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ABSTRACT

Superconductivity in magnesium diboride (MgBvas first discovered in 2001. It
is unique in that it has two superconductops. The transition temperature of 39 K
exceeded the maximum transition temperature thought to be possible through phonon
mediated superconductivity. Through the study of MgB general paradigns being
formulated to describe muljap superconductor$he paradigm includes int&andand
intracband scattering between thapswhich 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 theorygetimteraction 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 MgBased Josephson junction
technology. This includes improving on a previousstablished baseline for &igB2
Josephson junctions, utilizing the Josephson Effeatxjperimentally verify a model
pertaining tothe twogap nature of MgB2, specifically the magnetic penetration depth,
and designing, fabricating, and testing mpimdion devicesand circuits

The experimentsn this work includedfabrication ofJosephson JunctionBC
superconducting quantum interference devi&3UID9, Josephson junction arrays, and
a rapid single flux quantum (RSFQ) circuit. Thumctionswere al made utilizing the
hybrid physicalchemical vapor deposition method, with an MgO sputtered barrier. The
current process consists of three superconducting layers which are patterned using



standard UV photolithography and etched with Ar ion milling. Theere 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 pemedapth of

MgB2, found to be about 40 nm at low temperature, in good agreement with a previously
published theoretical model. Plarigpe DC SQUIDs were also made to present the
feasibility of the technology for application purposes. The large voltagpulation of

over 500 pV at & 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 theiiggssasing 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. Theulmination of this work was a basic RSF@gte 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 pararsetart a huge success in showing that
MgB2 is a viable option for pursuing superconducting digital electronics suitable for low

power, cryogefiree operation.
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CHAPTER 1

INTRODUCTION

1.1 Superconductivity

Superconductivityvas discovered in 1911 by Kamerlingh OrjdgsHis
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 aaghisK
results showin Fig. 11. Soon aftermany other metals showed this perfect conductivity
belowa specificcritical temperature]., which is material dependenthe discovery lé

to over a century of outstanding physics and a discretely new field.
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Figurel.1l. Kamerlingh Onne&data showing the transition of Mercury to the
superconducting state at 4.2ef. 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 supectiogdu
state. The phenomenon known as the meissner etjethgnged the idea of
superconductivity for the first, but certainly not the last time. Until this point a
superconductor could be whollescribed aa perfect conductor. Thdeissner effect
contradicted this idea because, though a perfect conductor would exclude a magnetic

field, it would not expel it. Instead a perfect conductor Mdrap the preexisting field



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

in both the normal and the superconducting state.

T>-|E: T<TC

Figurel.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 OB form
of the London Equationgl]. The basic idea was to start with the Drude model of free
electronswhi ch accur at el y and mduderaisupeamnd@tingdéestron a w

density of particles with an infinite time const&jt[The result iswo distinct equaons



which describe the local electrodynamics associated with supercondudthaty.
magnetic penetration depihy, of a superconductor wdisst introducel bythese

equations.

By the end of the 1950 ée9larcdfmmaconducti v
theoretical standpoint. In 1950, Ginzbergh and Landau introduced a characteristic length
which is temperature dependesjt[in 1953, Pippard introduced the not unrelated
coherence length at low temperatéieFinally in 1957, the microsqic theory of
superconductivity was introduced by Bardeen, Cooper, and ScHrgifferthe BCS
model, the superconducting electrons could be described by a single wave function
including a pair of electrons, known as a cooper g&ie wave function comss of two
parts, the spatial part and the phagdt, 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 enertheaflectrons and the BCS
theory describes this gap as

y ckw 'Q | (L.1)

Wherewp is the Debye frequency, N(0) is the density of states at the Fermi sunthee
normal stateandV describes thbéonding energyFig.13 shows the density afuast
particlestates for a superconductor at T=0Ml.states below this gap energy are empty
because these electrons are paigsane smearing of the gap will occur with an increase

in temperature.
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Figurel.3. Density of states of qugsarticles 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 tlmugha 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 turnattracted aeconcdelectron. This second electron would then be bonded to
the first as one moved i nThedistance betweenihese p o s i

two pared electrons is defined as the coherence lelmgtRippardat low temperatre and



Ginzberg and Landacalled it the characteristic lendfibr temperatures closer to the T

of aspecific material

During this time, another idea came about which theorized the flaws in perfect
diamagnetism of superaductivity. In 1956, Abrikosoexpanded on the work of
Ginzberg and Landau to descriddesituation where the penetration depth and the GL
characteristic length had a relationship different than that describ®ohblyerg and
Landayi8]. This became known &g/pe Il superconductivity. Though both type | and
type Il superconductors had a thermodynamic breakdownHigl4 type Il
superconductor also contained a mixed state above some lower criticaldficld tHis
mix state, there were regions of normaltaheknown as vorticesyhere the field could

penetrate.

The BCS theory satisfied all conditions of superconductivity until the discovery
of high temperature superconductors in@g98 The mechanism of superconductivity for
these materialsuch as YBCOhas yet to be fully explained. It was the temperature
dependence of the penetration depth hiedpedead to theidea that the pairing
symmetry was gvave instead of the previoussave symmetry associated with the
phonon interactionslp]. Theattraction of these superconductors, specifically YBCO,
was the critical temperature above the boiling point of liquidvihich allowed operation

without the expense of liquid He.

Magnesium DiboridéMgB,) proved to be a curve ball to the supercondgctin

community with the discovery of its superconductivity in 20d). The common

6



metallic compound was found to have gl 39 K. It also proved to be the first
superconductor witimultiple gaps[L2, 13. The physics surrounding MgiBecame very
popular inthe last years of the first century of superconductivity. Since then, a new class
of superconductors has been found in {b@sednaterials which seem to have multiple

gaps and aclup to 55 K[L4].

Practical applications of superconductors have kept plogiularity up despite the
low temperature drawback associated with them. Applicabbsaperconductors include
large scal@owertransmission cables, superconducting high field magnets, transition
edge sensors for radio astronomy and single photontaetaultra-low magnetic field

sensors for medical applications, and digital electronics.
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Figure 14. The electron density of states of MgBeasured by scanning tunneling
microscopy from refl5.

1.2Magnesium Diboride

Magnesium Diboride (MgB is asimple metallic compound with a crystal structure
consisting of hexagonal boron planes separated by magnesium atoms above the center of
each hexagon. The superconductivity origin
electronic structure. Thighds ¢ two distinct energy gaps with values of about 7.1 meV

and 2.1 meV respectivelifigure 14 showsaclear picture of the density of states of



MgB., from a Scanning Tunneling Microscopeperimentl5]. The existence of the two

gaps is also shown with expments on the specific hedtq as well as Raman

spectroscopy17]. The high T of about 39 K and the fact that superconductivity in MgB

is mediated by electrephonon coupling make it very desirable for superconducting

applications. Though the propertielsMgB; still seem well described by the BCS

theory18-20], the two gaps and the interactions between fB&mmake pinpointing the

exact parameters such gasdt pfehes upehepoeadaue tli
and the magnetic penetratidne pt h, o, Adobafthe conraversy comés from

a variance of MgBsamples used in early measuramsgbut there is still difficulty in

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

goes into detadl of measuring the penetration depth of MgB
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Figure 15. The Fermi surfaceof MgB Bl ue and green region re
while red and orange region represents the epid3i 0 (defald)d

A theoretical analysis has shown that scatteloetyveen the bands leads to a
distribution of the energy gaps opposed to the single value associated with classical
superconductorsThese calculations began with a beautiful depiction of the Fermi surface

shown in Fig. 15[13]. The quasi2D superconductng G band i s shown by

cylinderl i ke shapes in the corner sAnexpadmentale cent

study using tunnel junctions has further verified this[i@d8a Figure 16 compareghe

10



numerical calculations of the gapndu¢edby Choi, et al, along with the experimental

results from Chen, et &p).

5
S .
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Figure 16. The comparison of calculated energy gap distribution by H.J. Choi, et al (top)
to the experimental tunneling spectroscopy by K. Chen,(etfal22)

Many studies have been done to obtain the anisotropic properties ofIMgihe
penetration depth or upper critical fieMortex imaging done by Eskildenson, et al
showsa factor of just 1.2 taken from the ratio of the major axis to the minor axis of the
vortex latticg23]. The measurements of the magnetic penetration depth of N2
been particudrly varied ranging from 40 nto 150 nm P4] using the microwave
resonator techniqué&urther reports of penetration depth measurements are done in

chapter 5.
11



Superconductor

Figure 17. Schematic drawing of a typical sandwitipe Josephson junction with
measurement points.

1.3The Josephson Effect

The BCS theory paved the way for Bridmsephson to theorize thgatperconducting
pairs couldunnel from one superconductingaterial to another across a weak 2|
The theory was first experimentally verified by Anderson and Rowell ondateain
1963 26]. For this work, the structure will always be a sandwich tyge@deson junction.
In this caseltere are two supercouacting electrodes separated by a barrier made up of
either an ultrethin insulator or a thin region of normal metal. FigZ. dhows a schematic
of a typical sandwich type junction. Teapercurrenacross the barrier is dominated by

two relationships. Thérst, known as the DC Josephson effect states that the
12



supercurrenfa.k.a. Josephson currerg)dependent on the change in the phase

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

-

0O O00E+ — (1.2)

Where }ois the maximum supeaurrentandf i s t he phase of the co
function in either superconductor indicated by the subsdrip.second relationship is
called the AC Josephson effect. It makes sense ttheaphase difference by a new

variable— — %o Then the relation becomes:

Where V isthe voltage across the barrier. The quartjtyQ [ 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 quantizédnnt e ger qgeaanti ti e:
[27]. These two relations have implications on how Josephsatigms will react with

their environment, specifically in an extermahgneticield.

There are a few different mechanisms which can support the Josephson Effect.
The most controllable is a pure tunneling effiecin a superconductonsulator
supercucto(SIS) type junctionHere, both the superconducting pairs and the guasi
particles, or the single electrons filling the superconducting density of states, tunnel
through a purely insulating barri@uperconductingormal metalsuperconductor (SNS)
type junctions utilize another common mechanisnthi@ proximity effedi28], which is

implemented by replacing the insulating barrier with a normal metal barrier. In this case
13



the superconducting pairs actually cross the normal metal region. This mechanistn is use
commonly withhigh temperature superconductbiT(S) materials as thanisotropic

properties make pure tunneling nearly impossibleotatrol The thicker barriers used for
SNS type junctions could prove to yield lower parameter spreads for applicabiers w

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 complichted if t
junctions do not meet exact criterion such as barrier thickness not exceeding the mean
free path of electrons in the normal me2§][ 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 weaklink across the barrier. The single particles will transfer energy across the
barrier by means d¥iultiple Andreev Reflection§MAR) [30]. This mechanism can be
identified by multiple peaks in the conductance curve of a junction occurring at integer
divisions of20e. This method of transport is has a disadvantage in controllinfy the
spread across the junctions, chips, and wafer to wafer runs, however a large benefit is

achieved in very high values &f
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Figure 18. Schematic diagram of how a magnetic field is introduced to a santypieh
Josephson junction.

For aJosephson junction in an external fialdich is perpendicular to the
direction of current, gaugavariantphase differenge%y across the barrier is relatex
the magnetic flux tbhrough the barri¢B1]. Fig. 18 shows a sandwietype junction
with the current and field dirdoin as well as the area of fludefined by the dashed
rectangle. Here the quantiyis not just the barrier thickneds but the sum of the barrier
thickness and the magnetic penetration depth ofgackrodecd _ _ o
Integrating the maximum critical current density,over the entire junction area, using a
field dependent flux gives the field dependence of the junction critical cuirgefoy the

case of a rectangular or square junction the integration is féissltiand the field

dependence becomes:

06 O —1 (1.4)
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Thisis similar tothe Fraunhofer pattern given by the single slit diffraction of light. An

ideal case is shown in Fig9l.
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Figure 19. Ideal curve of a square Josephson junction in an applied magnetic field.

This field dependence is commonly used to verifyRkJosephsoiffectand is
also used to inspect the uniformityJffor a particular junction process. The more
uniform theJ,, the closer thé&(B) curve will compareo the ideal case. It is important to
point out that the penetration deththe superconducting electrodaays a érge role in

the period of oscillatios of thelc modulation. This fact has been usedatculate the
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penetration depth, of YBCO and comparg with theory B2]. The error in the

calculation is not nearly as low as more typical methods of extracting the penetration
depth, such as thraicrowave resonator techniqugs], or magnetic force microscopy

[34], and these other methods can measure thin films while this method requires device
patterning andiabrication. The major advantage to using a Josephson junction to measure
the penetratiodepth is that other methods can only measure a chargeiih

temperature. Therefore known temperature dependernhbe penetration depik

required for arexact/ value The absolute value of the penetration depth can be found
using thel modulation of a Josephson junction in a magnetic fialdependent of
temperatureA 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

compensaid by using an effectivé which will make the period of oscillation:

30 (1.5)

HereL is the junction lengthd; andd, are the film thicknessand/; and/ , the
penetration depth of the topdabottom electrode, repectiveBf]. This is especially
important for the case of Mgk will be presented in chapteof this work. The two
gap nature of MgBmake a theoretical knowledge of the temperature dependence

controversial, and also make the valué¢ okry sample dependent.
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Figure 110. The RCSJ Model equivalent circuit.

1.4The Resistively and Capacitively Shunted Junction MaddlUseful Analogs

It is common to approximate a Josephson junction thighequivalent circuit shown
in Fig. 110. 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:

0 0w 00Bdh 60— (1.6)

WhereG; is the resistor conductantéR, for the junction in the normal staté s
the voltage across the junction, &ds the capacitance of the junctidrhe termi. refers

to the zero field critical currentlsing the AC Josephson relation (1.3.2) alldis be

18



replaced with the phase changeThis yields a second order differential equation which

is useful for characterizing junctions:
— I — — 0P (1.7)

By rearranging constants, the new térm — &Y called the Stewart

McCumber paramete3p-38] becomes a design parameter for specific applications. The
value is defined by tcanbs entbledbythegunetiesn t o s ho
capacitance as well as the normal resistance. The first term in the definiias af
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 wb. to near
unity (overdamped casef sandwichtype Josephson junction in its most basic
description is essentially a parallel plate capacitencethere is no way to significantly
controlthe capacitance of the junctiofhe resistangeon the olherhand can be
controlledeasily with an externalhunt resistoin parallel with the equivalent circuit. In

low temperature superconductors this shunt resistor has been used tofgavitiol

fairly accurate precisior8p).

The differential equation.4.2 has a mechanical analog in the damped driven

oscillator.

o 'd;%o ’ ’Q %o 1w =<y [
0 o o G QOB Y, (1.8)

19



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- asdlee analog of the
pair wave function phase change which uses the same variable. This is useful in
descibing the physical results of some perturbation on a system of Josephson junctions,
especially when talking about rapid single flux quantum (RSf@fal circuits, which

utilize junctions and loops to achieve digital operations.

Ball of mass m Lg

‘f

Figure 111. Picture ofthe washboard analog. It can be described as a ball rolling down a
decline with many small oscillations.
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Another analogvhich is useful when working with Josephson junctions is known
as the washboard model. The equation of motion of a ball rolling ddwhwith small
oscillations, shown in Fig. 11[taken from ref31], 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 thedrthg ball is analogous to the

resistance in a junction.
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Figure 112. A schematic of a DC SQUIBom ref. 40

1.5Applications 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 inductdno® schematic is shown Fig.1P.

from ref [40]. A magnetic field through the loop will generate some current in the Ibop.
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abias 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 jumcitien
currents will be in the opposite direction. This means that the induced current will have
causé an effective phase change from the overall phase change across the loop. These

two phases interfere and the tatapecurrent through the device wileb
0 0 ‘0 TOO0AI OB 5 (1.9)

This term has maxima Bt B ¢ and minima aB B e P c This can be

reflected in the voltage measured across the device. .ERstows an IV curve of a DC
SQUID at both the integer value and half integer valueisflthx ratio. It is evident that
the voltage measured at the same bias point (above the critical current) will modulate
with thecritical current as seen from Fig13. In this way, achange irmagnetic field

can bemeasuredy measuring the periadvoltage modulations of a DC SQUID biased

just above the maximuiyg.

Theusualdesignconsideration of a SQUID is the unitless parameter
I cOOF »p (1.10)

L is the inductance of the SQUID loop, which usually requires other consideration, for
example, the device sensitivity or focusing factor. The jundtiangenerallyfitted to the

inductance as long as the inductance is in a reasonable range.
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Figurell13. 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 componeRSkHQcircuits. These

superconducting integrated circuits (SICs) serve to emulate semiconducting digital

devices with improved speed addcreasegower consumptiod[l]. The dynamic
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operation replacdsigh 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 tdirst consider a single junction.

There are some stipulations as to the type of junction used in this techridiegy.
small junction limit implies thathe Josephson penetration degthmust be muctarger
than the junction dimensions. Usually an oraiemagnitude here ensures that no field
generated across the junction can have an effect on its operation. The junctions must also
have nchysteresis. This of course makes sense as a dealoied voltage would be
detrimental to digital operations. Thsdone by using an external resistive shunt to
optimize b.. Finally the junction parameters must be controllaBlthough the parameter
spreads are not as critical as semiconductor circuits, the better the overall spreads, the

more complicated operatioase achievable and repeatable.

Now we consider a significantly small RC3&e 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 poinwtitiatause it to flip over the top.
A singleexternal push, even with a siifarce, will push the penduluroverthe top and
it will return to its original state of oscillation nete flipping point. A short incoming
pulse with small amplitude will haveesimilar effect on the junction. There will be@a 2
flip in the phase change of the junction. The end result willde@mductiorof the

incoming pulse.
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In this way, it is possible to generate, amplify, split, and otherwise operate with
these pulsed’he 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 (MZO).
exampe, if the junctior. 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 Bffdds a constant, which
implies that the area under the curve of these pulses is always coaststmbwn in

equation 1.5.1
S Wwo0Qo B (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 puisesperation The AC Josephson
Effect saysalsothat the voltage across the junction corresponds to some frequency of
oscillation or in this case pulsds.order to distinguish one pulse from the next, the space
between pulses must be greater thamtigth of thepulses themselve3his means that
increasing the amplitudacreassthe potential operating frequgniby making pulses
more discernible. The term for this device usedaioy andamplify pulses is called a
Josephson Transmission Line (JTL). The junction used to reprodupeldeeis
impedancematched to a microstrip inductor which will carry the pulse &rnéxt RSFQ
component. The inductance of the microstrip is another design parameter of RSFQ

circuits.
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Figure 114. Schematic diagram of an RSFQ pulse splitter. The loops represent inductors
and the crosses represent Josephson junctions.

Another elementary RSFQ cellaspulse splitter. In this case timput of a single
pulseis sent across two inductors as shown in figutd.IThen the pulses will enter the
next junctions already biased near their respetgj\aausing theneachto reproduce the
pulseat two different outputsAn 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 procestrsiomake a Bggle 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 prdtesssists of a
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single junction, used as a pulse generator, a JTL, a pulsersgliich 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 desidpétie consedive input pulses will only be
reproduced at one of the two interferometer junctions. A subsequent pulse will trigger the
other junction to have gdlip, and so on. This means that the frequency of pulses
generated and supplied to the interferometerbelhalved 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 shqeenation of a static voltage divider
(TFF)up to 770 GHR42]. Chapter6 of this work will concentrate on the first MgBFF

circuit and analysis.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 Hybrid PhysicalChemical 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
nea thebulk value§43]. For the standard high temperature superconductor YBCO, films
canbe achieved by a pulsed laser deposition techdiidE-beam evaporation[45]or
a sputtering techniquéf]. MgB, on the other hand, poses some issues for most methods
of thin film growth. In the early years, theremattempts to make good films by a two
step process of annealing anM8grecursor film in an ambient magnesium
atmosphere7]. These films were a greachievement 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 thsidual resistivity ratioRRR) less
than3 implied that the filrs were not very pure. Many other attempts at similar
processes, botx situandin situwere made with varying degrees of succé8$[0].

Other research led to a dual deposition of Mg and Boron using a rotating sample and
sputtering sourceS[-54], molecular beam epitaxjvIBE)[55-59], pulsed laser

depositionp0-64], and Ebeam evaporatiofp, 66].
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Fig. 2.1 from ref §7] shows the magnesium vapor pressureustesmperature
phase diagrarfor the correct ratio of Mg/B atom#n order to ensure MgRyrowth, the
Mg vapor pressure must be sufficiently high, which is the main reason that other methods
produce only satisfactory films at best. Hybrid physa#mical \apor deposition
(HPCVD) combines the physical evaporation of solid Mg with the high quality chemical
vapor deposition of boron from Diborane,B) gag68]. The result is more than

sufficient ambient Mg in the locality of the sample.
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Figure 2.2 Setup 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 abo
the outside of the susceptor. The whole setup issbated int@ 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 wdlichvs for a decent temperature gradient

from the Mg to the sample.
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Figure 2.3 Photograph of the HPCVD system.

The standard deposition for device fabrication is on SiC substrate with root means
squared roughnesd aboutl nm. The process pressure is 40 Torr using 400 sccm of ultra
high purity H carrier gasand the deposition temperature ranges from 6t 780 C.

The Diborane flow rate used is 20 sccm which is the main factor in controlling the
deposition rate. 20cem N is also used which helps to minimize the surface roughness

without any degradation of the filgualities The deposition rate epproximately90
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nm/min using this recipithin a deviation of 10 nnFig. 2.3 is a picture of the HPCVD
setup used fathis project. The system was bualt Temple University and is currently
one of only a handful capable of high quality MdBin films. Fig. 2.4 shows the
resistivity as a function of temperature for a typical M§Bn grown on SiC substrate by
the HPCVDmethod. The film measured is about 120 nm thick, the RR®&, and thé;

=41 K.
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Figure2.4 Resistivity versus temperature for a 120 nm MgB grown on SiC
substrate.
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2.2 Magnetron Sputtering

DC magnetrorsputtering was used to fabricate metallic and saetallic 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 chamyeinotograph of the system is
shown in Fig. 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 rotaggound 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 40Q. The maximum background vacuum achieved in the main
chamber was 7x10Torr. The sysem has three Torus sputtering guns which come
directly vertical from the bottopeachequidistant from the center vertical axtsach gun
has an independent shutter to control deposition fiine.system also has both a DC and
RF power supplyand iscapalte of supplying two separate process gases thoughDsly

sputtering inAr gaswasutilized in this work.

The back to back in situ deposition of Cr and Au was necessary for gold wiring
ondevices because the Au films did not adhere well to the MiyBs without a thin Cr
layer. This process was done with an argon flow rate of 10 sccm and argon patrtial
pressure of 10 mToachieved by using a manual gate valve to control the pumping cross

section of the cryopumphe Cr film was deposited for 30 secis at 80 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 MgBis for

patterning purposes and a 120 nm film is used for devicegnaiers.

Figure 25. 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 MgB; native oxide as the junction barrier. These films were depbaiteoom
temperature at 270 V and 750 mA. Many other films such ag ZiB,, Mo, Ti, and Cr
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were also growria DC sputteringt varying growth parameters to achieve desired

results for a thin film resistive layer.

2.3 Atomic Force Microscopy, -Xay Diffractometry, and Scanning Electron Microscopy

Both an atomic force microscope (AFM) aXderay diffraction (XRD) machine
were used to characterize the physical properties of this fiked in this work. While
the AFM was constantly used to ensure gditbd roughness and surface morphology, the
XRD was only used in the developmental stages of the HPCVD grown films. Once it was
established that epitaxial MgBlms were grown on SiC substrate bg-2q scan, XRD
was not used unless film properties wesepletely lostFig. 26 shows aj-2q scan
from 20 to 80 on a multilayeMgB2/MgO structuregrown on SiC substrate. The
existence of the d0and O@ peaksnear26 and54 , repectivelyshow that the film is<
axis oriented or with the-axis normal to the substrate surface. The sharp pkaicted
by the f* 0 ar eAdditionalpeaksistow & drdmsMg® ar btieer materials
within the multilayer structurélhis scan likely impes that only lower layers of MgB

are epitaxial because the peak height is significantly low for the,Megaks.
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Figure2.6. X-ray diffraction results for MgBfilm on SiC substrate. The existence of the
001 and 002 peaks imply epitaxial growth alongtfaeis direction.

The AFM was used constantly to verify that the roughness of films was as
expected. Typical roughness of a 120-timek MgB; film was about Zim with the
addition of N during the depositiorFig. 2.7 showsan AFM scan of MgBwhere
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 roughnesstaatialt of
superconducting integrated circyitse more layers is directly related to more

complicated devices.
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Figure 27. Atomic Force Microscope image of MgBIm. The left image is a Bm scan
and therightimage is a 20rm scan. The hexagonstructures are MgBgrains. The peak
to valley height across thvehite line in the left image has a maximum of 5 nm.

A Bruker tabletop scanning electron microscop&s also used to verify feature
sizes after filmsverepatterned. Thenages shown ifig. 28 show a5 nm x 5nmm (left)
and2 mm x 2mm (right) squargunctionswhich is the smallest working MgBosephson

junction to date.
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