considering a time dependent voltage from the external AC signal we have a 

solution based on the summation of the Bessel function, 𝐽𝑛: 

𝐼(𝑡) =  𝐼𝑐 ∑ (−1)𝑛 𝐽𝑛 (
2 𝑒 𝑉𝑠

ℏ𝜔𝑠
) sin [(𝜔𝐽 − 𝑛𝜔𝑠)𝑡 + 𝐶]∞

𝑛=−∞      (1.3.5) 

Where 𝑉𝑠 is the applied voltage from the AC signal, 𝜔𝑠 is the applied AC 

frequency, n is an integer, and 𝜔𝐽 is the frequency from the Josephson junction 

(
𝑉

Φ0
). [1] From the above relation one can see that the I(t) reaches a minimum 

when 𝜔𝐽 = 𝑛𝜔𝑠. By using the definition of 𝜔𝐽 solving for the voltage one finds 

that the current minimums will occur at voltages: 

𝑉 =  
𝑛 ℏ𝜔𝑠

2 𝑒
     (1.3.6) 

These appear in the I-V characteristics as step-like structures as shown in figure 

1.3.2. [1] They were first experimentally observed by Shapiro in 1963 and are 

known as Shapiro Steps. [21] 
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Figure 1.3.2 I-V characteristics of a junction with and without RF radiation 

showing Shapiro steps. [21] 

 

 The second Josephson effect is call the DC Josephson effect. In this case, 

a gauge invariant term for the magnetic field is included to the phase relation to 

the DC Josephson relation and we find the critical current’s magnetic field 

dependence: 

𝐼𝑐(Φ) = 𝐼𝑐(0) |
sin (

𝜋Φ

Φ0
)

(
𝜋Φ

Φ0
)

|   (1.3.7) 

Where Φ0 is the flux quantum and Φ is the applied flux through a Josephson 

junction barrier normal to the current flow. [1] Figure 1.3.3b shows the behavior 

of the critical current with respect to an applied field. In this work, we exclusively 

discuss square multilayer sandwich-type junctions where the junction barrier is 

sandwiched the two superconductors as imaged above in Figure1.3.3a. Assuming 

that the superconductor film thickness is greater than the film penetration depth 

the flux through the junction and the period with a given applied field, B: 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCIqGk5eIlcgCFcJ7PgodRRgIlA&url=http://www.pa.uky.edu/~kwng/phy525/oldexam/Fall98Final/index.html&psig=AFQjCNEi7pCQwxjgNxUFcmMiYq32qNPyng&ust=1443369404339457
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Φ = (2λ + d)𝐿 ∙  𝐵    (1.3.8) 

ΔB =
Φ0

(2λ+d)𝐿 
  (1.3.9) 

Where L is the junction length, d is the barrier thickness, and λ is the magnetic 

penetration depth. [21] Figure 1.3.3(b) shows the behavior of the critical current 

with respect to an applied field. 
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Figure 1.3.3 a) Structure of the sandwich-type Josephson junction with current I 

flowing through the barrier. The applied magnetic field, B, flows through the 

junction barrier and into the superconductor one λ on each side of the barrier 

(highlighted by the colored box). b) The Ic vs magnetic flux dependence of a 

small Josephson junction. [1] 

 

  

 

 

a) 

b) 
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 Equation 1.3.9, can only be applied if the current flow through the 

junction is uniform and the junction is a small Josephson junction. A Josephson 

junction is considered small when it’s current density is not specially dependent. 

A Josephson junction with a uniform barrier can be considered a long junction if 

the Josephson penetration depth, 𝜆𝐽, is greater than the length of the junction. [1] 

The Josephson penetration depth is defined as: 

𝜆𝐽 =  √
ℏ

2𝑒 𝐽𝑐 𝜇0(2𝜆+𝑑)
   (1.3.10) 

If the Josephson penetration depth is shorter then the junction is subject to self-

field effect from the large critical current and the current will be designated most 

though the edges of the junction. [1] If a junction is considered a long junction, 

the Ic - magnetic field dependence will divert from equation 1.3.7. Any defects or 

nonuniformities in the junction parameters will also change the critical current’s 

field dependence.  Because of the DC effect’s dependence on the barrier quality, 

it is a useful tool to analyze the barrier. [21] 

 

1.4  DC Superconducting Quantum Interference Devices 

 Superconducting Quantum Interference Devices (SQUIDs) are arguably 

the most common applications of Josephson junctions and are the primary 

components of many other superconductive devices such as RSFQ. [22] SQUIDs 

are the most sensitive macroscopic magnetic field sensors capable of sensing field 

ranging from static fields to gighertz. [22] 
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Figure 1.4.1 a) Diagram of a DC SQUID. b) I-V characteristics of a DC SQUID 

with and without an applied flux. c) Voltage vs field modulation of a SQUID. [22] 

 

  

 In this dissertation we will exclusively discuss DC SQUIDs. A DC 

SQUID two Josephson junctions connected in parallel by a superconductive loop.  

The junctions are biased close to or above their Ic, and a magnetic field is applied 

to the loop between the two junctions. Because of the Meissner effect a current 

generated in the loop (either clockwise or counter clockwise) from the magnetic 

field. The current generated from the magnet field and is applied to the junctions 

and the total current in the SQUID is given by: 

𝐼𝑐 𝑡𝑜𝑡𝑎𝑙 =  (𝐼𝑐,1 − 𝐼𝑐,2)2 + 4 𝐼𝑐,1𝐼𝑐,2𝐶𝑜𝑠2(
π Φ

Φ0
)      (1.4.1) 

Where Φ0 is the flux quantum, 𝐼𝑐,𝑖 is the critical current for each junction, and Φ 

is the applied flux through the SQUID loop, Φ = B ∙ A. [1] As one can see from 

the above equation, any nonuniformity in the junction critical currents will 

prevent complete suppression in the SQUID from an applied field. [22] 

 Another indicator around a SQUID’s performance is the 𝛽𝐿 perameter: 

𝛽𝐿 =
2 𝐿 𝐼𝑐 

Φ0
  (1.4.2) 
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Where L is the loop inductance, 𝐼𝑐 is the critical current for each the junction 

(assuming both junctions have the same critical current), and Φ0 is the flux 

quantum. [1] The ideal value of 𝛽𝐿 depends on the required function of the 

SQUID. For the lowest noise sensitivity 𝛽𝐿 = 1 where the maximum critical 

current suppression is roughly ½ 𝐼𝑐. [18] For complete suppression 𝛽𝐿 ≪ 1. [22] 

Other important values of 𝛽𝐿 such as in, will be discussed later. The 𝛽𝐿 parameter 

highlights the importance of the loop inductance in a SQUID. 

 1.5 Rapid Single Flux Quantum Circuits 

 Rapid Single Flux Quantum (RSFQ) is an alternative digital technology to 

CMOS technology. RSFQ utilizes Josephson junctions as its primary active 

component (like the transistors is the active component of a CMOS circuit). [23] 

RSFQ technology has proven to be extremely useful as compact A/D converters, 

extremely fast RSFQ logic cells, and some elements are used in quantum 

computation. [23] RSFQ technology has been shown to operate as high as 770 

GHz. [24] RSFQ utilizes the inherent characteristics of a Josephson junction in its 

logic. [1], [23] In RSFQ, the logic 1’s and 0’s are not measured by a high and low 

voltage square wave but rather sharp and short single flux quantum (SFQ) pulses 

generated by a overdamped Josephson junction. [23] 

RSFQ digital logic relies on the transport and storage of single flux 

quantum (SFQ) pulses generated by a Josephson junction when it is biased above 

its critical current. As mentioned above in an over biased Josephson junction 

generates an AC current within the junction itself. [1] In RSFQ technology the 
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AC field generates an SFQ flux which is trapped within a superconducting 

inductor attached to the Josephson junction. [23] The area of a SFQ flux in a 

voltage versus t plot is: 

Φ0 =  ∫ 𝑉(𝑡)𝑑𝑡  (1.5.1) 

Because of the above relation. The faster the SFQ pulse (or lower pulse time) the 

sharper and higher the voltage amplitude of the SFQ pulse. [23] The voltage 

dissipated across a junction is proportional to the frequency of the pulse by =

𝑉

Φ0
~ (483.1 

𝑚𝑉

𝐺𝐻𝑧
) ∗ 𝑉 , where Φ0is the flux quantum [1]. Because of the voltage-

frequency relation, direct measurement of the voltage across a junction is a 

suitable way to measure the frequency of the SFQ pulse train.  

 RSFQ measures logic in a slightly different way compared CMOS 

technology. It starts with a reference clock of pulses, T, (usually the input pulse 

train). A pulse with two pulses in the clock signal refers to a “1” in the logic. 

Conversely no pulse designates a “0” in logic. Because of the importance on the 

processing and time displacement of the SFQ pulse special care is needed when 

designing and fabricating RSFQ circuits. [23] Because of RSFQ transports the 

typical designs are different than a typical CMOS storage. The Josephson 

junctions need to be overdamped 𝛽𝑐 ≤ 1. The design of RSFQ circuits relies 

primarily on the control of the junction’s critical current and the inductive loops 

to properly transport and generate the SFQ pulses. [23] 
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Figure 1.5.1 Showing a “1” in S1 and “0” in S2 in RSFQ logic compared to a 

reference clock, T. [23] 

 

A pulse generator is Josephson junction biased above Ic. As mentioned 

above, the pulse frequency, f, generated by the junction is proportional to the 

voltage, V, across the junction,  𝑓 =
𝑉

Φ0
. This voltage controlled generator is 

referred to as a Voltage Controlled Oscillator (VCO). The highest frequency is 

determined by the IcRn product or characteristic voltage of the junction, 𝑓 =
𝑉𝑐

Φ0
. 

[23] 

A DC/SFQ converter is a circuit input where a single SFQ pulse is 

generated by the current from an AC signal and is shown in Fig. 1.5.2. The AC 

signal is the input where the inductance to J1 is significantly less than inductor L1 

so the AC signal is directed to J1 until the current is above the critical current of 

J1.  Once J1 become resistive, it generates a SFQ pulse which is passed to the 

next part of the circuit to the right, the rest of the signal is direct to L1 where it no 
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longer interferes with the circuit. Once the junction is biased below a second limit 

it generates an antiflux which is generated in the loop of L1 and J1 is quickly 

dissipated because the 𝛽𝐿 is designed to be sufficiently low so that is cannot store 

a flux. More will be discussed about the 𝛽𝐿parameter in the discussion on the 

memory and logic RSFQ components. [23] 

 

 

Figure 1.5.2 Circuit diagram of a DC/SFQ converter. 

 

Once a pulse is generated by a pulse train it is usually is passed to a 

Josephson Transmission Line (JTL). A JTL is series of Josephson junctions 

connected in parallel (as illustrated in Figure 1.5.3). The purpose of a JTL is to 

transport and filter an SFQ pulse. The junctions in the JTL are biased at 

approximately 80% of their critical current. When an SFQ pulse arrives from the 

input into L1 and J1, the pulse supplies enough current to bias J1 above its Ic. J1 

subsequently generates an SFQ pulse which is passed to L2 and J2, where J2 is 

critically biased and generates a pulse to pass to L3 and J3.  The inductance of 

each inductor is chosen to be inversely proportional to the Ic of its associated 

J1 

J2 L1 

L2 

Junction Bias 
 

Input 
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junction, 𝐿𝑖 ~ 
Φ0

𝐼𝑐,𝑖
. [23] It is important to keep the inductances low enough to 

prevent multiple SFQ pulse being stored in a JTL loop, this will negatively affect 

the circuit’s performance and the designed pulse timing. A JTL can amplify the 

SFQ pulse by design each junction to have a higher Ic (and therefore inductances) 

as the pulse passes through the JTL. The number of stages (junction and 

inductance pairs) can vary from a single stage to a series as long as a centimeter. 

The length depends on the need and junction parameters spread.  Usually a JTL 

has three stage but because of our high Ic spread we rely on a single stage JTL in 

our circuits. [23] 

 

 

 

Figure 1.5.3 A three stage Josephson Transmission Line (JTL) 

 

 

Similar to a JTL stage is a buffer.  Figure 1.5.4 illustrates a buffer. The 

buffer is designed to act like a diode and prevent SFQ pulse from traveling in the 

wrong direction. An important factor in the buffer design is that the critical 
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current for J1 needs to be greater than the critical current for J2. As with the JTL 

junctions the buffer is biased to ~80% of the junction’s Ic. If a SFQ pulse comes 

from input 1, J1 is triggered and generates a pulse in J2 and L2 because J1 

became resistive, which passes the signal along. Conversely, if a signal comes 

from input 2, the pulse make J2 resistive and limit the current to J1 preventing J1 

from triggering and stopping the signal. [23] 

 

Figure 1.5.4 A buffer stage 

 

 

 

Figure 1.5.5 is a RSFQ splitter. As the name suggests, it will split a signal 

coming from the input to the signals A and B. Typically L1 is about 𝐿 ~ 
Φ0

𝐼𝑐
, and 

L2 and L3 are determined by 𝐿 ~ 
Φ0

2𝐼𝑐 
 where Ic is the critical current of the junction 
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J1. The SFQ pulse amplitude will half in the outputs A and B compared to the 

input. In some designs includes connected in parallel to L2 and L3 junction 

(which are biased under their critical current) which extends into a JTL to 

compensate for a signal loss. [23] 

 

   

Figure 1.5.5 A RSFQ Splitter. 

 

The next type of RSFQ element is a memory or logic element. The length 

of memory storage in this case is typically in terms of picoseconds. A logic 

element is a small circuit which utilizes a previous state to determine its current 

state. The basic logic element involved is an interferometer illustrated above in 

Fig. 1.5.6. The interferometer is a DC SQUID where J1 and J2 are connected to 

ground on one end and connected by inductor L1. The parameters, Ic1, Ic2, and L1, 

are determined so the 𝛽𝐿can be as close to 10 as possible. An interferometer, or 

any DC SQUID, with 𝛽𝐿is or higher defined as 10 or higher stores a SFQ pulse 

passing through L1. The interferometer acts as flux memory because any output 
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state will be dependent on any already stored flux stored (from previous inputs).  

[23] Like the JTL, the interferometer is going to be biased at 80% of the junction 

with the lowest Ic. 

 

Figure 1.5.6 A RSFQ interferometer 

 

 One use of the interferometer is as a toggle flip flop (TFF). In this 

configuration the SFQ inputs arrive in both input A and B at the same time.  

Usually if there is a good control over the junction parameters one junction has a 

slightly low Ic, otherwise the nonuniformity of the spread will leave one junction 

with a lower Ic. When the SFQ pulses arrive to the interferometer the junction 

with the lowest Ic triggers and becomes resistive first. The junction becoming 

resistive results in an SFQ pulse to travel across L1 to the other junction. The SFQ 

pulse traveling across L1 creates a pulse to be stored in the loop created by J1, J2, 

L1, and ground. The interferometer keeps this flux state until the next input flux 

travels to the second junction and triggers that junction to become resistive. This 

cause an SFQ pulse to travel across the opposite direction from the first flux in L1 

and eliminates the flux stored in the interferometer and the first junction is reset to 
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its superconductive state and the process is repeated. The result is that the pulse 

frequency is halved where the pulses are split to the output by the junction J1 and 

J2. [23] 

 Another us of the interferometer is as a set-reset flip flop (SRFF). The 

design is similar where the 𝛽𝐿= 10, the flip flop contains two junctions connected 

in parallel with ground and a connecting inductor. It differs in that in that instead 

of having two input where the SFQ pulse enter the flip flop, the pulse enters by to 

the set input.  Like in the TFF, the SRFF is biased to 80% and the input flip flop 

triggers J1 to become resistive. This generates a flux being trapped in the loop 

(L1, J1, J2, and ground). An additional flux from J1 will not negate or eliminate 

the flux already trapped in the flip flop. In theory the SRFF will not revert to a 

nonflux state until a SFQ pulse is sent to the reset input. Conversely an additional 

reset flux will not generate a flux into the SRFF. [23] 
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CHAPTER 2  

EXPERIMENTAL TECHNIQUES 

 

2.1 Hybrid Physical Chemical Vapor Deposition 

 

 Before fabricating quality MgB2 Josephson junctions and devices, one 

needs a repeatable process to deposit high quality MgB2 films. Nb based 

compounds rely on sputtering to deposit smooth high quality Nb films [25]. High 

quality YBCO films have been deposited by pulse laser deposition (PLD) [26], 

electron beam evaporation, sputtering [ [27], [28], [29]], molecular beam epitaxy 

(MBE). MgB2 films have proven to be difficult to deposit with similar methods. 

Attempts to deposit MgB2 with PLD [30], [31] and electron beam evaporation 

[32], [33] have only produced dirty films with a low Tc. Other attempts depositing 

at MgB2 films with a two-step annealing process of Mg-B films in a magnesium 

atmosphere produces films with a critical temperature at 39 K (close to the bulk 

value of MgB2). But the residual resistivity ratio (RRR) was between 1 and 3 

which indicated that the films were not very pure [34]. A big step in MgB2 film 

deposition came in a co-evaporation of boron and Mg deposition technique 

produced high quality MgB2 films [35] which had a critical temperature of 39 K 

but the film connectivity was not as high as needed for multilayer circuit 

structures. 

 Hybrid Physical Chemical Vapor Deposition (HPCVD) has been used to 

produce smooth epitaxial clean MgB2 films [36], [12]. HPCVD is able to deposit 

high quality films by supplying a high Mg vapor pressure and a relatively 

Oxygen-free environment. MgB2 films produced from HPCVD are well 

connected epitaxial films with a RRR 8-10.  The Tc of the film have been 



28 
 

measured to be up to 41 K (on SiC substrates) exceeding the value for bulk MgB2 

[12]. 

 In order to produce high quality thin films from a chemical reaction we 

need to consider the phase diagram of MgB2 as seen below in Figure 2.1. From 

the phase diagram we aim to deposit films at 700 degrees C and 40 Torr within 

the “Gas + MgB2” growth region (enclosed in the red circle). As mentioned 

before we need the ratio between Mg and Boron vapors to be greater than 0.5. 

 

 
Figure 2.1.1 The phase diagram to grow MgB2. Our goal is to deposit films with 

the circled region. [12] 

 

 In order to achieve our desired environment, we established the above 

layout (Figure 2.1.2) in our deposition chamber. The sample substrate (usually 

one SiC) lies in the middle of a stainless steel susceptor. There is a groove on the 

outer portion of the stainless steel susceptor. The groove allows for some 

separation for the four Mg pellets and the substrate. The susceptor is heated by a 
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resistive heater wrapped around it. Before a deposition the deposition chamber is 

pumped to a 10 mTorr pressure, purged with H2 gas for ten minutes, and then 

pumped to ~2-3 mTorr background pressure. 

 

Figure 2.1.2 Illustration of HPCVD chamber 

 

 To begin deposition, the pressure is set to 40 Torr with ultra-high purity 

H2 gas at 400 sccm gas flow.  A throttle valve keeps the pressure constant during 

the deposition. Once the pressure is set we heat the susceptor to melt the Mg 

pellets and establish our deposition temperature (740 - 770). To begin deposition 

we release 20 sccm of a 5% B2H6 (diborane) and 95% H2 gas mixture. The heat 

breaks the boron and hydrogen apart from the diborane gas and combines with the 

Mg vapor to from MgB2 on the substrate. We include 20 sccm of N2 to produce 

smoother MgB2 films during depositions. To stop the deposition we stop the 

B2H6/H2 gas flow and turn off the heater. Once the susceptor ~100 degrees 

remove the film. Our deposition rate is 1 nm/min. 
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2.2 Magnetron Sputtering 

  

 

 DC Magnetron sputtering is used to deposit thin layers of metals and some 

metal based compounds thin films. Magnetron sputtering was used to deposit the 

junction barrier and circuit insulation for our devices. Two systems were used for 

sputtering.  

The system shown in Fig. 2.2.1 (a) was used to deposit the junction barrier 

and the device insulation. The system consists of a single working sputtering gun 

and a single chamber pumped by a turbo pump. The chamber can get a 

background pressure of 3.0 x 10-6 Torr background pressure for depositions. For 

the TiB2 barrier, a two-inch TiB2 target was sputtered in a 2.6 x 10-4 Torr Ar 

atmosphere. The TiB2 target was backed with a copper barrier to prevent the 

target from cracking due to a thermal load during the deposition process. For the 

MgO junction barrier or insulation was deposited by reactive sputtering. In 

reactive sputtering, Mg target was sputtered in a 25:8 Ar to O2 atmosphere at 3.0 

x 10-4 Torr pressure. MgO was deposited at 25 W (150 V and 170 mA) for the 

junction barrier and 50 W (150 V and 330 mA). 
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Figure 2.2.1 Photograph of the (a) barrier and insulator sputtering chamber and 

(b) sputtering gun depositing MgO on a sample. 

 

Figure 2.2.2 shows the second sputtering system used to deposit chromium 

and gold. Unlike the previous system, this system is continuously pumped by a 

Cryostar cryopump and contains three sputtering guns in the main chamber. The 

cryopump maintains a background pressure of 8.0 x 10-7 Torr in main chamber. 

The sample is installed through a loading dock which was pumped by a turbo 

pump to 5 x 10-5 mTorr where the sample can then be transferred to the main 

chamber for deposition. The sample is placed on a staged which was rotated 

between the sputtering guns. One of the sputtering guns contains a two-inch 

chromium target and another contains a gold target. Chromium is sputtered at 25 

W (275 V and and 90 mA) as a thin wetting layer. Gold is sputtered at 100 W 

(380 V and 260 mA). The Ar deposition pressure is 10 mTorr. 

 

 

 

a) b) 
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Figure 2.2.2 Photograph of the chromium and gold sputtering chamber. 

 

2.3 Microfabrication 

 

 An ultraviolet photolithography process was used to pattern all the devices 

and circuits. Patterning was done in a class 100 cleanroom with all ambient light 

filtered through yellow-UV filters to control any UV exposure and dust 

contamination. AZ 3312 photoresist was used and AZ 300 MIF developer was 

used in the lithography process. The photoresist was exposed to UV light with a 

Karl Suss MJB-4 mask aligner shown in Fig. 2.3.1. The masks used were 

chromium patterned on quartz plates made by Photosciences, Inc. These masks 

were purchased with 2 µm accuracy. 
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Figure 2.3.1 Photograph of the Karl Suss MJB-4 mask aligner. 

 

 Etching was done using an Intlvac Ar ion milling system as shown in Fig. 

2.3.2. The system was pumped with a maglev turbo pump which has a 1 x 10-6 

Torr background pressure. The sample was on a water cool rotating stage 45 

degrees to the Ar ion source.  The Ar ion source was set at 120 W (600 V and 200 

mA). Samples were etched in 4 x 10-4 Torr Ar pressure. 
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Figure 2.3.2 Photograph of the Intlvac Argon Ion etching system. 

  

2.4 Electrical Measurements 

 

Low temperature measurements were conducted mainly in two systems; a 

Janis pulse cryocooler system and a liquid Helium dip probe. Both systems 

purpose was to safely hold and measure a device in vacuum and the chamber’s 

temperature can be controlled. Both systems contained 28 pins connections for a 

sample puck which is wire bonded to the sample. Wires were connected from the 

28 pins to an interface with BNC outputs. These wires were twist paired to reduce 

noise. Despite their similarities, each system has their benefits and drawbacks. 

 Figure 2.4.1 is the Janis pulse-tube cryocooler used a closed cycle 

pumping of high pressure Helium under high pressure. The sample was kept cool 

by a copper contact through the sample holder in a copper cold finger. The 

cryocooler is able to cool a sample down to 2.8 K and keep it cold for as long as 
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the cryocooler’s power and proper Helium pressure is maintained. With a 

Lakeshore 336 controller we were able to control the temperature from 2.8 to 300 

K. The system has an antenna to measure RF field dependence measurements up 

to 24 GHz and resistive magnetic field coils. To reduce electrical noise from 

outside sources, the chamber is shielded by two layers of µ-metal and low-pass 

RC filters were installed to filter electrical noise with a signal 14 Hz or higher. 

Despite these noise reduction measures, the cryocooler itself is a large source of 

niose. For extremely magnetically sensitive devices such as SQUIDs and SQIFs, 

the 2 Hz noise from the cryocooler’s pumping mechanism is clearly observed and 

can cause significant offsets in the field dependence. 

 

 
Figure 2.4.1 Photograph of the Janis pulse-tube cryocooler used in cryogenic 

measurements. 

 

For lower field noise measurements were conducted in a liquid Helium dip 

probe shown in Fig. 2.4.2. The sample is kept in thermal contact with the copper 

head of the probe with a copper contact in the sample holder. The sample’s 
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temperature was controlled in two ways. One is by varying the distance between 

the sample and the liquid Helium level in a dewar. The second is a ~50 Ohm 

resistive coil heater which is controlled by a 331 Lakeshore temperature 

controller. The coil heater is thermally coupled to the sample holder and 

temperature sensor by the probe’s copper head. The heating coil is also twist 

paired to reduce noise. The sample is can be pumped down to ~mTorr with turbo 

pump, a copper cap, and a woodsmetal seal. Electronic noise is reduced with a µ-

metal seal around the copper cap of the probe. For additional shielding the probe 

has a BSCCO shield which can be placed within the probe instead of a magnetic 

field coil. The magnetic field coil for the probe is a NbTi superconductive coil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.2(a) Photograph of the junction probe. Left is the copper cap for the 

probe covered in a µ-metal shield, center is the probe head where the sample is 

placed, top right is the BSCCO shield, and bottom right is a NbTi magnetic field 

coil. (b) A photograph of the probe in liquid Helium Dewar. 

I-V characteristics for both the devices and circuits in both systems are 

measured using a function generator, a Stanford Research system SR560 voltage 

preamplifier, and/or a Keithley 2400. The 2400 applies the current to the device 

a) 
b) 
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and measures the voltage generated across it. The preamplifier amplifies the 

signal to noise ratio of the voltage measured and filters out high frequency noise. 

The Keithley 2400 can produce a clean I-V plot where the data points are taken 

with even spacing. The even data point intervals makes it easier to take a 

derivative of I-V to find the conductance spectrum. But the 2400 is limited to 

2400 data point which limits the resolution and accuracy of an I-V curve 

especially when measuring over a large current or voltage range. Also, because 

the 2400 is powered by the wall outlet, the measurements is subject to 60 Hz 

noise. 

For more noise sensitive measurements we measure the I-V characteristics 

with an oscilloscope. The current to the device is supplied by Keithley 3390 

function generator (usually in a sawtooth waveform) through an external 100 

Ohm resistor. The current applied to the junction is measured by the voltage 

generated across the resistor which is amplified by a preamplifier and directly 

measured by the oscilloscope. The voltage across a device is amplifier by a 

preamplifier and measured by the oscilloscope.  The preamplifiers also can run on 

a DC battery which isolates the sample from any noise generated by the 60 Hz 

building outlets.  
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CHAPTER 3  

ALL-MGB2 JOSEPHSON JUNCTIONS 

3.1 Introduction 

 Josephson junctions are the primary active components in most 

superconductive devices and circuits. Nb/Al/AlOx/Nb junctions are the current 

industry standard for use in device applications [37]. Nb based junction have 

produced sensitive SQUIDs, SQIFs, and digital circuits operating as high as 770 

GHz [24]. Due to Nb’s ∆~1.5 meV and Tc~9.2 K, Nb based junctions have 

reached operations close to their theoretical limits [1]. MgB2 devices have the 

potential to surpass Nb devices. MgB2 has a higher band gaps compared to Nb 

junctions even when just considering the pi gap. Like Nb, MgB2 has 3D 

superconductivity (pi gap only) and a low penetration depth of ~40 nm [15]. 

When considering MgB2’s higher Tc, MgB2’s penetration depth is lower than Nb 

at liquid helium temperature, this allows for more compressed design compared to 

other HTS. 

 There have been several attempts to make an all-MgB2 Josephson 

junctions. There have an attempts to utilize a conducting barrier like Au [38] or 

planar TiB2 [39], insulating barriers with MgO [40], AlOx [41], and AlN [42], 

and ion damaged junctions [43]. Most attempts show either a low IcRn product, a 

small Ic, and a low Tc. A good step in MgB2 junctions came with Al/AlN barrier 

which show good reproducibility, a leakage free barrier, but had a Tc in the early 

30 K and a low IcRn product [44]. Multilayer MgB2/MgO/MgB2 junctions as 

reported by K. Chen et al [ [45], [46]] have shown a high Tc, a large IcRn (1-3 
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mV). These junctions were used to develop the first all-MgB2 RSFQ circuit [47] 

and multilayer SQUIDs [48]. The MgB2/MgO/MgB2 junction do not show the 

tunneling characteristics that are usually associated with an insulating barrier. In 

this chapter, I will discuss the MgB2/MgO/MgB2 Josephson junctions which I 

utilized for device and circuit fabrication. I will also discuss my work on the 

development of the first leakage-free all MgB2 Josephson junctions with an ultra-

thin barrier. 

3.2 MgB2/MgO/MgB2 Sandwich Josephson junctions 

 As discussed above, sandwich-type MgB2/MgO/MgB2 Josephson 

junctions demonstrate a high IcRn (1-3mV) and show an Ic from 4 to 40 K with the 

highest Jc reported at 275 kA/cm2. I utilize these junctions to develop the 

junctions in this circuit. Figure 3.1 (a) show the trilayer structure of the junctions 

and (b) shows the IV characteristics of the junction. For the duration of my work, 

I tried to maintain the process of the junction. The current junction fabrication is 

similar to what was previously reported ref. [46].  In the current process, we 

deposit a thinner top electrode in top MgB2 deposition to shorten the etch time 

and therefore decrease the junction size error due to lithography. We also deposit 

MgO by reactive DC sputtering. Mg targets significantly cheaper and easier to 

produce multiple targets compared to ceramic MgO targets. There is some 

evidence to suggest that a Josephson junction could produce a higher quality 

barrier but more experiments are needed to confirm the observation [49]. We did 

find that the junction properties are dependent on the quality of the Mg target. If 

the Mg target is highly oxidized or ‘poisoned’ the MgO deposition rate will be 
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decreased and the number of shorts will have increased to the point where the 

junction will be simply a short.  
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Figure 3.2.1 (a) The trilayer structure of the MgB2/MgO/MgB2 sandwich-type 

junction [45]. (b) I-V characteristics of a MgB2/MgO/MgB2 sandwich-type 

junction at 4.2 K with the Ic dependence on magnetic field shown in the inset. 
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 As mentioned earlier in the chapter, the MgB2/MgO/MgB2 junction 

current transport is not by tunneling but rather by Josephson transport through 

high transparency channels in the MgO barrier [50]. Evidence of the high 

transparency barrier is the subgap current in the I-V characteristics. Fig. 3.2.2(a) 

shows the dI/dV of the I-V curve shows peaks corresponding to 𝑉 =  
2∆

𝑛𝑒
 where 

integer n = 1, 2, 3, 4.... Because the current transport is along the c-axis and 

therefore the Josephson transport is only through the pi gap, ∆𝜋~2.1 𝑚𝑒𝑉. 

Another characteristic of MAR is by excess current [50], [51] which is the 

misalignment of the positive and negative resistive branches in the I-V 

characteristics as shown in Figure 3.2.2(b). The existence of these high 

transparency channels do pose a hurdle in producing a reproducible high quality 

Josephson junction. Nonetheless the sandwich-type MgB2/MgO/MgB2 junctions 

does produce high quality junctions that able to produce high quality junctions to 

use in devices. 
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Figure 3.2.2 (a) Subgap resonance in a sandwich-type MgB2/MgO/MgB2 Junction 

at 4.2 K. (b) Excess current as shown in a MgB2/MgO/MgB2 Josephson junction. 
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There is some speculation that the supercurrent in a highly transparent 

barrier for an MgB2 junction is a result of the interband scattering of the two gaps 

in MgB2. In MgB2 junctions with current along the c-axis with a high potential 

barrier only shows an Ic up to approximately 20 K which is when the pi gap is 

thermally exhausted. Conversely junctions exhibiting more transparent barrier, 

have demonstrated an Ic up to 40 K. Above 20 K a junction can still demonstrate 

Josephson coupling in the c-axis because of interband scattering between the 

sigma and pi bands which is hypothesized to be more likely in junctions with a 

very transparent barrier. [13] This is also why the IcRn versus temperature 

dependence of the IcRn product varies when measuring a junction with c-axis 

transport and a junction with ab-axis transport. [52] 

3.3 MgB2/TiB2/MgB2 Sandwich-type Josephson Junctions. 

 As mentioned above, sandwich-type MgB2/MgO/MgB2 Josephson 

junctions made with MgB2 grown by hybrid physical-chemical vapor deposition 

(HPCVD) at around 750 °C have Jc’s as high as 275 kA/cm2 at 4 K, remaining 

nonzero up to 40 K [45], [46]. However, the current through these junctions is 

dominated by multiple Andreev reflection (MAR) via randomly-distributed high-

transparency channels due to pinholes in the barrier that are difficult to control 

[50]. This current will be referred as a leakage current. It is critical to have high-

quality all-MgB2 Josephson junctions with a leakage-free barrier for the success 

of superconducting electronic circuits consisting of many junctions. In a 

superconductor–normal metal–superconductor (SNS) Josephson junction, the 

superconducting weak link is established by the normal metal barrier through the 
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proximity effect [19]. The conducting normal metal layer can be 5~700 nm thick 

[19], [53], much thicker than insulating tunnel barriers (around 0.5~2 nm thick), 

thus reducing the likelihood of pinholes or shorts in the barrier. In this section, we 

report sandwich-type MgB2/TiB2/MgB2 SNS junctions with TiB2 as the normal 

metal barrier. The majority of junctions with a barrier thicker than 8 nm exhibit 

resistively shunted junction (RSJ) like characteristics with little to no leakage 

current. We previously published the work in this section (ref. [54] ©2014 IOP) 

and with permission included and edited the work to fit in this section. 

 3.3.1 Experimental Details 

 Previously, we have reported planar-type MgB2/TiB2/MgB2 SNS 

Josephson junctions using epitaxial MgB2/TiB2 bilayers in which the in-plane 

current flows in the TiB2 layer across a narrow (≤ 50 nm) gap cut in the MgB2 

layer [39]. The result showed that TiB2 has adequate conductivity and interface 

quality to be used as a barrier material in MgB2 SNS junctions. However the 

nanofabrication technique, focused ion beam or electron beam lithography, 

employed in that work is not appropriate for practical applications. The sandwich-

type SNS junctions in this work used epitaxial MgB2/TiB2/MgB2 trilayers and the 

Josephson current is in the out-of-plane direction. The fabrication only involves 

photolithography and ion milling, which are common tools for integrated circuits. 

Because the current is in the out-of-plane or c-axis direction, the π energy gap is 

the primary contributor for the Josephson current [13]. From the resistivity of 

TiB2, ρ = 433 μΩcm measured at 26 K, its mean free path: 
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ℓ𝑛 =
ℏ(

3𝜋

𝑛2)1/3

𝜌𝑒2     eq. 3.3.1.1 

 is calculated to be 1 nm and its coherence length: 

𝜉𝑛(𝑇𝑐) = (
ℏ 𝑣𝑓ℓ𝑛

6𝜋𝑘𝐵𝑇𝑐
)1/2 eq. 3.3.1.2 

 

to be 2.2 nm, where the Fermi velocity,  𝑣𝑓= 3.4 × 105 m/s and the electron 

density n = 3 × 1021 /cm3 [55]. Since ℓ𝑛 <𝜉𝑛, the junctions are in the diffusive 

transport regime and can be described in the dirty limit [19]. 

 The structure and fabrication of the MgB2/TiB2/MgB2 junctions are 

similar to the sandwich-type MgB2/MgO/MgB2 Josephson junctions reported 

previously [46]. Both the 120 nm-thick MgB2 bottom electrode and the 90 nm-

thick MgB2 top electrode were deposited by HPCVD. The TiB2 barrier was 

deposited at room temperature ex situ by DC magnetron sputtering using a 2 inch-

diameter TiB2 target in 0.3 Pa Ar at 10 W (370 V and 20 mA). The barrier 

thickness was varied from 5 to 10 nm by controlling the deposition time with a 

deposition rate of about 0.75 nm/min. The deposition rate was calibrated by 

measuring the thickness of a thicker film using a Dektak step profiler. The 

junctions were patterned by standard UV photolithography and Ar ion milling. 

The junction area varies from 4 μm × 4 μm to 70 μm × 70 μm. After the junction 

area was defined by ion milling, a 120 nm-thick MgO insulating layer was 

deposited by reactive DC magnetron sputtering using a Mg target in Ar:O2 = 25:8 

gas mixture to insulate the bottom electrode from a MgB2 wiring layer, which was 
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90 nm thick and also deposited by HPCVD. A 5 nm Cr/70 nm Au bilayer was 

deposited by DC magnetron sputtering afterwards for electrical contacts. 

3.3.2 Results 

The I-V curves of a 10 μm × 10 μm junction with a TiB2 barrier thickness 

of 6.8 nm are shown in Fig. 3.3.2.1 for several temperatures between 4.4 K and 

21.3 K. Like most junctions studied in this work, they follow the RSJ model and 

the asymptotes of I–V curves at large biases do go through the origin, indicating 

that there is minimal leakage through the TiB2 barrier. The critical current, Ic, is 

0.22 mA (Jc = 0.22 kA/cm2) at 4.4 K, which decreases to near zero at about 21 K. 

The inset to Fig. 3.3.2.1 shows the temperature dependence of the IcRn product, 

where Rn is the normal-state resistance of the junction and is nearly temperature 

independent. The IcRn product is 0.27 mV at 4.4 K. The solid line is a fit to 

Likharev’s SNS Josephson junction model for L ≫ ξn(Tc) and t > 0.1 [19]: 

𝐼𝑐𝑅𝑛~ (1 − 𝑡)𝑡
1

2exp [−
𝐿𝑡

1
2

𝜉𝑛(𝑇𝑐)
]    eq. 3.3.2.1 

where t = T/Tc, Tc is the critical temperature of the superconductor electrodes, 

ξn(T) ~ T-1/2 is the decay length of the order parameter inside the normal metal 

barrier, and L is the TiB2 barrier thickness. There is a good agreement with the 

experimental data. Using L = 6.8 nm the fit yields ξn(Tc) = 2.4 ± 0.1 nm and Tc = 

26 ± 2 K. The lower Tc than the typical MgB2 film (Tc = 40 K) [56] suggests that 

at least one of the MgB2 electrodes adjacent to the TiB2 barrier was degraded, 

possibly caused by the sputtering process, where energetic particles (kinetic 

energy E > 10 eV) bombard the base electrode, producing a layer with reduced Tc 
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on the interface [57]. Deposition techniques with lower particle energies (E < 0.1 

eV), e.g. electron beam deposition [58], atomic layer deposition [59], and 

chemical vapor deposition [60], may be more suitable to deposit the junction 

barrier. From L/ξn(Tc) ≈ 2.8 and Likharev’s theory, IcRn(T = 0) ≈ 0.8 πΔ(0)/2e, 

Δ(0) is calculated to be around 0.24 meV, much lower than the smaller energy 

gap of MgB2 (~2 meV) even when the effect of lowered Tc of the electrodes is 

considered. A possible explanation is that the TiB2 barrier is not uniformly 

covering the base electrode and as a result junction areas with thick barrier do not 

contribute to the total Josephson current but provide resistive shunt to the 

junction, therefore lower the IcRn. 

 

 

Figure 3.3.2.1 I–V characteristics of a RSJ-like MgB2/TiB2/MgB2 sandwich-type 

junction with a barrier thickness of 6.8 nm at temperatures 4.4 K, 6 K, 10.4 K, 

15.1 K, and 21.3 K. Inset: Temperature dependence of the IcRn product. The solid 

line represents Likharev’s proximity effect model. [54] 
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Not all of the MgB2/TiB2/MgB2 junctions studied exhibit RSJ-like I–V 

characteristics, even among junctions on the same chip with the same barrier 

thickness. Figure 3.3.2.2 shows the I–V characteristics, at temperatures between 

4.2 K and 37 K, of a highly transparent junction (10 μm × 10 μm with a TiB2 

barrier thickness of 5 nm) that exhibits MAR characteristics such as subgap 

conductance structures and large excess current. MAR occurs in a junction with 

high transparency channels, most likely through pinholes in a thin barrier [20]. 

With no pinholes in a thick barrier, Andreev reflections still occur at the SNS 

interfaces, however, no significant MAR can occur; the junction exhibits RSJ-like 

I–V characteristics [61]. The junction in Fig. 3.3.2.2 is underdamped and shows 

hysteresis in I–V characteristics. Its Ic is 1.38 mA (Jc = 1.38 kA/cm2) at 4.2 K and 

remains non-zero up to near 40 K. The inset shows the temperatures dependence 

of IcRn (the line is guide to the eye), which shows a value of 1.36 mV at 4.2 K and 

a kink at about 20 K. Accurately modeling the temperature dependence of the IcRn 

is difficult because of the randomly distributed defects in the barrier. The different 

temperature dependences in Figs. 3.3.2.1 and 3.3.2.2 raise the question whether Jc 

can only persist to 40 K in Δσ dominated MgB2 junctions due to pinholes or high-

transparency regions in the barrier [50]. However, degradation of the MgB2 at the 

superconductor/barrier interface mentioned above may very well explain the 

disappearance of Jc at around 25 K. 
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Figure 3.3.2.2. I–V characteristics of a highly transparent MgB2/TiB2/MgB2 

sandwich-type junction with a 5 nm barrier thickness at 4.2 K, 14 K, 34 K, and 37 

K. Inset: Temperature dependence of IcRn product. The line is a guide to the eye. 
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Figure 3.3.2.3(a) summarizes the dependence of Jc at 4.3 K on the TiB2 

barrier thickness for all the working MgB2/TiB2/MgB2 junctions on six chips. The 

squares represent RSJ-like junctions with little excess current and the triangles 

represent highly transparent junctions with MAR characteristics. All the RSJ-like 

junctions are within a shaded area. The shaded area is a guide to the eye to show 

the rough exponential thickness dependence𝐽𝑐~exp [−
𝑡

1
2𝐿

𝜉𝑛(𝑇𝑐)
], which is consistent 

with the SNS proximity effect junction theory in the dirty limit [19].  However, 

due to the large spread of the Ic, the coherence length ξn(Tc) of TiB2 cannot be 

obtained accurately through the thickness dependence of Jc.  Figure 3.3.2.3(b) 

shows the normalized differential conductance RndI/dV versus voltage for a 

junction with large excess current. Subgap conductance peaks were observed at 

around 3.9, 1.8, and 1.3 meV, corresponding to 2Δ/ne with n = 1, 2, and 3, 

indicated by the dashed lines. This is one major characteristic of MAR in the 

junction conductance [50]. By contrast, Fig. 3.3.2.3(c) shows RndI/dV versus 

voltage for a typical RSJ-like junction with little excess current and no or highly 

suppressed subgap features. It is important to point out that the junctions shown in 

Fig 3.3.2.3(b) and (c) are on the same chip where the barrier is deposited to be 7.5 

nm thick. These results suggest that high transparent channels, possibly pinholes, 

often exist in the TiB2 barrier of this thickness. It is important to note that as the 

barrier thickness increases, the portion of RSJ-like junctions among all junctions 

is higher. This agrees with the fact that pinholes are less likely to exist at thicker 

barriers. Unlike the fairly uniform coverage of native oxide barrier in 

Nb/Al/AlOx/Nb junctions [62], [63], the growth mode of TiB2 thin film, with a 
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melting temperature above 3000 °C, is island-like [39]. The occurrences of 

pinhole can only be reduced by depositing a thicker barrier. The Jc spread due to 

the uncertainty in our photolithography and ion milling process is less than 10%, 

much smaller than the spread due to barrier nonuniformity. Comparatively, the 

best of our previous MgB2/MgO/MgB2 sandwich-type junctions we developed 

using a similar process have spread of only ~10% [45]. 
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Figure 3.3.2.3. (a). Jc of junctions on 6 chips with various barrier 

thicknesses at 4.3 K. The triangular and square points represent junctions with 

large and little excess currents, respectively. The shaded region is a guide to show 

the current density’s rough exponential dependence on the barrier thickness, for 

junctions with little excess currents. (b) Normalized differential conductance 

RndI/dV vs voltage curve of a junction with 7.5 nm-thick barrier showing MAR 

peaks (2Δπ/ne) for n = 1, 2, and 3 indicated by the dashed lines. (c) RndI/dV vs 

voltage curve of a junction with a 7.5 nm-thick barrier showing no MAR peaks. 
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In the following, we present observation of the Josephson effects only 

from RSJ-like junctions. The modulation of Ic at 4.3 K by an external magnetic 

field, applied in the junction plane and perpendicular to the current, for the 

junction in Fig. 3.3.2.1 is shown in Fig. 3.3.2.4 for both the positive and negative 

branches of Ic. The field dependence of Ic resembles the Fraunhofer pattern for an 

ideal Josephson junction, which is shown as a dashed line for comparison. Due to 

the self-field effects [the junction width (10 μm) is only moderately smaller than 

the Josephson penetration depth λJ = 38.7 μm], the maximum Ic peak is tilted and 

shifted from zero field and the first two minimum Ic values not modulating to zero 

[15]. The non-monotonic decay of the Ic peaks, suggests the Jc distribution across 

the junction area is not completely uniform. Nevertheless, Ic was suppressed to 

zero at some magnetic field values, indicating that the supercurrent in the junction 

is entirely Josephson current, thus confirming that there is little leakage current 

from pinholes or the like [21]. From the periodicity of the modulation, the 

penetration depth of MgB2 is calculated to be 36 nm, in agreement with the 

previously reported value [15]. 
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Figure 3.3.2.4. Ic modulation by an external magnetic field of a 10 μm x 10 μm 

junction with a 6.8 nm-thick barrier. The dashed lines are the fit for an ideal 

Josephson junction. [54] 
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The AC Josephson effect was measured by subjecting the junctions to an 

RF radiation of 16.2 GHz. Figure 3.3.2.5(a) shows the I–V characteristics of a 20 

μm × 20 μm junction under various RF powers measured at 20 K. Shapiro steps 

were observed at 𝑉 =  𝑛ħ𝑓/2𝑒 =  𝑛 ×  33.5 μV, where n is an integer and f is 

the radiation frequency. The junction exhibits near zero excess current because 

the small offset of the minima of the 0th step from zero is RF power independent 

[64] and is most likely due to the rounding of the I–V caused by thermal and 

measurement noise. The Shapiro step-height as a function of the RF power are 

shown for the first few orders in Fig. 3.3.2.5(b). The oscillations with the RF 

power quantitatively follow the theoretical models [21]. 
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Figure 3.3.2.5. (a) Current-voltage characteristics with and without RF radiation 

at 16.2 GHz, measured at 20 K. (b) The modulation of critical current and the first 

three Shapiro step heights by the RF power. [54] 
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3.3.3 Discussion 

The behavior of those MgB2/TiB2/MgB2 junctions with large excess currents, 

including the temperature dependence of IcRn and sub-harmonic conductance 

peaks, are similar to those observed in the MgB2/MgO/MgB2 junctions [45]. 

These similarities may suggest that they could share a common feature, i.e. shorts 

through the barriers. On the other hand, the absence of large leakage current and 

MAR in the RSJ-like MgB2/TiB2/MgB2 junctions demonstrates that ideal 

Josephson junction with no leakage is possible with appropriate barrier materials 

and good barrier quality.  

3.4 Conclusion 

 In summary, we have fabricated sandwich-type MgB2 SNS junctions with 

TiB2 as the barrier. The majority of the junctions with 8 nm or thicker barriers 

exhibit RSJ-like I-V characteristics and both DC and AC Josephson effects 

according to the SNS proximity effect junction model. In some junctions with 

thinner barriers MAR characteristics were observed suggesting the possibility of 

pinholes or shorts in the barrier. Nonetheless, this SNS junction technology may 

lead to an answer to the challenge for MgB2 Josephson junction applications, 

which is to have sandwich-type all-MgB2 junctions with leakage-free barriers 

while avoiding the degradation of superconducting properties (Tc and Δ) at the 

MgB2/barrier interfaces.  
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CHAPTER 4 

MULTILAYER MGB2 SUPERCONDUCTING QUANTUM INTERFERENCE 

FILTER MAGNETOMETER  

4.1 Introduction 

Superconducting Quantum Interference Devices, or SQUIDs, are one of 

the most sensitive magnetic field sensors with a wideband response from DC up 

to hundreds of GHz. [65] SQUIDs have applications in the fields of biology [65], 

geology [66], and electronics [67]. Arrays of identical SQUID loops (connected 

either in serial, parallel, or both) have shown improved voltage response to 

applied magnetic field and signal-to-noise ratio above that of an individual 

SQUID [68]. However, a SQUID or a SQUID array cannot measure absolute 

magnetic field since their voltage response to the applied magnetic field is 

periodic. A Superconducting Quantum Interference Filter (SQIF) is a SQUID 

array with unequal and non-commensurate SQUID loop areas [69]. Since the 

voltage modulations from various SQUID loops have different periods, they 

destructively interfere under any applied magnetic field except at zero field where 

all SQUIDs have a maximum critical current Ic or minimum voltage when biased 

just above Ic. Therefore a SQIF shows a single voltage minimum at zero field, 

called the antipeak, allowing it to measure the absolute magnetic field value with 

extreme sensitivity. It is also an advantage of a SQIF over a SQUID that it is less 

sensitive to the parameter variations of the constituent Josephson junctions [69]. 

The field sensitivity of a SQIF depends on the number of SQUID loops, loop 

areas, the variations of the loop sizes, and the IcRn values of the Josephson 
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junctions [69]. Applications of SQIFs include low noise radio-frequency detectors 

[70], extremely sensitive absolute magnetometers [71], non-hysteric amplifiers 

[72], and RF filters [73]. 

SQIFs have been developed using Nb/AlOx/Nb sandwich-type tunnel 

junctions [70], high temperature superconductor (HTS) bicrystal Josephson 

junctions [71], and HTS ion damaged superconductor-normal metal-

superconductor junctions [73]. Nb SQIFs with a large two-dimensional array of 

29 × 10 SQUID loops in parallel and series have demonstrated a high transfer 

function, 𝑑𝑉/𝑑𝐵, of up to 15 kV/T with a theoretical field noise of ~25 fT/Hz1/2 

[74].  An HTS SQIF, consisting of 2D 5 × 6 SQUID loops and a pickup coil has 

demonstrated liquid nitrogen temperature operation, transfer function of 30 kV/T 

and a white-noise level of 70 fT/Hz1/2 [71]. However, the HTS technology faces 

the challenges of lacking an effective multilayer process and a comparatively 

large penetration depth (≥ 200 nm for YBa2CuO7-δ at 0 K), which may make the 

design less flexible [75], [76]. 

With a critical temperature (Tc) of about 40 K, superconductor MgB2 

possesses several advantages for SQIF development. MgB2 is a multi-band 

superconductor with the σ and π gaps being 7.1 meV and 2 meV, respectively 

[13], and a penetration depth of 40 nm at 0 K [15]. The energy gaps larger than 

Nb and the penetration depth shorter than HTS bode increased transfer function 

and magnetic sensitivity of an all-MgB2 SQIF with smaller or fewer SQUID 

loops. All-MgB2 junctions have demonstrated a high IcRn product of 1 to 3 mV 

and have shown Ic up to 40 K [45], [46]. MgB2 SQUIDs have been developed 
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with a transfer functions as high as 2.3 mV/Фo and noise sensitivity as low as 38 

fT/Hz1/2 [48], [77]. These values for the transfer function and noise for single 

MgB2 SQUIDs are comparable to Nb or HTS. Which makes them promising for 

multiSQUID arrays or devices like the SQIF. In this chapter we report the 

development of MgB2 SQIFs with parallel connected SQUID loops using all-

MgB2 Josephson junctions.  

4.2 Design and Fabrication 

4.2.1 Basic Design Principles 

A SQIF is an array of SQUIDs with unequal and non-commensurate areas 

that are connected either in parallel, series, or both (as in a 2D structure). Ideally a 

SQIF should be made of a large number of SQUIDs whose areas are completely 

unrelated [69].  Due to limitations in size and fabrication techniques, we cannot 

have thousands of SQUIDS connected ranging in size from submicron squared to 

hundreds of microns squared loop areas. Therefore we need to establish and 

follow some design principles for the SQIF to obtain the desired operation. 

Like with the SQUID, the 𝛽𝐿 =  
2 𝐼𝑐𝐿

Φ0
 parameter plays an important role in 

the device’s operation.  Because of a variety of unequal SQUID areas, a SQIF will 

have a range of 𝛽𝐿 parameters. Unlike in a SQUID it is important to have 𝛽𝐿for 

each SQUIDs in a SQIF to be as low as possible: the lower the 𝛽𝐿 parameter, the 

lower the SQUID’s likelihood to induce parasitic fields from current biasing 

leading to flux trapping in the electrodes or loop. These effects can hamper the 

SQIFs overall performance by decreasing the zero antipeak, adding additional 
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antipeaks, or erroneously shifting the antipeak [69], [78]. The SQIF’s sensitivity 

is improved by increasing the signal to noise ratio from its SQUIDs (either by 

more sensitive SQUIDs or by additional SQUIDs). Keeping the 𝛽𝐿 parameter low 

is the primary reason why we take great attempts to keep Ic and the inductances of 

each junction as low as we can. Ic is dictated by the junction Jc and its cross–

sectional area, and the SQUID loop area is dictated by the circuit design and is 

kept relatively small in order to minimize the inductance for each loop, 

Another essential design consideration is to select a variety of SQUID 

loop areas. Because we are limited in space for a 4 by 4 mm useful substrate area 

with need for other devices, we cannot have a large number of SQUID loops.  For 

initial developing purposes, we want to keep the design of the SQIF as simple and 

small as reasonably possible. Oppenlander recommends that a SQIF should have 

at least 16 SQIFs and that those SQUID loop areas should be unrelated enough to 

suppress any antipeak other than at zero field [79].  

In the literature, SQIFs have shown an operating range from almost a 

Tesla to a few hundreds of microTesla [80]. The period of each antipeak is 

inversely related to the greatest common factor (gcf) of the areas, ∆𝐵 =  
Φ0

𝑔𝑐𝑓
 [81]. 

When considering the loop areas we wanted to keep the gcf between SQUID 

loops as low as possible, so that the antipeak periodicity is as large as possible.   

We can model the voltage modulation with our chosen array of SQUIDs 

and verify that it is appropriate for a SQIF with the following equation: 

𝑉(𝐵) = 𝐼𝑐 𝑅𝑁√𝐽𝑁
2 − |𝑆𝑁(𝐵, 𝑎)|2.                            4.2.1.1 
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Where 𝐼𝑐𝑅𝑁 is the characteristic voltage of the device, 𝐽𝑐 =
𝐼𝑏

𝑁 𝐼𝑐
, 𝐼𝑏 is the 

bias current, 𝐼𝑐 =
1

𝑁
∑  𝐼𝑐,𝑛

𝑁
𝑛=1 , =

1

𝑅𝑁
=

1

𝑁
∑

1

𝑅𝑛

𝑁
𝑛=1 , and 𝑆𝑁(𝐵) is the structure 

factor of the SQIF [69]. Since all the SQIFs we have developed are parallel, we 

modeled with the 𝑆𝑁(𝐵) for parallel SQUID arrays [69] as defined as: 

 𝑆𝑁(𝐵) =  
1

𝑁
∑

𝐼𝑐,𝑛

𝐼𝑐

𝑁
𝑛=1 exp[

2𝜋 𝑖

Φ0
 ∑ ⟨𝐵|𝑎𝑚⟩]𝑛−1

𝑚=0                 4.2.1.2 

We used Mathematica to model our SQIF voltage modulations. 

4.2.2 Nonplanar SQIF design ad results 

In this study, we focused on two different implementations of the SQIF 

device, namely, planar and nonplanar designs. The nonplanar SQIF has SQUID 

loop planes perpendicular to the substrate surface and therefore is only sensitive 

to the magnetic field parallel to the substrate surface and perpendicular to the 

direction of the bottom electrode strip. Figure 4.2.2.1 (a) shows the circuit, (b) 

shows a schematic three–dimensional view of the nonplanar SQIF, and (c) is the 

Mathematica model of the V-B curve. This SQIF is made of 21 MgB2 junctions 

which are located between a 30 µm-wide MgB2 bottom electrode strip and a 

10 µm-wide MgB2 top electrode strip. An 80 nm MgO layer insulates the top and 

bottom electrodes except for the junctions. The SQUID loop areas are 0.4, 0.56, 

0.72, 0.88, 1.04, 1.2, 1.36, 1.52, 1.68, 1.84, 2, 2.32, 2.48, 2.64, 2.8, 2.96, 3.12, 

3.28, 3.44 and 3.6 μm2, were selected to reduce the gfc among two the SQUID 

areas to approximately 0.4 µm2 among most SQUIDs. The small inductance of 
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each SQUID loop as the consequence of the small loop size makes the parameter 

βL to be small (between 6.5×10-3 and 59×10-2, assuming Ic ~ 54 µA for each 

junction) making the SQIF less susceptible to parasitic magnetic fields. Each 

junction is biased through two resistors made of gold, one at either end with equal 

value for every junction similar to the original SQIF work by Oppenlander et al. 

[82] to reduce the bias current crossing the SQUIDs that may cause stray 

magnetic fields. The SQIF voltage was measured across the two voltage leads 

connected directly to the top and bottom MgB2 electrodes. The nonplanar SQIFs 

were measured in a Janis pulsed-tube cryocooler (capable of reaching 2 ~ 400 K) 

surrounded by two layers of µ-metal shield. 
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Fig. 4.2.2.1(a) A circuit diagram of the nonplanar SQIF. The resistors, R, 

correspond to the gold biasing channels, the inductors, L, correspond to the 

SQUID electrode inductances, J are the Josephson junctions, and Ф are the 

SQUID loops.  (b) An illustrated side view of the nonplanar SQIF showing the 

junctions, SQUID loops, top and bottom electrodes. 
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Figure 4.2.2.2 (a) shows the magnetic field dependence of the voltage of a 

nonplanar SQIF measured at 3 K demonstrating a large and sharp antipeak near 

zero field, characteristic of a SQIF. In addition to the central antipeak, there are 

smaller antipeaks common for SQIFs with large parameter spreads [81], with 

heights that are much smaller than the central antipeak. In the nonplanar 

geometry, the magnetic field threading the SQIF was generated by driving a 

current through the top electrode strip (triangular waveform at 10 Hz), and the 

calibration from current to local field was done by applying a static uniform field 

from an external coil and tracking the antipeak position. The shift from zero of the 

principal antipeak position in Fig. 4.2.2.2(a) at zero applied static field (black 

curve) is due to the residual field in the cryocooler and other sources of stray 

current fields from the bias current.(–0.15 mT). A shift in the antipeak position 

due to changing of the current bias through the SQIF was observed, indicating 

that even with the gold biasing resistors there is still certain stray magnetic field 

generated by the bias current picked up by the SQIF, that can be attributed to the 

nonuniform Ic’s of the junction in the SQIF. This can be corrected using modeling 

software if the device is to be used as a magnetometer [83]. The stray field offset 

due to the bias current is 0.142 mT/A. The change from zero field might also be 

caused from the parallel SQIF asymmetry [84]. Applying the static field using an 

external coil shifts the antipeak position linearly, as shown in the inset of Fig. 

4.2.2.2 (b), allowing the above-mentioned current-to-field calibration used in Fig. 

4.2.2.2 (a). The transfer function of the SQIF viewed as a field-voltage transducer 

is defined as the slope of the magnetic field dependence of the voltage, and is the 
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measure of its sensitivity. The maximum transfer function measured from the 

antipeak is 16.1 V/T at 3 K, the temperature at which IcRn is largest. As expected, 

the antipeak height changes with respect to temperature, and above 17 K the zero-

field antipeak height is no longer the dominant antipeak in our field range and the 

SQIF ceases to operate as a magnetometer. 

 

Fig. 4.2.2.2(a) Voltage across a nonplanar SQIF at various magnetic fields 

generated by scanning the current (at 10 Hz) through the entire top electrode strip, 

measured at 3 K. (b) Shift of the position of the antipeak at different applied static 

magnetic fields. Inset: Antipeak position for current bias in top electrode vs. 

applied static magnetic field, providing the calibration for magnetic field for the 

horizontal axes in (a) and (b). 
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4.2.3 Planar SQIF Design and Results 

In contrast to the nonplanar geometry, the planar SQIF has SQUID loop 

planes parallel to the substrate surface, and consequently can only sense magnetic 

fields perpendicular to the substrate. A circuit diagram is shown in Fig. 4.2.3.1 

(a), (b) a three dimensional illustration of a portion of the SQIF, and a photograph 

of the entire two-dimensional SQIF array is shown in Fig. 4.2.3.1 (a). The SQUID 

loops contain 18 MgB2 junctions and the loop areas are 4, 5, 6, 7, 8, 10, 11, 12, 

13, 14, 16, 17, 20, 22, 23 and 25 µm2. The gcf in this SQIF is 1 µm2 among the 

SQUID areas. The larger SQUID loop areas compared to the nonplanar SQIF help 

to increase the magnetic field sensitivity. Unlike the nonplanar SQIF, the two 

dimensional planar SQIF does not have gold biasing resistors to each individual 

junction except for the junctions in the two end rows of the array. The two 

dimensional planar SQIF can be considered as rows of parallel SQIF connected in 

series, with the aim of increasing the field sensitivity yet not reducing SQIF 

normal resistance by merely increasing the number of paralleled SQUID loops 

[74]. However, due to the high Ic spread (1σ ~ 54%) [85] of the junctions, there 

was no common bias current that more than one parallel SQIF can operate 

properly. Therefore, in this paper we only report the operation of a single parallel 

SQIF within the two dimensional array, namely the fifth SQIF row from the top 

for its lowest Ic (therefore lowest βL) among all rows. Assuming each junction has 

Ic ~ 0.156 mA, the estimated βL ranges from 0.47 to 2.6. The entire two-

dimensional SQIF was current-biased through the gold resistors at both ends and 

the voltage across the fifth SQIF was measured. Due to lack of specific junction 
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bias resistors and more significant SQUID loop inductances in the planar 

configuration, this type of SQIF is more susceptible to stray magnetic fields from 

the bias current. The planar SQIF was measured in a liquid helium Dewar with a 

dip probe along with a BSCCO shield covered by a µ-metal shield to lower the 

background field for measuring the high field sensitivity of this type SQIF. The 

external magnetic field was generated by a calibrated coil. 
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Figure 4.2.3.1 (a) A circuit diagram of the planar SQIF. It should be noted that we 

are only reporting the field modulation of a single row in the two-dimensional 

SQIF. (b) An illustration of a portion of the planar SQIF measured. (c) 

Microphotograph of a single parallel row SQIF in the two dimensional SQIF. (d) 

A Mathematica simulation of the planar SQIF. 

The current-voltage characteristics of the planar SQIF were hysteretic 

below 9.5 K, which prevented its operation at lower temperatures. Figure 4.2.3.2a 

shows the antipeak at 10 K.  The SQIF shows the highest transfer function of 

~7800 V/T, much higher than the previous type mainly as a result of increased 

constituent SQUID loop areas. This is a comparatively high transfer function from 

a SQIF with a small number of SQUID loops in parallel and without a pickup 

loop [81], [71]. The position of the antipeak is more sensitive to the bias current 

than in the nonplanar SQIF due to larger loop inductances and lack of resistance 

bias to each individual junction. The antipeak shown in Fig.4.2.3.2 (a) only 

appears between 1.229 mA and 1.256 mA. The inset of Fig. 4 2.3.2 (a) shows the 

antipeak height with respect to temperature where the highest temperature at 

which an antipeak is observed is 22 K.  
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Fig. 4.2.3.2 (a) The largest observed voltage antipeak of the planar SQIF 

measured at 10 K by scanning current through an external magnetic field coil. Inset: 

Antipeak height change due to temperature.  In (b), the planar SQIF antipeak 

nonhysteretic field response (lower trace) and hysteretic response at a larger field (the 

upper trace). The hysteretic voltage response was shifted +0.25 mV for clarity. 

The planar SQIF is subject to flux trap at higher sweeping fields due to its 

large loop inductances. Figure 4.2.2.2(b) shows the immediate hysteresis in the 

voltage response as the magnetic field is increased above 3.6 µT at 20 K, in which 

the hysteretic response has been shifted 0.25 mV above the nonhysteretic antipeak 

for clarity. The hysteresis indicates that very probably some magnetic flux has 

been trapped in the MgB2 electrodes and SQUID loops at larger fields [22], The 

hysteresis becomes more prominent with larger fields. Despite the magnetic 

hysteresis the given antipeak is the only peak in the ±16 µT range of the magnetic 

field. Magnetic hysteresis can be reduced by decreasing the SQIFs inductance 

through a change in the SQUID loop geometry, left for consideration in future 
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designs [22]. Further increases of the transfer function and the antipeak height 

may be possible by increasing the number of SQUID loops, as with other MgB2 

SQUID arrays [69]. 

4.2.4 Nonplanar and Planar SQIF noise results 

The field noise sensitivity of the nonplanar and planar SQIF is shown in 

Fig. 4a and 4b respectively.  The nonplanar SQIF shows a noise level of ~110 

pT/Hz1/2 at 10 K. The visible 2 Hz harmonics are from the cryocooler, 60 Hz are 

from the electronics and the high 1 kHz noise is from switching electronics 

generated by the cryocooler. Due to the larger SQUID areas of the planar SQIF 

the lowest noise sensitivity is less at approximately ~70 pT/Hz1/2at 1 kHz at 20 K. 

The 100 Hz peak is from the scanning magnetic field sweep speed and ~1kHz 

noise is from the electronics. Our electronics limits us to only measuring the Ic of 

the SQIF is 0.6 mA or less which prevents us from measuring our SQIFs at lower 

temperatures where the noise level may be lower. Nonetheless, our SQIFs are less 

sensitive compared to other reported SQIFs. As shown in Oppenlander’s work 

[86], the inclusion of additional SQUID loops will decrease the noise level by ~N-

1/2. Considering that the SQIFs reported above have 16 to 20 SQUID loops, 

increasing the number of SQUD loops to 100 or more as with many other reported 

SQIFs should considerably lower the noise level. The noise level can be further 

reduced with the inclusion a pickup coil and the inclusion of a serial or working 

3D structure as have been demonstrated in other SQIFs [71]. 
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Fig. 4.2.4.1(a) Field noise spectrum of the nonplanar SQIF at 10 K and (b) Field 

noise spectrum of the planar SQIF at 20 K. 

 4.3 Conclusion 

In summary, we have developed planar and nonplanar MgB2 SQIFs that 

can operate at 3 ~ 22 K. The nonplanar SQIF exhibits a transfer function of ~16 

V/T with an in-plane magnetic field sensitivity of ~110 pT/Hz1/2.  The planar 

SQIF exhibits a transfer function of ~7800 V/T and an out-of-plane magnetic field 

sensitivity of ~70 pT/Hz1/2. The high transfer function of these SQIFs show the 

advantage of these devices to be used as RF amplifiers [87] and as sensitive 

absolute magnetic field magnetometers. The operation of the nonplanar and the 

planar SQIFs has demonstrated the possibility of a magnetometer with three 

dimensional absolute magnetic field sensitivity on a single chip using our current 

MgB2 technology. 
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CHAPTER 5 

ALL-MGB2 RAPID SINGLE FLUX QUANTUM CIRCUITS 

 

5.1 Introduction 

 

 Rapid Single Flux Quantum (RSFQ) is a prominent digital processing 

technology utilizing superconductors and Josephson junctions. RSFQ circuits 

utilizing Niobium have demonstrated logic operation [88] and processing speeds 

up to 770 GHz with a lower power dissipation compared to CMOS technology 

[24].  Niobium’s low critical temperature (Tc~ 9.2 K) and superconducting gap 

(1.5 meV) which limits a Nb Josephson junction’s IcRn product.  The low IcRn 

prevents Niobium circuits from reaching THz processing speeds and operation 

above liquid helium temperatures [23]. To improve the performance of RSFQ 

circuits other superconductors including NbN [89] and YBCO [90] have been 

studied. The high-Tc superconductor YBCO has a Tc of 92 K and energy gap 

greater than 20 meV at 4 K. Several YBCO RSFQ Toggle Flip-Flop (TFF) 

circuits have been reported. [90], [91], [92], [93] Despite a large energy gap and 

high Tc, YBCO is difficult to use for RSFQ circuits due to its large anisotropic 

penetration (> 150 nm at 0 K), difficulty in fabricating reproducible junction, and 

a lack of a reliable multilayer process. [94], [95] 

MgB2 is a promising superconductor for RSFQ because of its fairly high 

Tc (~40 K) and large superconductive gaps (2.1 meV for π band and 7 meV for σ 

band) which allows for circuit operation at 20 K and THz operation speed. [96], 
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[13] In order to show MgB2’s potential RSFQ circuits, two all-MgB2 flip-flop 

circuits were developed utilizing MgB2/MgO/MgB2 sandwich-type junctions. One 

circuit is a high-speed toggle flip-flop (TFF) to evaluate the speed and 

temperature potential of an MgB2 circuit. Since the speed of the circuit is too fast 

for our measuring electronics based on semiconductors to measure the circuit’s 

actual operation, we indirectly measure the input and output voltages and use the 

AC Josephson relation to determine the speed. The second circuit is a set-reset 

flip-flop circuit to observe actual operation at a low frequency. In this circuit, a 

DC SQUID was inductively coupled to the set reset flip flop (SRFF) to measure 

the state of the flip flop. The SQUID switched between a low and high voltage 

with a set and reset pulse in accordance to the circuit design and therefore proving 

RSFQ digital operation. With the MgB2 toggle flip flop and set reset circuits we 

show the capabilities and potential performance as the primary superconductor in 

RSFQ circuits. 

 5.2 Toggle Flip Flop Circuit 

 In order to demonstrate the potential an all-MgB2 RSFQ circuit we designed 

and fabricated a toggle flip flop. An RSFQ toggle flip flop is a simple frequency 

divider. Since the frequency of the single flux quantum pulse is proportional to the 

voltage across a junction one can simply confirm operation as long as the voltage 

in the circuit is half the voltage out. Please refer to chapter 1.5 for an introduction 

and operation of a RSFQ TFF. Because one cannot see direct operation of a high 

frequency toggle flip flop it is used to show potential speed of a RSFQ device. We 

have previously reported an all-MgB2 TFF circuit with 3.8 K to 20 K range of 
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operating temperatures and the highest operation of 180 GHz at 3.8 K [47]. The 

circuit was subject to large amounts of parasitic inductance and a large parameter 

spread, mainly the Ic of Josephson junctions, and therefore the speed it 

demonstrated was much lower than the theoretical calculated values based on the 

energy gap of MgB2. In this chapter we report an improved all-MgB2 TFF circuit 

which we previously published (ref. [97] ©2015 IEEE) but edited with permission 

to fit in this section. We improved the design by including a more expansive ground 

layer to reduce the parasitic inductance. When we measured the circuit it showed 

an improved maximum speed of 335 GHz and operating temperature from 7 K to 

30 K.  The presented operating speeds and temperature ranges show that MgB2 is a 

promising superconductor for the use in RSFQ circuits 

5.2.1 Design, Simulation, and Fabrication 

 Figure 5.2.1.1 shows (a) the circuit schematic and (b) a microphotograph of 

the circuit. The circuit design and component values were based on previously 

published design principles. [23], [98] The circuit contains the same four basic 

components as our previously reported circuit: a voltage controlled oscillator 

(VCO), a single stage Josephson transmission line (JTL), a splitter, and an 

interferometer. [47] The voltage across J1, oscillates at a frequency, 𝑓, following 

the AC Josephson equation, 𝑓 =  𝑉𝑖𝑛/𝛷0, where Vin is the average voltage across 

J1 and 𝛷0 is the flux quantum, therefore functions like a VCO, controlled by 𝑉𝑖𝑛. 

The JTL consists of L1, J2, and L2, which amplifies the voltage pulses from the 

VCO. The splitter consists of J3, L3, L4, L5, L6, L7, and L8, which splits the signal 

to the two inputs of the interferometer. The interferometer consists of J6 and J7 (the 
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larger junctions) and L9. The interferometer is a DC SQUID where the output 

signal is oscillated between J6 and J7 creating the flip flop operation when properly 

biased by the 𝐼𝑏2 DC current. 
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Figure 5.2.1.1 (a) The circuit diagram of our TFF. The critical currents considered 

in the design are J1 = J2 = J3 = J4=0.5 mA,, and J5 = J6 = 0.78 mA. The 

inductance used are L1 = 2.07 pH, L2 = 1.07 pH, L3 = L4 = 0.49 pH, L5 = L6 = 8 

pH, L7 = L8 = 0.14 pH, and L9 = 4.8 pH. Fig. 5.2.1.1(b). Microphotograph of our 

RSFQ Toggle Flip Flop. [97] 
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Compared to our previously published toggle flip flop [47], several 

improvements have been made with the current circuit design. Each bias current 

and voltage leads are paired to a ground lead in order to minimize the interference 

and crosstalk via the magnetic field they generate. The ground plane is optimized 

in the design to reduce parasitic inductance and the keep inductance values close to 

the design values. [1] With inclusion of a larger should ground plane the circuit 

only has two ungrounded regions, compared to 6 in our previous TFF circuit. This 

is particularly important in the splitter’s design. In our previous circuit [47] the 

splitter has several ungrounded regions whose inductances reduced the operating 

range and maximum operating speed. While our ground plane reduced the parasitic 

inductance of the circuit, due to lack of a dedicated ground plane process, there are 

still ungrounded parts of L5 and L6 which gives a significant parasitic inductance. 

As a result, the parameter βL of the SQUID loop formed by L3 ~ L8 is 2𝐼𝑐𝐿/𝛷0 ~ 

8, much greater than 1, which means multiple flux quanta could be stored in the 

loop. However, even under such unconventional circumstances, correct TFF 

functions can be achieved by simulation and were observed in experiments. [99] 

Figure 5.2.1.2(a) and (b) is the simulation of our circuit design, which gives 

a maximum input operating voltage 𝑉𝑖𝑛 of 1.5 mV, corresponding to an operating 

frequency of approximately 725 GHz. We used the program WinS to simulate the 

circuits operation. We attempted to account for the parasitic inductances in the 

splitter and interferometer in inductors L5, L6, L7, and L8. We discovered that as 

a result of the parasitic inductances, the biasing current for the interferometer, 𝐼𝑏2, 
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has to be controlled precisely, since only 20 µA current deviation, or ~8 %, from 

the optimized biasing current could lead the poor circuit operation. 

 

Figure 5.2.1.2 (a) Simulation of the I—V characteristics of our TFF design.           

(b) Simulation of the input and output SFQ pulse train. [97] 

For circuit fabrication, we followed a similar previously reported 

procedure. [46], [47] The circuit uses MgB2/MgO/MgB2 junctions ranging in size 

from 4 µm to 5 µm. The junctions are self-shunted with McCumber parameter 

close to or less than 1.  All the MgB2 films were deposited by HPCVD.  The MgO 

junction barrier and circuit insulating layers were deposited by DC reactive 

sputtering with an Mg target in a 4:1 Ar/O2 atmosphere a 4 Pa pressure. The 

junction barrier is roughly 5 nm thick, while the insulating layer is approximately 

80 nm thick. All patterning was done by standard UV photolithography and 

subsequent Ar ion beam milling. 

To make sure that the interferometer works properly and to obtain its loop 

inductance, we measured the period of the SQUID modulation of the 
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interferometer at various temperatures using L9 as the magnetic field coil as was 

done in our previous circuit and our measurement of the penetration depth of 

MgB2. [15], [47] Figure 5.2.1.3(a) shows the decreasing periods with respect to 

temperature and (b) shows the measured inductance of the strip with respect to 

temperature. The inductance increases drastically for T > 20 K as temperature 

increases, consistent with the temperature dependence of the penetration depth of 

MgB2. [15] 

 

Figure 5.2.1.3 (a) Voltage modulation from the interferometer using L9 as the 

magnetic field coil. (b) The calculated inductance from the period of the voltage 

modulation. [97] 

 

5.2.2 Toggle Flip Flop Results 

 

 The junctions become non-hysteretic at 7 K. We see the largest voltage 

divider circuit operation at 7 K where the 𝐼𝑐𝑅𝑛 product is maximized and the 

inductance is closest to their design values. Operation is determined by comparing 

the 𝑉𝑖𝑛 of the VCO and the 2𝑉𝑜𝑢𝑡 of the interferometer. 2𝑉𝑜𝑢𝑡  −  𝑉𝑖𝑛 =  0 shows 
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proper voltage dividing operation of the circuit. Figure 5.2.2.1 shows the highest 

measured operating voltage at 0.696 mV where 2Vout suddenly stops 

matching 𝑉𝑖𝑛. The voltage corresponds to a speed of 335 GHz at 7 K which is 

nearly twice the maximum operation frequency of our previously reported circuit 

[47]. Possibly due to the noise from the crycooler and the thermal noise, the 

uncertainty of the measurements are 10 µV. As the temperature increases, the 

 𝐼𝑐𝑅𝑛 product is reduced, the inductance increases, the circuit parameters deviate 

from their optimized values, leading to a decrease of the maximum speed.  

 

  

Figure 5.2.2.1 (a). Fastest operation measured at 7 K. Left axis is the I—V 

characteristics of the 𝑉𝑖𝑛 and 2 ∗ 𝑉𝑜𝑢𝑡. Right axis denotes the 2 ∗ 𝑉𝑜𝑢𝑡– 𝑉𝑖𝑛. [97] 

 

Figure 5.2.2.1(a) shows the maximum operating speed (with optimal 

biasing) with respect to the temperature. The operating speed sharply decreases 

until around 10 K to 20 K where the operating speed remains at around 80 to 100 
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GHz. Figure 5.2.2.2(b) shows the operation at the highest temperature of 30 K. 

With optimal bias, at 30 K, the voltage divider operates at a maximum of 28.7 µV 

and a corresponding speed of 13.9 GHz. Compared to our previous circuit [47], 

our circuit with reduced parasitic inductances has more than doubled the 

temperature operating range. This also highlights that a significant limiting factor 

in our operational range is our parasitic inductance.   
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Fig. 5.2.2.2 (a). Optimal operating frequency versus Temperature. (b).  Highest 

Temperature operation measured at 30 K. Left axis is the I—V characteristics of 

the  𝑉𝑖𝑛 and  2 ∗ 𝑉𝑜𝑢𝑡. Right axis denotes the  2 ∗  𝑉𝑜𝑢𝑡 −  𝑉𝑖𝑛. [97] 

 

An important factor in the circuit operation is the biasing for the 

interferometer, 𝐼𝑏2. How 2 ∗  𝑉𝑜𝑢𝑡 changes with respect to 𝐼𝑏2 is important to 

showing operation [100].  Like our previous circuit [47] because of our 
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configuration and circuit design scanning 𝐼𝑏2 also changes 𝑉𝑖𝑛. To observe how 

varying 𝐼𝑏2  effects 2 ∗  𝑉𝑜𝑢𝑡 several IV curves were taken with different Ib2 

values.  Figure 5.2.2.3(a) shows the summary of these IV curves at 8 K with the 

lines connecting points with the same  𝑉𝑖𝑛. The data shows regions of constant 

voltages as necessary for operation (highlighted in the shaded region), 

2 ∗  𝑉𝑜𝑢𝑡 =  𝑉𝑖𝑛, between 𝐼𝑏2 values of 5.826 mA to 5.867 mA. The optimal bias 

current is 5.857 mA where biasing above and below this point decreases or 

eliminates operation as shown in Figure 5.2.2.3(b). The error for the associated 

data is 7 µV for the voltages and 0.1 µA for the bias current. Our measured 

deviation from optimal bias is approximately 5 % margin which shows a more 

sensitive interferometer biasing compared to our simulation. The smaller 

anticipated bias margin is most likely from the discrepancy of our real and 

designed junction and inductor parameters. The sensitivity of our biasing current 

in terms of both our simulation and actual measurements shows us that our 

parasitic inductance is still a limiting factor in our circuit design. 
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Figure 5.2.2.3 (a)  2𝑉𝑜𝑢𝑡versus 𝐼𝑏2 bias for different values of Vin. (b) 

2 ∗  𝑉𝑜𝑢𝑡 −  𝑉𝑖𝑛 vs  𝑉𝑖𝑛 for different 𝐼𝑏2values. [97] 

 

 5.3 Set Reset Flip Flop 

Two all-MgB2 TFF circuits have been reported but there is still no direct 

proof with simple circuit performing a low frequency operation. High frequency 

toggle flip flops are meant to show potential high frequency RSFQ operation but 

do not show direct logic operation because of the high speed. Additional tests 

with the bias current and circuit simulations are needed in order to argue RSFQ 

operation but still cannot show direct operation. [100], [101]  To demonstrate 

logic operation, we designed and tested a low frequency SRFF made with six 

MgB2/MgO/MgB2 Josephson junctions. Similar RSFFs have been used to 

demonstrate RSFQ digital logic with Nb junctions [102] and YBCO multilayer 

[103], ramp [104], bicrystal [105], and ion damaged junctions [106]. The circuit is 
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designed to operate in accordance to the pulses from a commercial Keithley 

function generators which makes following the circuit’s performance relatively 

easy with a standard oscilloscope. Measurements were made in a pulsed-tube 

cryocooler. The circuit shows proper set and reset logic operation at temperatures 

14 K to 22 K. The circuit does show a large sensitivity to an input bias current 

which can be corrected with an improved designed and junction property 

parameters. With logic operation established, more complex MgB2 circuits for 

faster and more complicated computation can be designed and tested. 

5.3.1 Set-Reset Flip Flop Design and Fabrication 

Figure 5.3.1.1 shows (a) the circuit diagram and (b) microphotograph of 

the SRFF. Like the TFF, the SRFF was designed on previous published design 

principles. [23], [98] In order to have better control of the speed of the circuit we 

use a DC/SFQ converter as the input source instead of VCO. The DC/SFQ 

consists of L1and J2 and produces a single SFQ pulse which is passed to a single 

stage JTL, consisting of J2 and L2. The SFQ pulse is then transported to an 

interferometer consisting of L3, J3, and J4. The interferometer’s 𝛽𝐿~10  so it can 

trap the SFQ flux and operate as a SRFF. [23] A reset signal is sent from a second 

function generator which resets the interferometer. 
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Figure 5.3.1.1(a) The Circuit diagram of our SRFF. The critical currents 

considered in the design are J1= J5 = J6 = 0.4 mA and J2 = J3 = J4 = 0.5 mA. The 

inductance used are L1 = 20 pH, L2 = L4 = 2 pH, L3 = 8 pH, L4 = 2 pH. The 

mutual inductance between L3 and L4 is 1.5 pH. (b). Microphotograph of our 

RSFQ Set-Reset Flip Flop. 
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A “1” in digital logic is established when an SFQ flux is trapped in the 

interferometer. Any addition SFQ pulses from the input will not change the flux 

already trapped in the interferometer. In other words multiple SFQ pulses will not 

change or reset the digital state of the interferometer in accordance to the digital 

truth table shown in chapter 1.5. The interferometer will only be reset back to a no 

flux, or a “0” state. Like with multiple input fluxes, multiple reset pulses should 

not add any additional fluxes to the interferometer. As mentioned in chapter 1, the 

interferometer only operates when it switches state in the correct input (set) and 

reset signal sequence. 

To read the interferometer a second readout DC SQUID is inductively 

coupled to the interferometer. By measuring the voltage of the readout SQUID we 

can measure the flux state of the SRFF. The field in a circulating current from a 

flux in the interferometer will result in persistent high voltage state in the readout 

SQUID corresponding to a 1. Conversely a 0 or no flux is read as a low voltage 

state in the readout SQUID. The readout SQUID is designed to be only a passive 

measuring device and does not contribute to the active operation of the circuit. 

Therefore, the 𝛽𝐿 for the readout SQUID is designed to be lower than the 

interferometer reducing the likelihood of flux trap in the readout SQUID which 

will affect the measurements and cause errors in the logic operation.  

The circuit uses 4 × 4 µm2 and 5 × 5 µm2 MgB2/MgO/MgB2 Josephson 

junctions. L2 is formed by the separation of the superconductive strip and the 

ground layer as we have used in the TFF and previously measured. [107], [47]   

L1, L3, L4 and the mutual inductances were formed between the interferometer 



90 
 

and the readout SQUID by loops and gaps in the ground layer. A superconductor 

inductance calculation program InductEx was used to assist the design to 

determine appropriate dimensions for each inductor. We followed the same 

fabrication process as the TFF reported in the previous section. The 120 nm top 

and bottom MgB2 electrodes were deposited by HPCVD. The 5 nm and 60 nm 

MgO junction barrier and insulating layer respectively were deposited by reactive 

sputtering of a Mg target. All patterning and fabrication was done with an Ar ion 

mill. All measurements were done in the closed-cycle cryocooler.         

In order to test the parameters we first measured the readout SQUID to see 

if it can operate as a proper SQUID. We scanned a current across the top electrode 

to supply the field. Figure 5.3.1.2(a) shows the SQIUDs modulation at various 

temperatures. The readout SQUID operates from 8 K to 34 K. By using the 

SQUID modulation we can determine the SQUID’s inductance with respect to 

temperature, Figure 5.4.1.2(b). By comparing the SQUID’s inductance and 

critical current. We can track the SQUID’s 𝛽𝐿 parameter with respect to 

temperature as seen in the inset in Figure 5.4.1.2(b). One can find that the optimal 

temperature is around 20 K. Since the readout SQUID is the only component that 

we can isolate this is our most reliable check on the parameters of the device. 
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Figure 5.3.1.2 (a) Voltage modulation from the readout SQUID using L4 as the 

magnetic field coil. (b) The SQUID’s critical current and calculated inductance 

from the period of the voltage modulation with respect to temperature. Inset in (b) 

the calculated 𝛽𝐿 with respect to temperature. 
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5.3.2 Results 

 Figure 5.3.2.1(a) shows the experimental result of the SRFF circuit with a 

100 Hz input and reset frequency at 14 K. The readout SQUID toggles between a 

low voltage and high voltage state with the correct sequence between of a set and 

reset pulse. In order check if the circuit truly works as SRFF, we need to check if 

it can follow the proper digital logic. In Fig. 5.3.2.1(b) in we increased the 

frequency of the input. As shown the readout SQUID voltage increases with the 

initial input pulse, remains unchanged with an additional pulse, and only resets 

after a reset pulse. A similar result also happens when we send multiple reset 

signals as shown in Fig. 5.3.2.1(c). The results show that the SRFF flip flop does 

operate with proper set-reset digital logic. 
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Figure 5.3.2.1(a) Set-Reset Flip Flop operation with equal input and reset 

pulses, (b) with added input pulses, (c) with added reset pulses. All data was 

measured at 14 K with a readout SQUID bias = 5.78 mA and a JTL bias = 0.3 mA 

 

Despite the maximum SQUID modulation being 0.5 mV, the most 

modulation due to the RSFQ sequence is 0.2 mV. The SRFF temperatures 

temperature operating region is between 14 K to 22 K and there is no noticeable 

change in the readout SQUID’s voltage modulation. The circuit has shown 

operation between 100 to 5, 000 Hz. At lower frequency the field noise from the 

environment and stray field reset the flip flop leading to errors. At higher 

frequencies the rounding from electrics makes it difficult to see any operation.  

One important characteristic of the circuit we noticed is the strong 

susceptibility to stray field. As seen in figure 5.3.2.2, a small change in the 

SQUID bias current flips the SRFF’s response to the input and reset pulses. This 

also occurs with a slight change in the DC bias to the JTL and the amplitude to 

the reset impulse. The voltage switch hints that the interferometer or the readout 

SQUID’s 𝛽𝐿  is significantly greater than 10 and therefore it will store multiple 

fluxes and possibly with current circulating in the opposite direction which will 

result in the inverse operation. This makes it impossible to accurately determine 

the circuits bit error rate (BER) with respect to the reset and bias current values. 

Because the reset signal can reset the circuits operation it is very likely that the 

reset signal is toggling the circuit’s state by current flowing through the top 

electrode rather than by a SFQ pulse which has been discussed as a possibility 
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with other RSFQ circuits [106]. This would make sense considering that the reset 

impulse does not have any JTL or DC/SFQ converter. 
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Figure 5.3.2.2 Set-Reset Flip Flop operation showing a voltage shift in the 

Readout SQUID. Data measured at 14 K with a readout SQUID bias = 5.58 mA 

and a JTL bias = 0.3 mA 

 

Conversely, the input pulse does have single state JTL and a DC/SFQ 

converter. As a result increasing the input current does not flip the SRFF’s 

response but it does change the number of errors. The errors from the lower bias 

currents are a result of the current’s too low to trigger the DC/SFQ circuit.  The 

higher errors could be caused by some stray current leaking into circuit and 

effecting the JTL’s ability to pass the SFQ pulse. This can improved for future 

designs by decreasing the value of L1 and increasing the residual resistance of J1. 
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Even with some leakage current through J1 it does not affect the Interferometer 

enough to flip the circuit’s voltage response. 

5.4 Conclusion 

In summary we have designed and developed two all-MgB2 RSFQ 

circuits. The TFF shows MgB2’s potential circuit speed and temperature operating 

between 7 K and 30 K with a maximum operating frequency of 335 GHz. In order 

to confirm actual RSFQ operation we designed and developed a SRFF circuit with 

operates from 14 K to 22 K. While it does show susceptibility to stray magnetic 

fields, it does show proper RSFQ operation.  
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CHAPTER 6  

CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

 This manuscript contains some of the most recent progress in MgB2 

electronics. First we outlined a consistent process we fabricated high quality 

MgB2/MgO/MgB2 Josephson junctions with a high IcRn product of (1-3 mV). The 

Josephson transport in the junctions were not from tunneling but through highly 

transparent pinholes or micro-shorts through the MgO barrier. Further evidence to 

the microshorts is the MAR characteristics shown in the junction’s I-V curve.  

 In order to control the Josephson transport and establish a leakage-free 

barrier we made MgB2/TiB2/MgB2 sandwich-type Josephson junctions. TiB2 has a 

very similar crystalline structure as MgB2 and has been utilized to make very 

good multilayer structures with MgB2. TiB2 also is a conductive material and any 

Josephson transport would be from the proximity effect. Since the barrier is 

resistive we could make the barrier thicker compared to other insulating barriers 

like MgO. We varied the barriers between 5 – 10 nm. Junctions made with the 

thinner TiB2 barriers (~5-6 nm) exhibited characteristics typical of MAR but 

Junctions made with a thicker barrier show more RSJ-like I-V characteristics 

which we attribute to the long proximity effect. We confirmed the Josephson 

transport was leakage-free by the complete suppression of the critical current with 

magnetic field and by the RF power dependence. The junctions do show a lower 

IcRn product which limits its use for devices. 
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 Utilizing the high IcRn of MgB2/MgO/MgB2 Josephson junction and low 

kinetic inductance of MgB2 we made the first all-MgB2 SQIFs. We developed two 

types of SQIFs; a nonplanar SQIF and a planar SQIF. The nonplanar SQIF 

utilizes 20 SQUID loops which sense magnetic fields parallels to the substrate. 

The nonplanar SQIF demonstrates a transfer function of 16.9 V/T and the largest 

antipeak height at 0.25 mV at 3 K. The field noise of the device is 110 pT/Hz1/2 at 

10 K. The planar SQIF utilizes 16 larger SQUID loops which sense magnetic 

fields perpendicular to the substrate. The planar SQIF shows the highest transfer 

function at 7.8 kV/T and an antipeak height at 0.9 mV. The SQIF also 

demonstrates a field noise of 70 pT/Hz1/2 at 20 K. The realization of both a planar 

and nonplanar SQIF shows the possibility of an MgB2 multilayer 3D SQIF 

magnetometer.  

 The work cumulates in the development of all-MgB2 RSFQ circuits. Two 

RSFQ circuits were developed: a toggle flip flop and a set-reset flip flop. The 

toggle flip flop included a few design improvements off of a previous designs an 

expansive ground plane to reduce parasitic inductance and paired current and 

voltage leads. The toggle flip flop shows greatly improved dividing frequency up 

to 335 GHz at 7 K and an improved temperature range from 7 K to 30 K. Because 

the toggle flip flop was design to operate at high frequencies we cannot directly 

measure for correct RSFQ logic operation to check for errors.  

 We developed an all-MgB2 set-reset flip flop. The set-reset flip flop 

operates with the correct logic as any set-reset flip flop. This operation can be 

maintained from 14 K to 22 K.  By adjusting the reset amplitude of the set and 
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reset pulse we see that a high enough reset pulse can flip the voltage response of 

the set-reset cell in the circuit. This is due to an absence of a proper DC/SFQ 

converter for the reset pulse. Conversely the input does have a DC/SFQ converter 

and by increasing the input pulse we find the operation does not change except for 

varying the number of errors. By maintaining proper operation for a range of 

input amplitudes shows that the DC/SFQ converter portion of the circuit works as 

designed. With the demonstration of both toggle flip flop and set-reset circuits 

shows the possibility of MgB2 circuits to operate at higher speeds and in more 

energy-efficient temperature regions.  

6.2 Future Work 

 There is a variety of research areas that can be explored in MgB2 

Josephson junctions and devices. One of the critical areas is the development for a 

higher quality Josephson junction structure and fabrication process. The ultimate 

goal is to produce a Josephson junction with a controllable Jc high IcRn and 

reproducible parameters. For the MgO barriers presented in this work show a 

leaky barrier and have a high parameter spread. The junctions made with TiB2 

show the possibility of a leakage-free barrier but still show a high parameter 

spread and low IcRn product. Junction improvements include developing an in situ 

trilayer process and an improved barrier which can withstand the high 

temperatures of HPCVD. A multilayer barrier similar to Nb junctions Al/AlOx 

barrier or similar MgB2 junctions Al/AlN barrier could show promise. A 

multilayer barrier of TiB2/MgO could be a potential barrier. Once a suitable 
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barrier is established we can develop larger and more complex MgB2 devices and 

circuits.  

 All the work presented in this thesis are with work attributing the 

Josephson transport in the c-axis and the a-b current transport is largely neglected. 

Fundamental experimental research in the Josephson transport with any possible 

interband scattering from the pi and sigma bands should be researched. According 

to theory the Leggott mode (the resonance from the pi and sigma oscillation) 

should be evident in a Josephson junction. So far the only experimental evidence 

of the Leggott mode in MgB2 was experimentally measured with Raman scatter at 

7 meV. It will also need to be determined whether a Josephson junction utilizing 

bother he pi and sigma gap could show a larger IcRn product. If this is the case, 

faster circuits and more sensitive devices could be further developed.  
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