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ABSTRACT 

 

Superconductivity in magnesium diboride (MgB2) was first discovered in 2001. It 

is unique in that it has two superconducting gaps. The transition temperature of 39 K 

exceeded the maximum transition temperature thought to be possible through phonon 

mediated superconductivity. Through the study of MgB2, a general paradigm is being 

formulated to describe multi-gap superconductors. The paradigm includes inter-band and 

intra-band scattering between the gaps which can cause a smearing of the gap parameter 

over a distribution instead of a single value.  Although each gap is individually thought to 

be well described by the BCS theory, the interaction between the two gaps causes 

complications in describing the overall superconducting properties of MgB2. The focus 

of this work was to lay the groundwork for an MgB2-based Josephson junction 

technology. This includes improving on a previously established baseline for all-MgB2 

Josephson junctions, utilizing the Josephson Effect to experimentally verify a model 

pertaining to the two-gap nature of MgB2, specifically the magnetic penetration depth, 

and designing, fabricating, and testing multi-junction devices and circuits.  

The experiments in this work included fabrication of Josephson Junctions, DC 

superconducting quantum interference devices (SQUIDs), Josephson junction arrays, and 

a rapid single flux quantum (RSFQ) circuit. The junctions were all made utilizing the 

hybrid physical-chemical vapor deposition method, with an MgO sputtered barrier. The 

current process consists of three superconducting layers which are patterned using 
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standard UV photolithography and etched with Ar ion milling. There were SQUIDS 

made with sensitivity to magnetic fields parallel to the film surface, which were used to 

measure the inductance of MgB2 microstrips. This inductance was used in design of 

more complicated devices as well as in calculating the magnetic penetration depth of 

MgB2, found to be about 40 nm at low temperature, in good agreement with a previously 

published theoretical model.  Planar-type DC SQUIDs were also made to present the 

feasibility of the technology for application purposes. The large voltage modulation of 

over 500 µV at 15 K for these devices along with operation up to 37 K shows that MgB2 

is a potential replacement for low temperature devices. The junction series arrays were 

fabricated with 100 junctions of equal size to present the ever-increasing robustness of 

the technology. The devices served well to measure the large property spread associated 

with these junctions and have been well established as a diagnostic tool for improving 

this spread. The culmination of this work was a basic RSFQ toggle flip flop circuit. A DC 

measurement of these circuits yielded digital operation up to 180 GHz at low temperature 

and about 63 GHz at 20 K. This is not yet near the potential limit of MgB2 established by 

the value of the superconducting gap parameters, but a huge success in showing that 

MgB2 is a viable option for pursuing superconducting digital electronics suitable for low 

power, cryogen-free operation. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Superconductivity 

Superconductivity was discovered in 1911 by Kamerlingh Onnes[1]. His 

breakthrough in liquefying helium allowed for temperatures in single digits on the Kelvin 

scale. As a result he found that Mercury became a perfect conductor at 4.2 K as his 

results show in Fig. 1.1. Soon after, many other metals showed this perfect conductivity 

below a specific critical temperature, Tc, which is material dependent.  The discovery led 

to over a century of outstanding physics and a discretely new field.  
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Figure 1.1. Kamerlingh Onnesô data showing the transition of Mercury to the 

superconducting state at 4.2 K (ref. 1). 

 

 

 The next big break in superconductivity came in 1933 when it was discovered that 

a magnetic field is expelled from normal metal as it transitions into the superconducting 

state. The phenomenon known as the meissner effect [2] changed the idea of 

superconductivity for the first, but certainly not the last time. Until this point a 

superconductor could be wholly described as a perfect conductor. The Meissner effect 

contradicted this idea because, though a perfect conductor would exclude a magnetic 

field, it would not expel it. Instead a perfect conductor would trap the pre-existing field 



3 
 

flux inside [3]. Fig.1. 2 shows the magnetic field lines about a sphere when the material is 

in both the normal and the superconducting state. 

 

 

Figure 1.2. Magnetic field lines for a material in the normal state (left) and in the 

superconducting state(right). 

 

 

 The first theory to describe superconductivity was introduced in 1935 in the form 

of the London Equations [4]. The basic idea was to start with the Drude model of free 

electrons, which accurately describes Ohmôs law, and include a superconducting electron 

density of particles with an infinite time constant[3]. The result is two distinct equations 
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which describe the local electrodynamics associated with superconductivity. The 

magnetic penetration depth, l0, of a superconductor was first introduced by these 

equations. 

 By the end of the 1950ôs superconductivity was all but explained from a 

theoretical standpoint. In 1950, Ginzbergh and Landau introduced a characteristic length 

which is temperature dependent[5]. In 1953, Pippard introduced the not unrelated 

coherence length at low temperature[6]. Finally in 1957, the microscopic theory of 

superconductivity was introduced by Bardeen, Cooper, and Schreiffer[7]. In the BCS 

model, the superconducting electrons could be described by a single wave function 

including a pair of electrons, known as a cooper pair. The wave function consists of two 

parts, the spatial part and the phase, q. It is energetically favorable for the electrons near 

the Fermi surface to pair together which leaves an energy gap in the electron density of 

states. The gap coincides exactly with the pairing energy of the electrons and the BCS 

theory describes this gap as 

                               Ў
 ǩw

 ϳ
ςǩwὩ ϳ

   (1.1) 

Where wD is the Debye frequency, N(0) is the density of states at the Fermi surface in the 

normal state and V describes the bonding energy. Fig.1.3 shows the density of quasi-

particle states for a superconductor at T=0 K. All states below this gap energy are empty 

because these electrons are paired. Some smearing of the gap will occur with an increase 

in temperature.  
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Figure 1.3. Density of states of quasi-particles in a superconductor from Ref. 3. Dotted 

line shows the density of states for electrons in a normal metal.  

 

 The most basic description of superconductivity at this point was that a single 

electron moved through a positively charged lattice and displaced it slightly shrinking the 

lattice spacing locally. The first electron moved away from the region before any real 

interaction took place but the smaller lattice spacing increased the charge in that region 

which in turn attracted a second electron. This second electron would then be bonded to 

the first as one moved in the otherôs positively charged wake. The distance between these 

two paired electrons is defined as the coherence length by Pippard at low temperature and 
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Ginzberg and Landau called it the characteristic length for temperatures closer to the Tc 

of a specific material.  

 During this time, another idea came about which theorized the flaws in perfect 

diamagnetism of superconductivity. In 1956, Abrikosov expanded on the work of 

Ginzberg and Landau to describe a situation where the penetration depth and the GL 

characteristic length had a relationship different than that described by Ginzberg and 

Landau[8]. This became known as Type II superconductivity. Though both type I and 

type II superconductors had a thermodynamic breakdown field Hc. A type II 

superconductor also contained a mixed state above some lower critical field Hc1. In this 

mix state, there were regions of normal metal, known as vortices, where the field could 

penetrate.  

 The BCS theory satisfied all conditions of superconductivity until the discovery 

of high temperature superconductors in 1986[9]. The mechanism of superconductivity for 

these materials such as YBCO, has yet to be fully explained.  It was the temperature 

dependence of the penetration depth that helped lead to the idea that the pairing 

symmetry was d-wave instead of the previous s-wave symmetry associated with the 

phonon interactions [10]. The attraction of these superconductors, specifically YBCO, 

was the critical temperature above the boiling point of liquid N2, which allowed operation 

without the expense of liquid He.  

 Magnesium Diboride (MgB2) proved to be a curve ball to the superconducting 

community with the discovery of its superconductivity in 2001[11]. The common 
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metallic compound was found to have a Tc at 39 K. It also proved to be the first 

superconductor with multiple gaps[12, 13]. The physics surrounding MgB2 became very 

popular in the last years of the first century of superconductivity. Since then, a new class 

of superconductors has been found in Iron-based materials which seem to have multiple 

gaps and a Tc up to 55 K[14].  

 Practical applications of superconductors have kept their popularity up despite the 

low temperature drawback associated with them. Applications of superconductors include 

large scale power transmission cables, superconducting high field magnets, transition 

edge sensors for radio astronomy and single photon detection, ultra-low magnetic field 

sensors for medical applications, and digital electronics.  
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Figure 1.4. The electron density of states of MgB2 measured by scanning tunneling 

microscopy from ref. 15. 

 

 

1.2 Magnesium Diboride 

Magnesium Diboride (MgB2) is a simple metallic compound with a crystal structure 

consisting of hexagonal boron planes separated by magnesium atoms above the center of 

each hexagon. The superconductivity originates in both the ů and ˊ bands of the boron 

electronic structure. This leads to two distinct energy gaps with values of about 7.1 meV 

and 2.1 meV respectively. Figure 1.4 shows a clear picture of the density of states of 
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MgB2 from a Scanning Tunneling Microscope experiment[15]. The existence of the two 

gaps is also shown with experiments on the specific heat [16] as well as Raman 

spectroscopy [17]. The high Tc of about 39 K and the fact that superconductivity in MgB2 

is mediated by electron-phonon coupling make it very desirable for superconducting 

applications. Though the properties of MgB2 still seem well described by the BCS 

theory[18-20], the two gaps and the interactions between them[21], make pinpointing the 

exact parameters such as the superconducting gaps, ȹů and ȹ,́ the coherence length, ɝ0, 

and the magnetic penetration depth, ɚ, controversial. A lot of the controversy comes from 

a variance of MgB2 samples used in early measurements, but there is still difficulty in 

determining how each band gap contributes to the overall picture. Chapter 5 of this thesis 

goes into details of measuring the penetration depth of MgB2. 
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Figure 1.5. The Fermi surface of MgB2. Blue and green region represents the 3D ˊ band 

while red and orange region represents the quasi-2D ů band (ref. 13). 

 

 

 A theoretical analysis has shown that scattering between the bands leads to a 

distribution of the energy gaps as opposed to the single value associated with classical 

superconductors. These calculations began with a beautiful depiction of the Fermi surface 

shown in Fig. 1.5[13]. The quasi-2D superconducting ů band is shown by the concentric 

cylinder-like shapes in the corners and the center depicts the 3D ˊ band. An experimental 

study using tunnel junctions has further verified this idea[22]. Figure 1.6 compares the 



11 
 

numerical calculations of the gap conducted by Choi, et al, along with the experimental 

results from Chen, et al[22].  

 

Figure 1.6. The comparison of calculated energy gap distribution by H.J. Choi, et al (top) 

to the experimental tunneling spectroscopy by K. Chen, et al (ref. 22). 

 

 

 Many studies have been done to obtain the anisotropic properties of MgB2 like the 

penetration depth or upper critical field. Vortex imaging done by Eskildenson, et al 

shows a factor of just 1.2 taken from the ratio of the major axis to the minor axis of the 

vortex lattice[23]. The measurements of the magnetic penetration depth of MgB2 have 

been particularly varied ranging from 40 nm to 150 nm [24] using the microwave 

resonator technique. Further reports of penetration depth measurements are done in 

chapter 5. 
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Figure 1.7. Schematic drawing of a typical sandwich-type Josephson junction with 

measurement points. 

 

1.3 The Josephson Effect 

The BCS theory paved the way for Brian Josephson to theorize that superconducting 

pairs could tunnel from one superconducting material to another across a weak link[25]. 

The theory was first experimentally verified by Anderson and Rowell one year later in 

1963[26]. For this work, the structure will always be a sandwich type Josephson junction. 

In this case there are two superconducting electrodes separated by a barrier made up of 

either an ultra-thin insulator or a thin region of normal metal. Fig. 1.7 shows a schematic 

of a typical sandwich type junction. The supercurrent across the barrier is dominated by 

two relationships. The first, known as the DC Josephson effect states that the 
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supercurrent (a.k.a. Josephson current) is dependent on the change in the phase 

component of the cooper pair wave function. The relation is given by: 

                                                 Ὅ ὍÓÉÎ— —     (1.2) 

Where Ic0 is the maximum super current and ɗ is the phase of the cooper pair wave 

function in either superconductor indicated by the subscript. The second relationship is 

called the AC Josephson effect. It makes sense to call this phase difference by a new 

variable — — ‰. Then the relation becomes: 

    ςὩὠᴐϳ      (1.3) 

Where V is the voltage across the barrier. The quantity ᴐςὩϳ ɮ  is a constant used 

often in superconducting devices and is coined the fluxon or flux quantum because the 

magnetic flux through a superconducting loop is quantized in integer quantities of ū0 

[27]. These two relations have implications on how Josephson junctions will react with 

their environment, specifically in an external magnetic field. 

 There are a few different mechanisms which can support the Josephson Effect. 

The most controllable is a pure tunneling effect from a superconductor-insulator-

supercuctor (SIS) type junction. Here, both the superconducting pairs and the quasi-

particles, or the single electrons filling the superconducting density of states, tunnel 

through a purely insulating barrier. Superconducting-normal metal-superconductor (SNS) 

type junctions utilize another common mechanism in the proximity effect[28], which is 

implemented by replacing the insulating barrier with a normal metal barrier. In this case 
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the superconducting pairs actually cross the normal metal region. This mechanism is used 

commonly with high temperature superconductor (HTS) materials as the anisotropic 

properties make pure tunneling nearly impossible to control. The thicker barriers used for 

SNS type junctions could prove to yield lower parameter spreads for applications where 

many junctions are required for a single sample, but also create complications on 

controlling temperature dependence of these junctions. Although a clear theoretical 

picture has been drawn for SNS junctions, this picture can easily be complicated if the 

junctions do not meet exact criterion such as barrier thickness not exceeding the mean-

free path of electrons in the normal metal[29]. This can be particular complicated if there 

is a large temperature dependence on the normal metal resistivity.  

 A third mechanism, not as common has particular relevance in this work. An 

insulating barrier with pinholes or any type of highly transparent regions can make up an 

overall weak-link across the barrier. The single particles will transfer energy across the 

barrier by means of Multiple Andreev Reflections (MAR) [30]. This mechanism can be 

identified by multiple peaks in the conductance curve of a junction occurring at integer 

divisions of 2D/e. This method of transport is has a disadvantage in controlling the Jc 

spread across the junctions, chips, and wafer to wafer runs, however a large benefit is 

achieved in very high values of Jc.  
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Figure 1.8. Schematic diagram of how a magnetic field is introduced to a sandwich-type 

Josephson junction.  

 

 

 For a Josephson junction in an external field which is perpendicular to the 

direction of current, gauge invariant phase difference,  ‰, across the barrier is related to 

the magnetic flux, ū, through the barrier[31]. Fig. 1.8 shows a sandwich-type junction 

with the current and field direction as well as the area of flux  defined by the dashed 

rectangle. Here the quantity a is not just the barrier thickness, t, but the sum of the barrier 

thickness and the magnetic penetration depth of each electrode, ὥ ‗ ‗ ὸ. 

Integrating the maximum critical current density, Jc, over the entire junction area, using a 

field dependent flux gives the field dependence of the junction critical current, Ic. For the 

case of a rectangular or square junction the integration is less difficult and the field 

dependence becomes: 

                                      Ὅὄ Ὅ
ϳ

ϳ
        (1.4) 
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This is similar to the Fraunhofer pattern given by the single slit diffraction of light. An 

ideal case is shown in Fig. 1.9. 

 

Figure 1.9. Ideal curve of a square Josephson junction in an applied magnetic field. 

 

 

 This field dependence is commonly used to verify the DC Josephson Effect and is 

also used to inspect the uniformity of Jc for a particular junction process. The more 

uniform the Jc, the closer the Ic(B) curve will compare to the ideal case. It is important to 

point out that the penetration depth of the superconducting electrodes plays a large role in 

the period of oscillations of the Ic modulation. This fact has been used to calculate the 
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penetration depth, l, of YBCO and compare it with theory [32]. The error in the 

calculation is not nearly as low as more typical methods of extracting the penetration 

depth, such as the microwave resonator technique [33], or magnetic force microscopy 

[34], and these other methods can measure thin films while this method requires device 

patterning and fabrication. The major advantage to using a Josephson junction to measure 

the penetration depth is that other methods can only measure a change in l with 

temperature. Therefore known temperature dependence of the penetration depth is 

required for an exact l value. The absolute value of the penetration depth can be found 

using the Ic modulation of a Josephson junction in a magnetic field, independent of 

temperature. A major drawback is that the electrode thickness can play a role in the 

measurement if the thickness is not much greater than the penetration depth. This can be 

compensated by using an effective l which will make the period of oscillation: 

                 ɝὌ                 (1.5) 

Here L is the junction length, d1 and d2 are the film thickness, and l1 and l2 the 

penetration depth of the top and bottom electrode, repectively[35]. This is especially 

important for the case of MgB2 as will be presented in chapter 5 of this work. The two 

gap nature of MgB2 make a theoretical knowledge of the temperature dependence very 

controversial, and also make the value of l very sample dependent. 
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Figure 1.10. The RCSJ Model equivalent circuit. 

 

 

1.4 The Resistively and Capacitively Shunted Junction Model and Useful Analogs 

It is common to approximate a Josephson junction with the equivalent circuit shown 

in Fig. 1.10. This model takes advantage of the intrinsic capacitance and resistance of a 

junction by considering the three different devices in parallel. Summing the total current 

across these components gives: 

                                  Ὅ Ὃὠ ὍÓÉÎ‰ ὅ      (1.6) 

 Where Gn is the resistor conductance 1/Rn for the junction in the normal state, V is 

the voltage across the junction, and C is the capacitance of the junction. The term Ic refers 

to the zero field critical current. Using the AC Josephson relation (1.3.2) allows V to be 
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replaced with the phase change, .ʟ This yields a second order differential equation which 

is useful for characterizing junctions: 

                                     ‍ ÓÉÎ‰   (1.7) 

 By rearranging constants, the new term ‍ ὅὙ  called the Stewart-

McCumber parameter[36-38] becomes a design parameter for specific applications. The 

value is defined by these two terms to show that ɓc can be controlled by the junction 

capacitance as well as the normal resistance. The first term in the definition of ɓc is a 

constant determined by the superconducting electrodes gap parameters, at least in the 

case of ideal tunneling. For most applications, hysteresis generated by the junction 

capacitance is undesirable. In this situation it is beneficial to lower the value of ɓc to near 

unity (over-damped case). A sandwich-type Josephson junction in its most basic 

description is essentially a parallel plate capacitor, hence there is no way to significantly 

control the capacitance of the junction. The resistance, on the other hand, can be 

controlled easily with an external shunt resistor in parallel with the equivalent circuit. In 

low temperature superconductors this shunt resistor has been used to control ɓc with 

fairly accurate precision [39]. 

 The differential equation 1.4.2 has a mechanical analog in the damped driven 

oscillator.  

                                ὓ
Ὠς‰

Ὠὸς
Ὀ
Ὠ‰

Ὠὸ
άὫὰÓÉÎ‰ Ὕὥ        (1.8) 
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Where M is the moment of inertia which is the analog of the capacitance, D is the 

damping constant which is the analog of conductance, and the angle  ʟis the analog of the 

pair wave function phase change which uses the same variable. This is useful in 

describing the physical results of some perturbation on a system of Josephson junctions, 

especially when talking about rapid single flux quantum (RSFQ) digital circuits, which 

utilize junctions and loops to achieve digital operations. 

 

Figure 1.11. Picture of the washboard analog. It can be described as a ball rolling down a 

decline with many small oscillations. 
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Another analog which is useful when working with Josephson junctions is known 

as the washboard model. The equation of motion of a ball rolling down a hill with small 

oscillations, shown in Fig. 1.11[taken from ref. 31], can be put into the same form as the 

damped driven pendulum. In this case, the mass of the ball in gravity has some stored up 

energy which corresponds to the capacitance, and the drag on the ball is analogous to the 

resistance in a junction.   

 

Figure 1.12. A schematic of a DC SQUID from ref. 40. 

 

1.5 Applications Using Josephson Junctions 

1.5.1 Superconducting Quantum Interference Devices 

 DC Superconducting quantum interference devices (DC SQUIDs) consist of two 

Josephson junctions in a parallel loop of inductance L. A schematic is shown Fig. 1.12 

from ref [40]. A magnetic field through the loop will generate some current in the loop. If 
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a bias current is supplied across both junctions, then the total current through each 

junction will be the sum of the induced current and the applied bias. Notice that in the 

case of junction a, the two currents will add together and in the case of junction b, the 

currents will be in the opposite direction. This means that the induced current will have 

caused an effective phase change from the overall phase change across the loop. These 

two phases interfere and the total supercurrent through the device will be  

                   Ὅ Ὅ Ὅ τὍὍÃÏÓ“ɮɮ                       (1.9) 

 This term has maxima at ɮɮ ὲ and minima at ɮɮ ὲ ρ
ς. This can be 

reflected in the voltage measured across the device. Fig. 1.13 shows an IV curve of a DC 

SQUID at both the integer value and half integer value of this flux ratio. It is evident that 

the voltage measured at the same bias point (above the critical current) will modulate 

with the critical current as seen from Fig. 1.13. In this way, a change in magnetic field 

can be measured by measuring the periodic voltage modulations of a DC SQUID biased 

just above the maximum Ic.  

The usual design consideration of a SQUID is the unitless parameter 

                                       ‍ ςὒὍȾF ρ                                          (1.10) 

L is the inductance of the SQUID loop, which usually requires other consideration, for 

example, the device sensitivity or focusing factor. The junction Ic is generally fitted to the 

inductance as long as the inductance is in a reasonable range. 
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Figure1.13. The IV characteristic of a DC SQUID at the minimum (dotted line) and 

maximum (solid line) of the voltage modulation. 

 

 

  

 

1.5.2 Rapid Single Flux Quantum Circuits 

 Josephson junctions serve as the active components in RSFQ circuits. These 

superconducting integrated circuits (SICs) serve to emulate semiconducting digital 

devices with improved speed and decreased power consumption[41]. The dynamic 
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operation replaces high and low voltage binary representation of semiconducting circuits 

with the existence of a voltage pulse at a specific time, as compared to a clock signal. To 

consider a network of junctions working together to achieve some operation, it makes 

sense to first consider a single junction. 

 There are some stipulations as to the type of junction used in this technology. The 

small junction limit implies that the Josephson penetration depth, lJ, must be much larger 

than the junction dimensions. Usually an order of magnitude here ensures that no field 

generated across the junction can have an effect on its operation. The junctions must also 

have no hysteresis. This of course makes sense as a double-valued voltage would be 

detrimental to digital operations. This is done by using an external resistive shunt to 

optimize bc. Finally the junction parameters must be controllable. Although the parameter 

spreads are not as critical as semiconductor circuits, the better the overall spreads, the 

more complicated operations are achievable and repeatable.  

 Now we consider a significantly small RCSJ-like junction to be an analog to a 

damped driven pendulum. If the junction is biased near its critical current, this is the 

same as the pendulum oscillating close to the point that will cause it to flip over the top. 

A single external push, even with a small force, will push the pendulum over the top and 

it will return to its original state of oscillation near the flipping point. A short incoming 

pulse with small amplitude will have a similar effect on the junction. There will be a 2p 

flip in the phase change of the junction. The end result will be a reproduction of the 

incoming pulse.  
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In this way, it is possible to generate, amplify, split, and otherwise operate with 

these pulses. The DC voltage measured across a single junction would show oscillations 

in time with the oscillation frequency related to the voltage by the AC Josephson Effect. 

Therefore, a single junction can be used as a voltage controlled oscillator (VCO). For 

example, if the junction Ic is higher than the amplitude of the original pulse, the outgoing 

pulse will have an increased amplitude, where the additional energy comes from the 

constant bias current. Integrating the AC Josephson Effect yields a constant, which 

implies that the area under the curve of these pulses is always constant, as shown in 

equation 1.5.1. 

                                                              ᷿ ὠὸὨὸɮ                                           (1.11) 

 If the amplitude is increased, then the width of the pulse will be decreased. This 

is beneficial to increase the frequency of the pulses for operation. The AC Josephson 

Effect says also that the voltage across the junction corresponds to some frequency of 

oscillation or in this case pulses. In order to distinguish one pulse from the next, the space 

between pulses must be greater than the width of the pulses themselves. This means that 

increasing the amplitude increases the potential operating frequency by making pulses 

more discernible. The term for this device used to carry and amplify pulses is called a 

Josephson Transmission Line (JTL). The junction used to reproduce the pulse is 

impedance-matched to a microstrip inductor which will carry the pulse to the next RSFQ 

component. The inductance of the microstrip is another design parameter of RSFQ 

circuits.  
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Figure 1.14. Schematic diagram of an RSFQ pulse splitter. The loops represent inductors 

and the crosses represent Josephson junctions. 

 

 

Another elementary RSFQ cell is a pulse splitter. In this case the input of a single 

pulse is sent across two inductors as shown in figure 1.14. Then the pulses will enter the 

next junctions already biased near their respective Ic, causing them each to reproduce the 

pulse at two different outputs. An entire library has been established of RSFQ cells to 

perform a plethora of operations. It is common, when applying RSFQ technology to a 

new superconducting material or fabrication process, to first make a Toggle Flip Flop 

(TFF) circuit. This device can be measured without any DC/SFQ conversions, and shows 

the potential operating frequencies of a particular material or process. It consists of a 
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single junction, used as a pulse generator, a JTL, a pulse splitter which applies pulses to 

an interferometer. The interferometer is nothing more than a DC SQUID with inputs 

coming from both ends of a pulse splitter. When the interferometer loop has the proper 

inductance and the junctions have a designed Ic, the consecutive input pulses will only be 

reproduced at one of the two interferometer junctions. A subsequent pulse will trigger the 

other junction to have a 2p flip, and so on. This means that the frequency of pulses 

generated and supplied to the interferometer will be halved by measuring the output at a 

single junction inside the interferometer. If the DC voltage is measured, the AC 

Josephson Effect implies that the voltage will also be halved. The standard of RSFQ 

technology is set by a Nb process which has shown operation of a static voltage divider 

(TFF) up to 770 GHz[42]. Chapter 6 of this work will concentrate on the first MgB2 TFF 

circuit and analysis. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

 

2.1 Hybrid Physical-Chemical Vapor Deposition 

 In order to achieve high quality superconducting devices and circuits, it is 

necessary to first obtain high quality thin films. In the case of Nb and Nb compounds, DC 

sputtering has been successful in making smooth films with superconducting properties 

near the bulk values[43]. For the standard high temperature superconductor YBCO, films 

can be achieved by a pulsed laser deposition technique[44], E-beam evaporation[45],  or 

a sputtering technique[46]. MgB2 on the other hand, poses some issues for most methods 

of thin film growth. In the early years, there were attempts to make good films by a two-

step process of annealing an Mg-B precursor film in an ambient magnesium 

atmosphere[47]. These films were a great achievement at the time, but still were not 

sufficient for Josephson devices or multilayer structures. The transition temperature was 

close to bulk, but not ideal like Nb or YBCO, and the residual resistivity ratio (RRR) less 

than 3 implied that the films were not very pure. Many other attempts at similar 

processes, both ex situ and in situ were made with varying degrees of success[48-50]. 

Other research led to a dual deposition of Mg and Boron using a rotating sample and 

sputtering sources[51-54], molecular beam epitaxy (MBE)[55-59], pulsed laser 

deposition[60-64], and E-beam evaporation[65, 66].  
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Figure 2.1. Mg-B phase diagram. Growth region is indicated by ñGas + MgB2ò. 

 

 Fig. 2.1 from ref [67] shows the magnesium vapor pressure versus temperature 

phase diagram for the correct ratio of Mg/B atoms. In order to ensure MgB2 growth, the 

Mg vapor pressure must be sufficiently high, which is the main reason that other methods 

produce only satisfactory films at best. Hybrid physical-chemical vapor deposition 

(HPCVD) combines the physical evaporation of solid Mg with the high quality chemical 

vapor deposition of boron from Diborane (B2H6) gas[68]. The result is more than 

sufficient ambient Mg in the locality of the sample.  
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Figure 2.2. Set-up for the HPCVD process. 

  

 Fig. 2.2 shows the setup of the HPCVD reactor chamber. The substrate sits in the 

center of the susceptor and Mg pellets about 0.25ò in diameter sit in the groove around 

the outside of the susceptor. The whole setup is then seated into a resistive heater wound 

into the shape of a cup to evenly heat the Mg. The susceptor has grooves in the bottom to 

give some separation from the heating element and the substrate. The stainless steel 

susceptor has poor thermal conductance which allows for a decent temperature gradient 

from the Mg to the sample.  



31 
 

 

 

Figure 2.3. Photograph of the HPCVD system. 

 

 

 The standard deposition for device fabrication is on SiC substrate with root means 

squared roughness of about 1 nm. The process pressure is 40 Torr using 400 sccm of ultra 

high purity H2 carrier gas, and the deposition temperature ranges from 765 C̄ to 780 ̄C. 

The Diborane flow rate used is 20 sccm which is the main factor in controlling the 

deposition rate. 20 sccm N2 is also used which helps to minimize the surface roughness 

without any degradation of the film qualities. The deposition rate is approximately 90 
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nm/min using this recipe within a deviation of 10 nm. Fig. 2.3 is a picture of the HPCVD 

setup used for this project. The system was built at Temple University and is currently 

one of only a handful capable of high quality MgB2 thin films. Fig. 2.4 shows the 

resistivity as a function of temperature for a typical MgB2 film grown on SiC substrate by 

the HPCVD method. The film measured is about 120 nm thick, the RRR º 10, and the Tc 

= 41 K.  

 

 

Figure 2.4 Resistivity versus temperature for a 120 nm MgB2 film grown on SiC 

substrate. 
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2.2 Magnetron Sputtering 

 DC magnetron sputtering was used to fabricate metallic and semi-metallic thin 

films. The system used was a Kurt J. Lesker multisource system with a cryopump on the 

main chamber and a turbopump on a load lock chamber. A photograph of the system is 

shown in Fig. 2.5. A mechanical feedthrough allows for transport of samples from the 

load lock chamber to the main chamber. Each chamber has a viewport, a thermocouple 

gauge for higher pressure, and an ion gauge for low pressure. Once in the main chamber 

the sample can rotate around the center vertical axis of the chamber so that the sample 

can be exposed to multiple guns. A radiation type heater is capable of reaching 

temperatures above 400 C̄. The maximum background vacuum achieved in the main 

chamber was 7×10
-8

 Torr. The system has three Torus sputtering guns which come 

directly vertical from the bottom, each equidistant from the center vertical axis. Each gun 

has an independent shutter to control deposition time. The system also has both a DC and 

RF power supply and is capable of supplying two separate process gases though only DC 

sputtering in Ar gas was utilized in this work.  

  The back to back in situ deposition of Cr and Au was necessary for gold wiring 

on devices because the Au films did not adhere well to the MgB2 films without a thin Cr 

layer. This process was done with an argon flow rate of 10 sccm and argon partial 

pressure of 10 mTorr achieved by using a manual gate valve to control the pumping cross 

section of the cryopump. The Cr film was deposited for 30 seconds at 280 V and 93 mA 
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and the Au film was deposited at 490 V and 200 mA for different times depending on the 

application. Typically a 15 nm film is deposited for passivation of MgB2 films for 

patterning purposes and a 120 nm film is used for device wiring layers.  

 

 

Figure 2.5. Photograph of the DC Sputtering system used to deposit Cr, Au, Mo, and Nb. 

 

 Nb films were used as a top electrode for Josephson devices which allowed use of 

the MgB2 native oxide as the junction barrier. These films were deposited at room 

temperature at 270 V and 750 mA. Many other films such as TiB2, ZrB2, Mo, Ti, and Cr 



35 
 

were also grown via DC sputtering at varying growth parameters to achieve desired 

results for a thin film resistive layer.  

 

 

2.3 Atomic Force Microscopy,  X-ray Diffractometry, and Scanning Electron Microscopy 

 Both an atomic force microscope (AFM) and X-ray diffraction (XRD) machine 

were used to characterize the physical properties of thin films used in this work. While 

the AFM was constantly used to ensure good film roughness and surface morphology, the 

XRD was only used in the developmental stages of the HPCVD grown films. Once it was 

established that epitaxial MgB2 films were grown on SiC substrate by a q-2q scan, XRD 

was not used unless film properties were completely lost. Fig. 2.6 shows a q-2q scan 

from 20 ̄  to 80 ̄  on a multilayer MgB2/MgO structure grown on SiC substrate. The 

existence of the 001 and 002 peaks near 26̄  and 54̄ , repectively, show that the film is c-

axis oriented or with the c-axis normal to the substrate surface. The sharp peaks denoted 

by the ñ*ò are from the substrate. Additional peaks show up from MgO or other materials 

within the multilayer structure. This scan likely implies that only lower layers of MgB2 

are epitaxial because the peak height is significantly low for the MgB2 peaks.  
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Figure 2.6. X-ray diffraction results for MgB2 film on SiC substrate. The existence of the 

001 and 002 peaks imply epitaxial growth along the c-axis direction. 

 

 The AFM was used constantly to verify that the roughness of films was as 

expected. Typical roughness of a 120 nm-thick MgB2 film was about 2 nm with the 

addition of N2 during the deposition. Fig. 2.7 shows an AFM scan of MgB2 where 

hexagonal structures are visible which show good crystalinity and large grain sizes in the 

films. For junction application, the roughness of the films is the most important aspect. 

Each consecutive layer adds an additional degree of roughness and in the field of 

superconducting integrated circuits, the more layers is directly related to more 

complicated devices.  
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Figure 2.7. Atomic Force Microscope image of MgB2 film. The left image is a 2 mm scan 

and the right image is a 20 mm scan. The hexagonal structures are MgB2 grains. The peak 

to valley height across the white line in the left image has a maximum of 5 nm. 

 

 

 

 A Bruker table-top scanning electron microscope was also used to verify feature 

sizes after films were patterned. The images shown in Fig. 2.8 show a 5 mm × 5 mm (left) 

and 2 mm × 2 mm (right) square junctions which is the smallest working MgB2 Josephson 

junction to date.  










































































































































































