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ABSTRACT

Magnesium diboride is a known material since the 1950s. However,
superconductivity in MgB was discoveredn 2001. Soon after the discovery of
superconductivity in MgR thee was a rush to understand its complex nature of
superconductivity and other properties. However, current research in dgBainly
focusedon applications. MgBpossesses excellent supenducting properties such as
high transition temperatur@d) of 39 K, a high critical current densityd¢) of ~10/ A-cm
2, ahigh thermodynamic critical fieldHc), absencef weak links at grain boundaries, etc.
Because of these properties, it is considered one of the candidate materials for applications
such as suwgrconducting wires, superconducting radiofrequency (SRF) cavities,
superconducting electronic devices, etc.

SRF cavities play an important role in modern particle accelerators. The main
objective of an SRF cavity is to accelerate charged particle bezRks cavitiesare
characterizedby two figures of meritthe quality factor Q) and the accelerating gradient
(Eacd. Q characterizes the energy efficiency af RF cavity and Eacc is the average
accelerating field of m RF cavity. The statef-theart SRF échnologyis basedon
niobium.It is a weltmatured technologgndit is reaching the theoretical limits onth Q
andEacc Additionally, Nb cavities operate at 2, lhich requirelargescale liquid helium
refrigeration and distribution systemihis adds substantial capital and operational costs
for large particle accelerators such as-EHC and proposed ILCBecause of these
reasons, new SRF materials with higQehigherEac, and higheoperationatemperature

are desiredCurrently, few supercondtieg materials such as hbn and MgB are in the



research and development procédissSn has a¢ of 18 K, which is significantly lower
than theT. of MgB..

MgB2-coated cavities are theoretically predicted to have higheand Eacc
compared to Nb cavitiedn addition owing to its highT., MgB>-coated avities are
expected to operate above 4.2 K-ZDK). Operation at around 2@5 K will allow the
use of hydrogeror neonbased cryocooler technology, eliminating the use of heliums.
will substantiallyreduce the capital and operational cost of a Mog@sed accelerator
However, this will not be possible with dBn-based SRF cavities due to the ldwof
NbsSn.

The main goal of the research presented in this thetisdevelop MgB-coated
copper sperconducting radiofrequency cavitieslizing hybrid physicaichemical vapor
deposition (HPCVD) technique MgB»>-coated CuSRF cavities will have an added
advantagedue tothe high thermal conductivity of the Che ecellent thermal
conductivity of Cu ahances the heat transfer betweendimgerconducting MgBlayer
and the cavity body, thus prown better resistance to thermal breakwo RF
characterization of MgB coated Cu is a crucial requirement because it is the first step
toward the MgBT coatedCu SRF cavitied-or these characteations, smalkized samples
(e.g, 2-inch diameterpre usually requiredAmong several MgBgrowth techniques, the
HPCVD process produces the best quality M films. Howeverthegrowthof MgB:
films on Cu usigtheHPCVD technique is challenging &g, andCu readilyreactto form
several MgCu alloys. Therefore, a new MgBrowth process on Cwas developedby
modifying the existing HPCVD proceasdin the new process, the deposition takes place

at ~470 °C.With this new process, highuality MgB; thin films were successfully



depositedbn 2inch diameter Cu discs, and these sampier®e characterizenh terms of
structuraland superconductingroperties.Surface morphology showed welbnnected
crystallites with no pinholeson the coating, and the cressctional studies showed
conformal growth of MgBon Cu. TheT of these samples were ~37 K and the™-A-@m’

2 zero fieldJ. was observed. Most importantly, RF characterizations at 11.4 GHz showed
Qclose to2 x 10" at 4 K, which was comparable to tQef Nb.

After successful RF testing of Mgi8oated Cu discs, this process was scaled up to
coat 3 GHz Cu RF cavities. As the first step, a Wi film was synthesizedn the inner
wall of Cu tubes with dimesions (~1.5inch inner diameter andi@ch length), similar to
a beam tube of a 3 GHz RF cavity. The Mdlmn on the Cu tubes showed conformal
coating withT; ~37 K. Next, the coating of the 3 GHz @stcavity was carried ouCu
test cavitieswere assemied using two haltells pressed at Thomas Jefferson National
Accelerator Facility (JLab) and two beam tubes machined at Temple UnivéhstiylgB
film was successfully synthesized the inner wall of 3 GHiestcavities and the MgB
coating on lie two half-cells showed uniform growth witfic distributed around 35 K.
However, slight damages to the cavity wedire observedndthese damages were mainly
due to the deformation of the Cu surface, caused by the formation-&fuNdoy liquid.
Currentreseachis focusedn developing damageee MgB-coated Cu RF cavities.

In addition to MgB growth on Cu for SRF cavity applications, development of
high-quality MgBy thin film on Si substratesas carried oufThiswill be usedn electronic
device apfications such as fabrication of hetectron bolometers (HEB). An issue similar
to the MgCu reactionwas observedavith Si; Si and Mg reactat elevated temperatures

forming M@Si, and thiswas observedt around 550°C. This reaction prevents the use of



the HPCVD technique directly on Si. Previous attematsynthesizing MgB films on
AlOz-buffered Si substrates at low temperatures i(600°C)were reportedHowever,

these films have shown extremelygh surfacewith poor superconducting properties. In

this work, a~220 nmthick boron buffer layewas usedo preventhe Mg-Si reactionand

it was observethat the boromwas effective eveabove 700°C. Higlguality MgB thin

films were synthesized oboronbuffered Si substrates using the standard HPCVD
techngue. However, the resultant films showed enhanced roughness due to the
polycrystalline growth. Ar ion milling at an ultdlaw angle (1°) was used to smooth the
MgB: films, andtheresultant flmshowed roughness comparable to epitaxial films grown
on SiCsubstrates witla slight degrade in superconducting properties.

Finally, Al ion implantation in the MgBthin film was studie@ndthis project was
carried out to synthesize MgBilms with modified superconducting properties. In this
study, 80 nmthick MgB: films were irradiatedvith a 75 keV Al ion beamA 30 nm Au
buffer layerwas usedn top of the MgBfilms in order toposition the projected range of
Al ions near the center of the MgBIms. Al ion dosesvere kepbetween 2x18i 1x10°
atoms-crif. Superconducting properties and the structural properties of these Al ion
irradiated films showed systematic change with Ahelose Superconducting transition
temperature decreased with ieasingAl dose Also, for the Al ion dose at or above 2 x
10 atoms-cm?, the irradiated samples did not show any superconducting transition. Al
ion irradiated films showed an increase in thaxis lattice parameter of MgBwith
increasing ion dose. Thesobserved changes in the superconducting properties and

structurd properties of Al ion irradiated films cdre attributedo the ion damage
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CHAPTER 1

INTRODUCTION

Superconductors play an important role in nradeparticle accelerators.
Superconducting magnets are a key component used in modern cyclotrons while
superconducting radiofrequency (SRF) cavities are a key component in modern linear
accelerators (LINAC). R#cle accelerators have been used primariyphysicists to
study from the big bang to the fundamental particles. However, many scientists from other
fields such as material science, medicine, biology, etc. are now exploring the use of high
energ partide beams in their respective fields. Advancataen research and the growing
number of users have demanded patrticle accelerators with higher beam energies and lower
operating costs.

The main research work presented in this thesis focused on developing
superconducting magnesium diboride (MgBthin films on Cu substrates and RF
characterization for the use the developmenbf MgB2-coated3 GHz Cu RF cavities
SRF cavities accelerate the charged particle baadh'SRF cavitiesare characterizeby
two key parameters, quality fact@)(and the accelating gradientEaco). Q is a measure
of the energy efficiency of the cavity while average accelerating eléetdaiven by the
EaccWhich sets the accelerator real estate for given beam final energy as well as the cavity
surface breakdown. Ideal SREvity would be a cavity with very highQ and Eacc. Nb-
based SRF cavities are thmteof-the-art technology asilable. Relatively high'; of the
Nb, availability in pure form, ability tonachineinto complex structures, easy quality

control, etc. are thmain driving forces behind the popularity and the development of Nb



SRF technology. Nibased SRF is a maturedchnology with outstanding success in
accelerator applications in the past few decades. It has reached the theoretical limits in both
Q andEacc. Therefore, new and novel SRF materials with improved performances are the
topics of new research in the SRFwaunity. In addition Nb-based SRF cavities operate

at 2 K require largscale and often complex and costly liquid helium refrigeration and
distribution system.This adds substantial operational and capital cost to SRF patrticle
accelerator facilitiesThin film technology utilizing medium high Tc materialscapable of
reaching highQ andEaccat a higheroperational temperature (above 4.2af¢desiredfor

high energy patrticle accelerators with significant cost advantages &ngB\NRSn are the

new materials of interest in SRF cavity applications. MigBtheoretically predicted to
have a highQ and a highEacc compared to NbThe transitiontemperatue of MgB, 39 K

is significantly higher than th& of NbsSn, 18 K. Due to its higiic, MgB2-coatedcavities

have the potential to operate at -=ZBK, andthis would not be possiblfor NbsSndueto

its low Tc. Therefore, MgBbased SRF technologyill eliminate the need for liquid helium

cryogenic system, reducing capital and operational costs of an accelerator.

1.1 Superconductivity

Superconductivity is a fascinating branch in condensed matter playsifisis one
of the knowmmacroscopic quantunhgnomena. Most commonly superconductor is known
as a material with zero resistance below a certain critical temperature, superconducting
transition temperatureT§). However, zero resistance is not the only property of
superconductity; it possesses sewrother fascinating properties. There are many

practical applications of superconductors used in different fields; from medical instruments



such as MRI to SRF cavities and superconducting magnets in particle accelerators to

terahertz and single photontdetors in astronomjd].
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Figurel.l: Resistance vs. temperature curve of mercury reported by Kamerlingh,

from Ref.2.

1.1.1 The discovery of supercaductivity

Superconductivity was discovered by Kamerlingh Onnes in {#1Kamerlingh
Onnes, a Dutch physicigthowas the first person tauify helium in 1908. The discovery
of liquid helium played an important role the discovery of superconductivity. Liquid
helium has 4.2 K boiling pointemperature at atmospheric pressuaed lower
temperatures cabe achievedupon pumping.This allowed measurement of electrical
properties of metalglose toabsolute zero. Onnes amured the change in electrical
resistance with temperature of pure nueyandhe witnessed the sudden disappearance of
electrical resistance, perfect conductivity of mercury near 4.2 K. This was the first
observation of superconductivity. Later, sevenare metalsvere discoveredith similar

3



behavior, perfect conductivitpgelow a certain temperature. This observation of perfect

conductivity became the traditional hallmark of superconductivity.

1.1.2 MeissnerOchsenfeld effecand the flux quantization

Even tlough superconductivityas discoveredvith the observation of perfect
conductance in metals below a critical temperatdig, the superconductocannot be
described only with the perfect conductivity. There are two more hallmark characteristics
which desdbe the superconductivity. Meissr@chsenfeld effect or perfect dianmegism
is one of the hallmarks of superconductivity. In 1933, MeisandOchsenfeld discovered
that a superconductor woutdpel magnetigield completely from the interidB]. In other
words, a normal congttor in a magnetic field will expel all the magnetic field from the
interior as ittransitsfrom the normal state to the superconducting sttes observation
of perfect diamagnetis cannobe completely explaineoly considering a superconductor
as a pgect conductar

Consider a situation where a perfect conduetas placedn a region with zero
magneticfield, andl at er , a magnetic field was switch
law of induction, an induction current will flow in the perfect condudtooppose the
change inthe field inside the perfect conductor. This induction field will cancel out the
field inside the perfect conductor, resulting zéedd inside the perfectonductor. This
observation is similar to the Meissr@chsenfeld effect. However, consider the situation
where a perfect conductor was placed in a region with a finite magnetic figddlyrand
later, the field was switched ofsimilarly, accordingta he Far adayoés | aw of
induction current will flow to oppose the changdiéid inside the perfect conductor. This

induction current will preserve the field inside the pdrtamductor. We can see that the
4



field inside a perfect conductor tigne independent. This behavior is different from the
MeissnerOchsenfeld effect andvhich effect cannotbe explainedby considering a
superconductor as a perfect conductor. Therefarewetheory was needed to explain the

MeissnerOchsenfeld effect.

T>TC T<TC

Figurel.2: Schematic of the MeisenOchsenfeld effecfrom Ref.4. Left: Magnetic fiel
lines passing through a sample in the normal state. Right: Expulsion o¢teegeid line:

from the interior of the sample belolw.

Flux quantization is the next hallmark property observed in superconducwas.
predictedthat the flux in a superconducting loop is quantized to preserve the continuity of
the superconducting wavefunctifs]. Magnetic flux%.through the superconductitapp

can beexpressed in terms ah integerif) times the flux quantun¥).

- (1.1)
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Whereh is plank constantandqis equal to two times the charge of an electFoi.ondon
initially predicted flux quantizaton in 1948 with a factor of 2 error. Experimental
verification of the flux quantization came in 1962 from two independent research groups

[6, 7].

1.1.3 Critical field

Sufficiently large magnetic fields can pass through the superconductors destroying
the superconductivity. The minimum field at which the superconduciwitiestroyeds
known as the critical &ld, or thermodynamic criticafield (Hc) and this phenomenads
even true at absolute zero temperature. When the energy of the applied field is greater than
the difference between free energiethenormalstate and the superconducting state, it is
enepgetically advantageous for the sample to go back to the normal Ebjte

Thermodynamic critical cabe calculatedby using the energy per unit volume.

=
T
mi
—J—

o FhN ¥ 13

Where [Q "Y] and [Q "Y] are Helmholtz free energy per unit volume of the normal state
and the superconducting state respectively. Thermodynamic critical field is empirically
found to stronty correlatewith the T of the superconductor and it approximately follows

the parabolidaw, Eq. 1.4[5].

oS I P B TE (1.4)



1.1.4 London equations

It was not possible to explain the Meiss@ahsenfeld effect using exisg
electromagnetic theory at the time. Two brothers, F. London and H. London proposed a
new theory to explain the Meissr@chsenfeld effedb, 8]. They considered the ekeons
in a superconductor as two fluids. Below the transition temperatatg a fraction of
electrons is responsible for carrying the sapaent andthe rest is normal electrons which
doesnot participate in the supercurrent. There are zero supercimg electrons akc, and
all the electrons become superconducting edest well belowT.. London brothers
considered superconducting electrons carry the whole current and expret=aas of
superconducting electron density)( the chargeof an eectron €) and superconducting
electronspeedd) . Usi ng N ewrelated the raté  ehangetinhcurrent density
to the electric fi el.dondonbrdihers fresentecgsarditianf Far a

which successfully explained the Meissr@chsenfeld effect of superconduct{sk

;L %I-t ” (15)
r
Using equation 5and Maxwel | 6s Betheuspatial dstmbutiorf of theu r |
magnetidield insidea superconductor can be obtailggee Eq. 1.6)According tcequation
1.6, the magneticfield inside a superconductor vanishes rapidly from gbrfaceandit

can only exist in a thin layer of thickneasandit is called London penetration defj.

(16)

4
S =

|

The Eq. 1.7 givekondon penetration dep{b].
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1.1.5 The Pippard nonlocal electrodynamictheory

SinceLondon equationglo not address any spatial changes in parameters such as
ns and t he experimentally measur edsomemagnet i
superconductors were much larger than_theln 1953, Pippard introduced a nonlocal
electodynamic theory to address these isq@dHe introduced a characteristic length
called coherence length () that characterizes the length scalethe supgerconducting
wave function. Pippard argued that only the electrons wifd¥of the Fermi energyQ@ )
can contribute to superconducting phenomena. Using the uncertainty priheiglerived
the equation for, [5].

7 (1.8)

L
r

Whereohb , Qanda are the reduced Plank constant, Fermi velocity, Boltzmann constant
and a numerical constant respectivelpnsidering the electronic scatterirgpherence

lengh (, can be expressed fy:

(1.9)

Wheredi s t he mean free path |l ength. Furtherm

concept of clean (I 9§ and dirty ( L 9 limit of superconductivity.



1.1.6 Energy gap

With the establ s h me n't of London equations
electrodynamic treatmerkey parameters such as penetration depth and coherence length
were introducedHowever, one more important parameter, superconducting energy gap,
the energy gap between the swoeducting ground state and the excited quasiparticles
was needed for the edtishmentof a more cohesive theory of superconductivity. First
experimental realization of the superconducting energyadegame with the specific heat
measurement§5]. Specific heat of the superconducting state shoam@xponential
decrease with temperature in contrast to the linearedise observed in the normal state.
Observed exponential decrease of specific heathe superconductingstate with
temperaturés a characteristic feature of a system wiexated levels and the ground state
is separated by an energy gdpe existene of the energy gawas further observedith

tunneling measurements and electromagnetic absorption measurgsnéats

1.1.7 BCStheory of superconductivity

BCS theory is also known as the microscopic theory of superconductivity. It was
proposed by Bardeen, CoopandSchieffer in 1957[11]. Electron pairing is in theote
of the BCS theoryandthe electron pairs which are responsible for the superconductivity
are known as Cooper paitslectron pairing was difficult to understand witretkimple
electrodynamics as a repulsive force between electsoagpectedUndersanding the
pairing mechanism laid trgroundworkfor the BCS theory known as tié®oper problem
[12].

Cooperconsidered two electrons in the viciniby the Fermi sea wih opposite

momenta K, -k and ke<|k|<kc, wherekr and kc are momentacorrespondo Er and
9



certaincutoff energy) with opposite spiag absolute zero temperatufiden he assumed
that the potential\() between thse two electrons are always negative as kergk|<kc

and potentiaarezero elsewhere. He then successfully showeddahaiation ofan electron
boundstateor a cooper pair is alwaymssibleas long as there is a net attractive potential

between the two electrons irrespective of the magnitude of the attraction pofEmtial.
energyof the bound statis given byEq. 110. Whereg] s the cutoff frequencyof the

order of Debye frequency) aMis the attraction potential between the #lat pair[5].

PR U0t T (1.10)

Two key approximationaremade by Cooper atee densityof states of eletrons
0 1 nearfermi energy whichis a slowly varying functionand the attraction between
electronswhichis a weak attractiariFrom the equation 1.1€he bound state always has
lower energy(E<2Er) compared to the two individual electrons

Even thoughthe formationof the cooper pairs asunderstood theoreticallyt is
important to understand the physical picture. Positively charged ions near a moving
electron willslightly move towards the electron deforming the lattice in the neighborhood
andanother electron will see this concentration of positive chasgaattractive potential.
Thiswill resultin a net attraction between these two electrons leading to the formation of
the cooperpair.

BCS ground stateras developety extending this formabmto awhole systenof
electrons at 0 KBCS condensation ener@yO) or the energy difference between the BCS
ground state and the normal state at 0 K is giveBdyl.11WhereO 1 andO 11 are

the enegy of the superconducting statechtine normal state at O K respectivgsy.

10



111
CF R R - (1D

It should be noted thatje totalnumber of Cooper pairs is givenby) O w TT.

Further extension of the BCS theory to finite pEratures was carried out with
consideratiorof excited quasi particles formed by breaking Cooper @ditsmperatures
above 0 K. Using the condition wh@nY T., Typ( Y a rélationship betweete 1T

andT. was derived5].

8 (1.12)

This result (Eq. 1.2) shows that the energy gap at absolute zero is directly
proportional to the transition temperature of the supercondriom the BCS theory, it
is expected the gap parameter near the absolute zero to change slaomdyeHmear the
transi ti on apgpeaches zempidlyrAecording to BCS theoyyear™y Y

, temperature dependence of the energy gap can tiennas followg5].

¢
L

8 iy 7 (1.13)

(9

BCS theory propsed similar formulas fahecritical field, specific hegtandmany
other parameters. Experimental results showed close agreement with the BCS prediction
for many superconductors such as Al, V, étic. However, mercury and lead showed
significant deviabns from the BCS predictigandthis was accounted the strong coupling

observed in these superconduc{bis

11



1.1.8 Ginzburg-Landau theory and type-1l superconductors

EventhoughGinsburgLandau theorywas proposed seven yedrsforethe BCS
theory, due tahe cold war, it was not knownn the West. Landau used his theory of
thermodynamic phase transitions to understand the superconducivdyhis initial
attempts fagd. However, with the help of Ghurg, they deliverethe GL theory in 1950
[5, 13]. GL theory defined an order parametg) \vhich is norzero in the superconducting
state ad zeroin normalstate. Then they related the superconducting electron demgity (
to the order paramet§s].

"] ¥ es y(x)forff<To

y ( x ) forT>TP (1.14)

The idea of the GLheory is to expand the free energy of the superconducting state
in powers of order parameter and minimize the free enetty respect tathe order
parameter. Free energy of the superconductor in a magnetic fielsecarittenas Eq.

1.15. Herethe symbok Uandb are expansion constts ande andc are the charge of the

electron and the speed of light respectijély

m I (1.15)

’)FS —FS — D =t
i O T Z
In the absence dields andgradents Eq. 1.15educes tdqg. 1.165].

JI
B B 'ss —gs (1.16)
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Using the variational methodree energy can besducedwith respect tothe order

parameterandthis giveskq. 1.17[5].

)
¥ 3 R (1.17)

Equation 1.7 gives the superconducting order parameter eétpn the superconductor
I is always positive and is negative in the superconducting staising this value, the
free energy difference between the superconducting state and the normabstaie

calculated[5].

~NE

(1.18)

By solvingEg. 1.18 considering the fields and gradignnore quantitative analysis

can be carried outAn important length scale derived from the GL theory is the GL

coherence length,( and it should be noted that this is different from the Pippard

coherence length, ( . In the case of nelocal electrodynamics, is temperature
independent. However, is a temperature dependent paramg@tearTc and temperature
independent welbelow Tc) and it reaches zero &., is a measure of the spatiahgth
scale for the variation in ordére paraméer [5].

0]
D TE T (1)

3
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GL coherence lengttvas further develogkandfor the temperatures below andarTe,

, can be expressed bslow|[5].

K
8 -0 >
AR < - (1.20)
K= j | =
K,n d 8 < i A (1.21)
Where, ouv T m and “W'Y. Anotherimportant parameter introduced by the

GL theory is the GL parametdr)(and it can be expressed in pure and dirty limifg: F].

A 8 hK - > (1.22)
y . | (1 23)
f 8 i A .

Furtherdevelopment of GL theorlgy A. Abrikosov[5, 14] showedthe existence
of two types of supercondumts. For some supeonductorsit is energetically favorable to
revert to the normal state after a certain magnetic field (critical iHeldvhile for other
superconductors, after a certain magnetic field (lower critical ki)l it is favorable to
coexist withnormal conductingNC) regions where magnetic field can pass througl
a high magnetic fiel@upper critical fieldHc2) where it will revert to the normal stafehese
two types of superconductors are called typad tye-ll superconductorsandtheycan

be distinguishedby Il [5].

16T H S (V] (1.24)

1o HME S (V) (1.25)
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Abrikosov further developedtheoretical understanding of the typell
superconductivity and successfully predicted the vortex lattice inltyggerconductors.
I n 1959, L. P. Gor 6kov s hoalimitingtaseafithe BCSe GL t
theory at neaflc and showed that the ordpra r a me iteely proportidnal to the gap
par amégbleDuept o the significant contribution

theory, GL theorys also knowras GLAG theoy.

1.2 Superconducting magnesium diboride

Magnesium diboridées aknown chemical sincthe 1950s However thediscovery
of superconductivity came in 2001. In 2001, a Japanese research group reported the
superconductivity of magnesium diboride at 39 K in @aesh paper publ®d inNature
[16]. Even though MgB has much loweilc compared to higfic superconductors, the
discovery of superconductivity in MgBvas indeed a breakthrougit almost doubled
previous highesflc of 23 K reported for an intermetallic superconductaigbium
germanium KlbsGe). The discovery of supercondtivity in MgB2 was followedby ahuge
interest in understanding the nature of superconductivity, grewtiapplications of MgB
resulting in many publications.To understand the nature of superconductjvityis

important to understand tloeystalstructure of MgB as it plays an important role.
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Figure 1.3: First reported superconducting transitions of MgBom Ref. 16. (a

magnetization vs. temperature curaad(b) resistivity vs. temperature curve.

MgB: has a simple hexagonal structure with alternatimggnesium and boron
planes where boron atoms form a honeycomb lattice (2D planes) with Mg atoms located
in the center of the boron honeycomb from tog battom of the boron plane. MgERalls
into the spaee group of (P6/mmm).attice parametera andc of MgB; are 3.086 A and
3.524 A[17] respectivelyCrystal structure of MgBplays an important role in the origin

of the supercondudtity in maghesium diboride.
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Figurel.4: Crystal structure of MgBunit cel adapted fronRef. 16.
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1.2.1 Origin of superconductivity in MgB 2

Even thoughMgB> has a very simplestructure, understanding the origin of
superconductivity was complex. Extensive calculatwaee carried out by several groups
to unravel the mystersoonafter the discovery of superconductivityMgB.. Kortuset al
[18] provided the first band structure calculations. According to Kortus, Mg gives its
electrons to theonduction bands of Btoms making MgBa more ionic moleule and
creati ng n méetaliclbdran wasnaiblyresponsible for the superconductivity
of MgB.z. Figure 13 panel (a) shows the band structure of the Mal thered and black
circles correspond t dPanél (bpimFig. 1.8 shdwa thelBermr e s p e c
surface of MgB. Narrow tubular sheets in the corneriginatefrom b an d’s swhe d tes

in thecenterare shownn red and blue color.

Energy (eV)

Fingel.S: (a) the band structa of MgB, and(b) the Ferm surface of MgHrom Ref.

18.

Soon after Kortus, Aret al [19] described the superconductivity of Mg®ith
similar calculations. Aret al. agrees with Kortus about the role played by the ionic nature

of MgB: in the superconductivity. They identify three sgible origins to the

17



superconductity of MgBy, first is the holedopingof covalent bondsvhich arises from
the layered structure of boron and the ionic nature of MgBsimple words, Mff ion
pull s the el ect r,andthiscteataswnaone electromdbped” " bbhawdd and
holedopedli b &medecondoriginisthe2D nat ure of the G0 band c
the third origin as theéexg phonon modeswvhich corresponds tan-plane B-B bond
stretching

Several experimental observatiomsre repated during 2001 and 2002 about the
existence of two gaps or multiple gaps in magnesium diboride. These observations came
from specific heat measuremefi2, 21] point and contact measuremef#8] and STM
measurement§23]. Choi et al using first principle calculation showed theo-gap
existence successfully with the values it band gapmatching with experiment®4].
Figure 14 shows the two energy gaplsetop figure shows the calcation and the bottom
figure shows the experimental d4gb]. The smaller energyagp o r- whidh arisep
fromthe” b omairbg tals i s between 1.ghidharise3. 7 me'

from px,y bonding is betweef.4 to 7.2 meV.

e

p(4) (a.u.)

. , ad |
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Figurel.6: The two gaps of MgBmeasurd byK. Chenet al, from Ref. 25 Top: the

calculated data. Bottom: the experimental data.
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According to both Kortuset al. and An et al, metallic boron sheets are mostly
responsible dr the superconductivity in MgB This was experimentally observed with
isotope effecea few months later by Hinkst al [26]. In their experiment, they observed
that almost no difference ifc in MgB2 with different Mg isotopes while around 1 K
difference inTc between M¢®B2 (40 K onset) and MgB: (39K onset). According to the
observatios, it is clear thatooron layers play a major role in the superconductivity in
MgB:.. Later, Al-dopedsingle crystal studieshowedrapid reduction ifTc with the doping
level and He2 reduction [27]. These were mainly attributed to the band fillingnirthe

excess electron in Ala to the stiffening of the lattice leadingaceductionof Eog modes

1.3 Superconductingradiofrequency (SRF) cavities

The primary purpose of radiofrequency (RF cavity) is to accelerate charged
particles. Normal conducting RF cavities have a high suristance, and thigeats a
substantial power loss. Superconducting RF cavities have the advantage of having
substarially smaller surface resistance, reducing the RF dissipation in the walls of the
cavity by millionfold. SRF cavitieare currently useth many modern continuous wave
(CW) particle accelerators. In the mid1960sStanford the first leadcoated resonater
were experimentedHansen experimental physics laboratory (HEPL) at Stanford was the
first superconducting accelerator (SCAQfter tha, many other particle accelerators
around the world have adapted SRF techno[@8Y. In this sectionthe fundamental®f
the SRF cavitiesthe currenstateof-the-art SRF technologyalternative materials and the
advantages of MgBbased SRF cavities witle discussed

There are two main types SRF cavitiestheyareba 1 a b chvitiesomhere

b = v/c, vi velocity of the particle and ic velocity of light. Typically,b a 1 cavities are
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used to accelerate light particles (electrons, positrons, ofemgigy protons)andthese
cavitieshaveamuchsimpler structure. Lo cavities are used to eglerate heavy particles
(ions) or low-energy protons haveuchcomplex shapedn this section, thé&® 8 SRF
cavities will be discussedrigure 15 panel (a) shows an image b8 GHz Nbnine-cell
cavity, andthe pane(b) showsa schematiof amulticel elliptical cavity[29]. Thetypical
primarymode used in elliptical cavities is the $/dmode where the electric field is along
the beam directigrandthe magnetic fields alignedaround the bem path. As seen in the
schematican electromagnetidield is synchronized with the cavities so that the electric
field in every other €ll is alignedin the same directioto accelerate the beama given

RF cycle andn the next cycle thdirectiors of the electric fieldnside cavitiexhange as

the particles move to the nexdlk So, this process guarantees that the particle beam always

sees the accelerating field.

RF Power In

HAALL

Figurel.7: (a) 1.3 GHz mlii cell niobium cavity and (b) schematic of a mutell cavity
with arrows showing the direction of electric fields and the circles showing the di

of magnetic fieldsfrom Ref. 29

20



1.3.1 Quality factor and accelerating gradient

The quality factor Q) and the gradiente.) are the two key parameters which
characterizean SRF cavity. Howevethe quality factor isnot limited to SRF cavitieand
it is a universal parametevhich is a measure d@fficiency forany resonating structure.
Both Q andEaccare figures of mét for normal metal and superconducting RF cavities.

Q (unloaded)is a measureof how many times cavity will resonate before it
dissipats all the stored enerd28]. Qo is given by the equatiofq. 1.26.

I E[F Zl]i.fF (1.26)
Tl »

Wherg s the is the angular frequendy,s energy stored and tlieis the energy
dissipation per RF cyclgower dissipation) and; is the period of the RF. Typical copper
cavities have o on the order of 10while stateof-the-artNb SRF cavities hav®o of 10
i 10'% These are highe§o values found among any resonators. This huge difference in
the Qo found in NCRF and SRF cavities is mainly due to the vast difference in the surface
resistancels) between NCRF and SRF cavities. Normal metallic cavities (Cu) altmw
resistance and uporooling their resistance starts to drop until it reaches thduads
resistance. The residual resistance in normal metals is significantly higher (several orders)
than the surface resistance observed in superconductors.

Surface resistance is the key paeter determining th@o of anSRF cavity andit
contains two cmponents, BCSurface resistanc&{cs) and the residual resistand)

Ro is a combination of the resistance due to material imperfectiRp dnd due to the

trapped flux Rq) [28, 31]
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1y = 14 WHo1 Y4 B4 A (1.27)
1 =iféf;;§;D =|I- (1.28)

Wheref is the frequency and is a constant which depends on superconducting
parameters such as Fermi velocity, mean free path, penetration deptiharehce length
[28]. Recsonly dependsmmthe superconducting properties of the material, the operational
temperatureand the frequencyRm mainly depend omaterialquality such as surface
roughness, grain connectivity, eRu is mainly due to the trapped fluandit arises from
the normakores. It is related to the normal state residual resistance and the upper critical
field of the superconductor.

Power dissipation in the cavity occurs through the cavity walls due toRthe
Therefore P can be calculatethking the integral over theigace of the cavity a®llows

[28].

I 7 9 vHw (129

Energy stored in the cavity given byEq. 1.30[28].

T -H 3B (1.30)

o

Consideing the Rs is a constant, we can writ® asEq. 1.31[28].

-H,_ 3 H

; (131)
=| Yy a Hv

QoRs is known as the geometrical factoG), andit is a constant thainly depends on the
shape of the cavityandit is given byEqg. 1.32[28].
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The net important parameter for an SRF cavity is Hag, accelerating gradient.
Eaccis the average accelerating electric field of the casitgit is typically limitedby the
superheating fieldHsn) of the superconducting materiéds, canbe considredas the RF
critical field, andit is higher than thél. for type 1 superconductors and higher thiarfor
type 2 superconductorSuperconductor imn RF field can renain in the Meisner state
even above thélc (type 1)or Hc: (type 2)due to the rapidly chging RF field; this
metastable state can sustain upltp[30]. As theEaccincreases, peak electric figlBpeay)
and the peak magnetic fieltifea) ONn the surface of the cavityill increase OnceHpeax
reaches the value of th&n,, the cavity willqguench loss of stored electromagneéinergy
Another limiting factor for high Eacc is the field emissionTo keep the cavity from
quenching and field emissipit is important to minimize thBpeal Eacc andHpeal Eacc[28].
The SRF cavity designs have bemstimizedfor keeping these in mindherefae, the
main limiting property forEaccis the Hsh of the superconducting materi@uperheating

field is related to théhermodynamic criticdiield as follows[31].

avi 87w - # (1.33)

i 8 Tw l“ >l (1.34)
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1.3.2 State-of-the-art SRF niobium technology

As mentionedat the beginning of the chapter, bulb and Nbcoated Cu is the
currentstateof-the-arttechnology. Test cavities with quality factor as high &8 a6d the
accelerating gradient as high as ~45 M\HWare been reported32]. This was achieved
because of the years of research and developméiti tfchnologyn terms ofimproving
material properties (Ndoping, annealingetc), extreme quality controlling, development
in the cavity designetc. However, these are the theoretical limits forthebasecdavities
[32]. Nb-based SRF cavities typically operate at 2 K that redaige-scaleliquid helium
refrigeration in large facilities such as-Himi LHC and ILC. Liquid He refrigeration adds

substatial cost to the capital and operation of an accelerator.

It is important to look at the reasons for the popularity of Nb apart from its
supeconducting properties. Two main reasons are it is an elemental superconductor and
naturally existing metal. Being naturally existing metal is one of the keys for its success,
it canbe machinedrom bulk, can be welded, can go through all the qualititrob steps;
mechanical polishingglectrochemicapolishing, high-pressuravater rinsing etc. Being
an elementasuperconductor is also an advantage. It is easier to synthesize thin film of a
simple one elemental material compared to a complex matatralmultiple elements.

This has been one of the reasons for successful Nb coated Cu cavities.

1.3.3 Alternative superconducting materials for SRF cavities

Since Nb technology is reaching its theoretical limit€gyaandQ, new materials
with improved RF perfanance ata higher operational temperature (above 4.2 K) has
become a topic of continued SRF research in recend.ydgB> and NSn are considered

as possible next generation SRF materials

24



Table 1.1 shows the comparison of superconducting propertigedreiNb, MgB,
andNbsSn. From the table, both MgBnd NBSn have higfic, highHsy andlarger energy
gaps compead to Nb. Therefore, better RF performance and highmerational
temperatures cabe expectedrom both MgB- and NkSnbased SRRechnologies.

However, it is important to investigate how Mgihd NBSn compare each other.

Table 1.1: Superconductipgoperiesof currently interested next SRF materials with |

Te n Hc(0) Hsh %0) ®
Material
(K) (eq (M (M (nm) (meV)
Nb 9.23 2 0.2 0.24 40 15
MgB> 39 0.1-10 0.43 ~0.3 40~140 1.8,7.2
NbsSn 18 20 0.54 ~0.4 80-100 3.1

1.3.4 MgB: as the next SRF material

MgB: is one of the mediudic SC materials as a potential candidate péaiee the
Nb-based SRF cavities. Theoretical studies have predictec kbgBave lower surface
resistance compared to Nb as well as higher accelerating gr&azhémgs et al [33] have
presented earltheoreticalstudies about MgBas a viable candidate for SR&vities.

For MgBz, Racs s theoretically calculated to be much lower than thalofor &

a givenfrequency.Nb cavity operating at 500 MHz and 4 K would h&s#sof 69 nq.
MgB: cavity operating in the same conditions would h&gesof 2 . 5 n23 xd0r d
g38]p ARcdr cheWyg ®BwaodC

ng espectively for the

calculations, significantly lowdRscs value carbe expectedor MgB: cavities.MgB: is a
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metallic superconductpandthe residual resistance arising from the grain connectivity
(Rm)is similar to the Nb (table 1.1 or the residual resistance due to flux trappings can
be expecteds MgB has low normal state residual resistiatyd large upper critical field.
According to Collingset al, the ratio ofRq to themagnetic fieldRq/H for a MgB; cavity
operating at above conditions3smn q L€ T whniNbea viotry it woul d
From these theoretical calculations, ovietalwer Rs for MgB. can be expectedn

comparison to Nb. Therefore, higher Q valuesNtyB> cavities carbe expectedGL

parameter for MgBis much larger than one while Nb has a GL parameter close to one.

Considering the GL parameter and tHe, an Nb cavity with the HpealEacc = 40
0€(MV/m) would have maximurBaccof 49 MV/m whilea MgB; cavity operating at same
conditions would have maximufcof 80 MV/m [31]. Since MgB has a highl¢ of 40

K, a MgB: SRF cavity may be able to work above the liquid helium temperature
eliminating the need for the liquid helium refrigerati®4]. Considerig the theoretical
predictions, MgB has the potential téulfill all three requirements (higQo, high Eacg

higher operational temperature) of the next generation SRF cavities.

1.3.5 MgB2-coatedCu SRF cavities

In this thesis work, development lligB2-coatedCu cavitieswas focusedMgB.-
coatedCu cavities will have an added advant&gen the high thermal conductivity of Cu.
High RRRCu has excellent thermal conductivity ~1000 W/nmaKdthis will significantly
reduce the temperature variation across the cg4fly Thiswill enhance the heat transfer
from the superconducting MgBayer providing batter resistance to quenile to the

high Tc of MgB and excellent thermal conductivity of QdgB»-coatedCu cavities are
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expected to operate as high as2®K. This will allow the use of neon or nebglium mix

cryocooler cooling eliminating the usel@fuid helium.

1.3.6 Comparison betweenMgB2-coatedCu and NbsSn cavity technologies

Research and development of38h SRF cavities is pursued by many research
groups andcurrently it is in the later stage of thdR&D process compared to MgBAs
shown in table 1.1, N¥$n hasl. of 18 K,Hsnof ~04 T and energy gap of 3.1 meV. These
properties make it a possible candidate to compete with Nb calite®r Rscs canbe
expectediue to is large energy gap and relatively higbompared to Nb. However, it has
a significantly higher residualsistane[35] compared to both Nb and MgBand this will
impact the overall surface resistan®®ith the highHsn of NbsSn, high Eacc can be
expected However, in the early NBn cavity tests, it has been observed la@gaope
above ~3040 mT [36]. This Q-slope was mainly accountefbr the flux penetration.
However, in recent NISn cavitytests this Q-slope has not been obsen|@6]. Recent
NbsSn testcavitiesoperating at 4.2 K witlQ ~10'° up to ~ 15 MV/m has been reported
[36].

NbsSn is a brittle material with very poor thermal conductii8]. Current NaSn
cavity fabrication telenology is basedon annealing of bulk Nb cavities in Sn vapor.
However,someprogresshas beemmade on the N§sn fabrication using other methods
including thin film fabricatior{36]. However, it is questionable how successful balthin
film coating NB3Sn as it is a brittle material. Sintiee currentfabrication technique uses
bulk Nb cavities, the material costs associated witkBNIzavities are significantly higher
than theMgBz-coatedCu cavities.In addition due to the lowT. and poor thermal

conductivity of NBSn coating (and the bulk Nb cavitpperational temperature of 8n
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cavities will be limited to around 4.2 Ktherefore, Nb6Sn cavities will not be able to
compete with high operational temperatures -280K expectd for MgB2-coatedCu
cavities.Thiswill limit the NbsSn cavities to opate with helium cryocoolers while MgB
has the potential to operate with neon or Reelium mix cryocooler technologys a
rough cryocooler refrigeration capital cost estimatibhVV cooling at 4.2 K is aroun8io
times higher compared to 1 W cooling 8tR[unpublished by A. Nassiet al]. Therefore,
a substantial reduction of cost cha expectedor a MgB,-coatedCu based accelerator
compared to NéSn based accelerator.

However, fabrication ofMgB,-coatedCu cavities isratherchallenging because
MgB: is not a naturally existing material and it is vergirand with many other chemicals.
Hybrid physicatchemical vapor deposition (HPCVD) technique is one of the best
techniquesd synthesizéhighest quality MgB thin films. Development of MgB growth
technique on Cu substrates by modifying the existing HPCVD technique, RF
characterization oMgB2-coatedCu samples and development of 3 GHz Cu test cavities

will be discusseih detal in the later chapters of this thesis.

1.4The arrangementof the thesis

With the introduction to my main research, | will discuss the experimental
techniques utilized in chapter 2. MgBrowth on metal substrates, on 6 GHz cavities and
2-inch sapphire waferlaid thegroundworkto my research. The topic of MgESRF
researchs discusseth chapter 3.

As the first step, MgBsamplesvere producean 2inch diameter Cu disc3.0

produce tkese samples, a new growth recipas developed These samplesvere
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charaterized in terms of structure, DC superconducting properties, and RF
superconducting properties. This waskpresenteih chapter.

This newly developed HPCVD growth process on bare Cu discs was scaled up to
coat inner walls of a 3 GHz Cu RF cavitiestiblly, a Cu tube with similar dimensions of
the beam tube of a 3 GHieas coatedAfter that, the process was further enhanced tb coa
3 GHz Cu cavity. This worls describedn chapter 5.

MgB: thin films were synthesized on silicon and silicon on iatul (SOI)
substrates to use in waveguibased hot electron bolometers. This wisrklescribedn
chapter 6. Since this work is relatly different from the main work (MgBSRF cavity
application) described in this thesis, this chapter will haveous introduction,
experimental sections, and summary and future \weckions

In chapter 7, | will describe experimental details andltesid Al ion implantation
of MgB: thin films. This chapter will have itswn introduction, experimental technique
and simmary and future workections.

Finally. I will conclude this thesis in chapter 8 with the research direction outlook
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1 MgB:2 thin film deposition

2.1.1 Thermodynamics of Mg-B system

The MgB powder was commerciallavailable even before the discovery of
superconductivity in MgB However, many device applications requitadh-quality
MgB: thin films. Development ofa technique to produckigh-quality MgB: thin films
requires careful consideratiai thermodynamic®f Mg-B system. Thermodynamics of
Mg-B systemwas studiedy Liu et al. [37]. Pressurgemperature phase diagram of Mg
B systems shownin Fig. 2:1.Mg is highly volatile andthereforet requires aufficiently
high Mg vapor pressure to prevehe MgB phase decompositioithe shaded regioim
Fig. 2.1is the growth window for obtaininggh-quality MgB: thin films, andit is marked
as i Ga® hiigwindowexcess Mg will be in the vapéorm andit can be pumped
out from the system withdwontaminating the film. If the Mg vapor pressure is too low,
MgB: will decompose to MgBor MgB7, andon the other hand, if the Mg vapor pressure
is too high, Mg will condnse on the film. Therefore, controlling the Mg vapor pressure is
thekey tohigh-quality MgB: thin film deposition.The stoichiometry of the MgHilm is

preserveds long as the Mg/B ratio is larger than 0.5 (excess Mg vapor).
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Figure2.1: Phag diagram of MeB system modified from the original imagieom Ref
37.Color added for easy visualization.

2.1.2 MgB:2 growth techniques other than HPCVD method

In addition to HPCVD technique, there several othemteuesvhich successfully
synthesizeMgB: thin films. These techniques cle categorizethto two main classes
annealing of B films in Mg vapor {&tepgrowth) andin-situ growth [38]. In the 2-step
method, a boron layas first depositedon the subtsate. After thatjt is annealedn Mg
vapor at higltemperature. The depositiontbe B layer can be carried out by using many
established thin film deposition techniques such as sputtering, pulsed laser deposition
(PLD), CVD, etc Postannealings typically carried out in a Ta tube with high purity Mg
in Ar atmosphere at around 900 °C. Soon after the discovery of superconductivity gf MgB
Kanget al reported MgB thin films synthesized by usirigystep process and these films

showed egellent superconducting properties including higlof 39K and highJc in the
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order of 18 A cm?[39]. However,due to the low vacuum growth of B laydris difficult
to prevent oxygen contamination in these films.

Pulsal laser deposition (PLD) and molecular beam epitaxy (MBE) arerivsitu
techniques reported in synthesizing MdBin films. HoweverTo prevent the MgBfilm
from decomposingrelatively low growth temperatures were utilized in these techniques
[38]. MgB: thin films fabricated from these techniques showed relatively low transition
temperatures. Moecklgt al. reported growt of high-quality MgB: thin films using
reactive evaporatiof#0]. In this method, a speciedtatingpocket heateis used and the
substratas rotatedn the pocket heatelhe pcketheaterhas an openinl/3 size) and
when the substrate rotatdwdugh theopening a boron layer is deposited viabeam
evaporationOnce the substrate rotated backnto the pocket heater, i exposedo Mg
vapor at 550° C. MgandB layer reacts angroduce MgB: thin film, andthe rotation
cycleis keptuntil the desired thickness achievedMgB:; thin films fabricated with this
method showed excellent superconducting properties such a&lgbve 39 K and high

RRRaround 440].

2.1.3 Hybrid physicalchemicalvapor deposition technique

Development of lsemical vapor depositiofCVD) techniqee for MgB thin film
deposition was ndtraightforwarddue to several reasons. One of the main reasons is that
the lack of Mg-containing suitable precursor. Thereforéhe HPCVD technique was
developed to synthesizegh-quality MgB: thin films. In 2002,Zenget al reported the
HPCVD MgB: thin film growth[41]. According to the original HPCVD process reported
by Zeng,the whole deposition process is carried out inside azjueeittor.The sibstrate

was placedn the center of &iC-coatedgraphitesusceptgrandthe pue Mgbulk pieces
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(0.37 0.4 g)were placedround it. Then, the systemwas purgedvith purified No and b
gases. After that, both the substrate and the Mcepigere inductively heatetb around
7301 760 °C intheH2 backgroundTheH2 background is imprtant as it creates a reductive
environment which helps to prevent the oxidization. The total pressure of the system
maintainecbetween 100 700 Torr. Ater reaching 730 760° C, diborane (B1s) gas was
introduced to the systerandit initiated thedeposition process. Mg vapat ~ 730 °Chas
very low sticking coefficientanddue to that, Mg will not deposit before the introduction
of diborane gasThethicknesof the film carbe controlledby adjustingthe diborane flow
rate or the deposition time. HPCVD method is best for epitaxial thin film deposition due
to its high deposition temperaturand it has produced MgBthin films with superior
propertiesuch as higfic of around 41.5 K, higRRRRof arourd 80, highJ, etc. This setup
reported by Zeng is optimum for the deposition of high quality epitaxial MigB films

on small (15 x 15 mA) size ceramic substratemnd| will call this as theoriginal HPCVD
processHowever, the current standard HPC\éBtup at Temple University eslightly
modified version of the original HPCVD setup reported by Zeingl. [41], andit will be

discussedn detailin chapter3. A schematic of the CVD process dam seerin Fig. 22.
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Figure2.2: Schematic of the HPCVD process.

2.2 Magnetran sputtering

During the completion of the research work presented here, various other thin films
such as Nb, Au, Si&) MgO, etc were depositedor different purposes using magnetron
sputtering. Both direct current (DC) and radiofrequency (RF) sputtevierg used
Magnetron sputtering is a well matured physical vapor deposition (PVD) techAigue.
SiO; and MgO filmswere primarily usedor the passivation of the MgBfilms. MgB>
films are very sensitive to the oxygen and the moistutkeair. Without a passivation
layer, MgB films cangetoxidized easily. Therefore, a passivation layer is sputtered on
MgB: films to prevent oxidization. In thmicrabridges patterning process, tgssivation
layer protects the film from many chemicals sucplastoresistsdevelopers, kD, etc. Nb
and MgO films were initially used as buffer layers to prevent the Mg and Cu reaction.

The gutteringprocessakes place iralow vacuum with an inert ga(typically Ar)
environmentA negativechargeis appliedto the targetthe targetis a bulk source of the
thin film materia] and the substrate i&ept relatively positive. This high electric field

ionizes the Aratoms, igniting the Ar plasmahe Ar ions attracted toward the negatively
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charged targetand ions will bombard the target surface with very high energy. This
processejects target atomsand these ejected target atoms will get deposited on the
substrate surface forming a thin filmtbietarged materia) andsome of the ejected atoms

will get deposited on the vacuum chamber waéligting the processf Ar ions impinging

on the target surfagcesecondary electronare ejectedrom the target surfacelhese
secondary electrons willetacceleratetoward the positively charged substrate. However,
these electrons can collide with Ar atoms creating mMarnens. Therefore, it is important

to confire these electrons near the target surface which will increase the sputtering rate. In
magnetron sputtarg, a specially shaped magnetic field is arranged near the target surface
so that it will confine these primary and secondary electrons to near teedargceT his

will increase collisioswith Ar atomsresultingin more Ar ionswhich will resultin higher
sputtering rateln addition this will reduce the plasma impedanaerdit will resultin low
voltage operation of magnetron sputtering, typycah several hundreds of volts.
Therefore,magnetron sputtering is very useful in thin film fabricatamit yields faster
deposition rates and reduces the operatidowter voltages Figure 23 shows a schematic

of the magnetron sputtering proc¢42].
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Figure2.3: Schematic of the magnetron sputterifrgm Ref.42.
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Typically, metal films such as Nb, AandCr were deposited using DC magnetron
sputtering.Insulating films such as MgO and Si@ere spugred using RF magnetron
sputtering using ceramic targets. Insulating thin film deposition rates were substantially
slower (0.5- 1.5 nm per minute) compared to metal films {1000 nm per minute).
Ceramic substrate tends to crack due to the excessivéuikhtip during the sputtering
processFigure 24 shows images dfvo sputtering chambers used in the research work
presentedn this thesis. Metallic flmsvere synthesizenh the spttering chamber shown
in Fig. 24 panel (a). Thisystemhas two separateacuumchambes; the mainchambeiis
where sputtering targetse locatedand itis pumped using a crypump Theloadng dock
is wherethe substrat€samples) are loaded and pumpetdsepressure. These substrates
then transferretb the main chambeithe rmain chambeliis typically pumpedelow 1x10
" torr background pressure which is necessary to prewdtization, andthe sputtering is
carried out at around 1x®0rorr Ar pressureTypically, oxide filmswere depositeth the
chambe shown in panel (b) whicis pumpedvith a mechanical and a turbo pump to lower

10 Torr.

Figure2.4: Sputter chambers used in this work: (a) for metal filaml(b) for oxide

films.
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2.3 Structural morphology characterization

2.3.1 Atomic force microscopy

Atomic force microscope (AFM) was mainly used to study the grain structure
surface roughnessnd thethicknessof MgB: films. Bruker Dimension Icon AFMvas
usedduring the research work presented hErgure 25 shows an imagef the AFM used
in this work.

In general, AFM tip is a very sharp tip whighlocatedat the end o& cantilever.

The @antileveris attached to a piezo controlleand it controls the movement dhe
cantilever(tip). A laser beans focusedn to the tomf the cantilever (opposite side of the

tip), and the reflected beans alignedonto a position seris/e detector (PSD). This
mechanism measures the movement of the tip and using thathegtzyographyof the

sample scan araa generatedAFM has thre main operation modes; contact mode,-non
contact mode and tapping moda. the contactmode tip touches the sample surface
continuously. This method is good for hard materials. However, this can damage the
sample as well as the tip. In noontact modethetpd o es né6t touch the sa
all. It keeps a constant distance from the samahel it measures the change in the
vibrational frequency. However, this mode is somewhat complicated tolbeehird

option is the tapping mode, in this modp & deliberately tapping the sample surface
during imaging. In the tapping modmntilever (tip) § vibrated near its resonant frequency
usingthe piezo controllerandtip touches the sample surface onceweryvibration. In
thismethodtip touches ample for a very short timandit avoids the lateral forces exerted

on the tip (sample) in contact mode. Therefore, tapping mode adds less damage to the

sampleFigure 25 shows an image of the AFM used in this thesis work.
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Figure2.5: Bruker Dimension Icon atomic force microscope.

2.3.2 Scanning electron mioscopy and energy dispersive spectroscopy

Scanning electron microscopy (SEM) is a versatile tool to study grain structure,
grain sizes and the film coverage in MgBm grown onCu and other substrates. SEM is
much faster and gives clear images comptaréd-M. However, it cannot give information
regarding the sample roughness. In the development ot kigith process on Cu large
area substrates, SEM was very usetuhpared tAFM as AFMwas difficult to use due
to the highly rough surface morpholodyigure 26 shows an image of the SEM used in
this work.

Main components in a scanning electron microscope datectors, sample
chamber, data analyzing computetectron sourceard a downward column where
electrons accelergtand which also houses diffeteelectromagnetic lenses and coils
Electron sourcgrovides the electron beam, antaccelerate downward in the column.

Electromagnetic lenses in the coluameas usedn focusng and magnificationElectron
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beam rastering is achieved by deflectioilscdVhen the higrenergy electron beam hits
the sample, it travels into the sample (few micrometers) generating diffeyealss This
interaction generates secondary electrons, backscattered electrons, Auger gdaathons
rays.Using different deteors, these signals can be detected and using different algorithms
it can be convertedinto sample information such as topaghy and composition

(elemental).

2

Figure2.6: Scanning electron microscope used in this work.

During the research presented in this thesis, mainly the topography of the MgB
films grown onCu substrates and several ceramic substrates were studied. In SEM
imaging, it is important to have a conducting sample (grounded). If the sample is insulating,
charge (electrons) can build up on the surfandit will deflect the beam. Hwever, MgB
is metallic (conducting) in the normal stasndtherefore it was easier to image MgB
samples under the SEM. For the topography studies, mainly secondary elwen®nsed

Characteristic Xays emitted upon electron beamteraction withsample material

can be used to study the elemental composition and this technique is known §s energ
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dispersive spectroscopy (EDS). EDS was used to study thesactssn of MgB films
grown on the Cu substrates to study the Glgalloy distribution and the alloy mixingith

the MgB: films.

24 X-Ray Diffraction (XRD) studies

X-Ray diffraction techniquevas extensively used thecharacteriation ofMgB:
films. Bruker D8 Discover XRay diffractometewas usedor the XRD analysisMost of
the timed-2 dscans were used to confirm MgBrowth direction and to identify any
impurities in the film.Egpeciallyin the M@ growth on Cu and Si cases, XRD was used
to identify the alloy phases in the film. In the Al ion implantation project, XRD was used
to gudy the lattice expansion correspond to different implantation déeggse 27 shows

an image of the XRD system used in this work

Figure2.7: Bruker D8 Discover XRay diffractometer.

X-ray diffractometer has three main componentgytube, sample stagendthe
detector. Cu targetwre usedor the Xray generationandCu Ky radiationis usedor the

x-ray characterization. CKy has the wavelength of 1.5406 Alowever, xray tube
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generates botkyandKp radiationgsanda monochromator is used to filter out #e Use
of the monochromator significdp reduce the intensy of the signal. Typically,
polycrystalline thin films havasignalwith less intensity compared to epitaxial thin films.
Therefore, in some studies monochromator was not used.
WElirl ¢ (2.1)

Thed-2 &écanis mainly governdy the Bragd s  Bragg equations shownin
Eqg. 2.1. Wherel is the distance between lattice plaress the order of the diffraction,
ais the wavelength of thepay radiationanddis the diffraction angleDuring a 2f-d scan,
thesample stageotates d angle andthe detector rotates twice of that{ @hgle. When the
angled, full fills the Bragg equationthe detectomwill record a diffraction peak. By using
the diffraction peak positions and the Bragg equation,canefind the distance between
the lattice planes. MgBgrows epitaxially eaxis oriented in SiC and a correspondih2d
scan will results a peak at 25° for 001 pleareda moreintense peak will appear at 52° for

002 plane.

2.5 Ar ion milling

Ar ion milling was used in micrbridge pdterning process and to smoothen MgB
thin films. Ar ion milling is a physical plasma etch method where energized Ar ions
accelerated towards the sample needdmkichedand the bombardment of Ar ions with
the sample redts removal of material. IntlVaér ion milling systemwas usedn this
work,andi t 6 s a f ul | y Amiontbeamia geredatedyythe tkaufman ion
source in the systeritypically, ion beams with energy ranging from 100 eV to 1 ke&/
used A tungstenfilament is placedin between the sample stage and the ion soutce

neutralizeghe ion beanby thermionic emission of electranThis tungsten filament is
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known as theNeutralizer. It is important to neutralize the ion beam before reaching the
sample. Otherwisg¢hesamplewill get ionizedandit will causethebeamto get deflected
from the sampleesultingin decreasing mill rates with the timBuring the ion milling
process, first, the chamber is pumped down to the base pressure, tygi6dllorr. Then,
Ar gasis introdwed to the chamber and pressure is kept at lowet T6rr. Lower
operational pressuansureshelargemean free path of ions, which requiresmas needed

to travel several inches to reach the sample.

(a)

Kaufmann ion
source

ion beam MgB,; film on B/Si/B
substrate

© - Milling angle Sample stage

Figure2.8: (a) a cartoon of the ion milling processd (b) IntlVac iommilling system use

in this work.

Milling rate depends on the iddeam energy anthé gracing angle between the ion
beam and the sample atonstant Ar pressure. In IntlVac ion milling system, the angle
between the sample and the beam lmarchangedEtch rate is highest at 43illing at
45° was used during the micrsize device fabcation process while lower angle milling
was usedh thereductionof film roughness. During the milling process, sangds heated

as ions lose its kinetic energy the sample surfac&herefore, it is important to hatee
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sample stag chilled. As iomrmilling is a directional milling process, shadowing effect can
be substantiakspeciallyin low angle milling.As a solution to this issuéhe samplewas
spunaround a central axigigure 28 (a) shows a cartoon dhe Ar ion milling process,

(b) showsan image of the IntlVac ion milling system used in this work.

2.6 Micro -bridge fabrication

For accurate electrical resistivity and critical current measuremaigsymeter
size bridges were fabricatedon MgB; films grown om ceramic and Si substrates.
Micr obri dges i n 4&thoe 5s ixzwaréifrica®aFabrication peooess
contairs multiple steps and was carried outlass100 and 1000 cleanroom environment.
The main objective of the lithography is tamisfer the patteran to the fim, andit is a
widely used technology ithe semiconductomdustry and research. In the UV lithography
process, dight-sensitivechemical known as photoresist is spin coated on the sample so
that a thin layer of photoresis coatedbnthe sample. In IgB; patterning process, a thin
gold or insulator layer deposited dngB: film to protect from photoresist and other
chemicals. Typically, edges of the sample tend to laahécker photoresist layeandit
was scraped off. flen the sample with the thinsist layer was bakea@ndit is known as
As of t Afterabdatghesamplewvas placed in the masitigner and put into hard contact
with a photomask which contains the micron size pattern which needed to trandfiee into
film. Mask-aligner is a sophistated instrumentvhich has precision control of sample
movement and the UV light exposuFeégure 29 shows an image of the maakgner used
in the lithography proces®hotomask is a quartz plate which has the patiingd on
it. After that,the sampe is exposedo UV light through the photomask. Photomask will

block the light exposing the area directly underneath the pattern on the sample. Then the
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exposed sample is developed in a chemical (developer) whereptheeexphotoresist will

dissolve livng the pattern of photoresist on top of the sample (positiversit). Then

the sample with the photoresist pattern was bakedt hi s i s typically Kk
baking After the hard baking, sample and the pattEe etched using Ar ion millingnd

this will remove the film from the background of the pattern. After thaphotoresisivas

removedfrom the sample by cleaning in acetone in an ultrasbath Finally, we will

Figure2.9: MicroSuss MJB4 maskligne used in this work.

haveafilm only on the pattern.

2.7 Low-temperature transport and magnetic measurements

To measure various superconducting properties of diffgypas ofMgB. samples

low-temperaturgéransport and magnetic measuremevese carriedut frequently.

2.8.1 Dip probe measurement system
Resistivity vs. temperature RT) meaurementswere carried out frequently to
measure thé& of the samples grown with different condit®iror these measurements, a
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homebuiltdip probewas inserted into a liquid helium dewanary the temperature from
room temperature to liquid helium teerature.ln the dipprobe, aCu half cylinder of

| e n g is tonngdctedb a 5 feet long vacuum sealed stainless stee] amokthe other end

of the stainlessteel cylinderis connectedo an 18-pin electrical connector. Cu half
cylinder act as the sangpholder and it contains space for several (10 x 16)rsamples,

a silicon diode sensor for temperature measurements® atettrical pins for contacts.
These contact pingre connectetb 4 twist p&rs of cryogenic wires and thermaldiode
connected t® twist pairs. These twist pairsn through the stainlessteel tubing and
connected tathe 18-pin electrical connector in the other end. Positive and negative
terminals of voltage and current arennected to twist pairs. Resistivity measurements are
caried out by placing a samptm the sample holdewith low temperature high thermal
conductive greasand makingelectricalcontactdbetween the sample and the terminals by
using silver wirg with either indium or silver paintl8 pin connectoin the otker endwas
connected to a Keithley 2400 source meter and a Lakeshore 330 temperature controller.
Then thedip probe was inserted into a 100 L liquid He dewar. Temperaturebean
controlledby adjustingthe depth of the sample holder inside the He dekigure 210
shows the dip probe and He dewar with RT station.

During the development onaVigB. growth process on Cu disdbie transition
temperatur®f many Cu samples coated with Mgiisms (differert quality) wasneeded to
determine ina daily basis. Havever, due to the high electrical conductivity of the Cu
substrate, regular resistivit. temperature measurememtsrevery noisy. Thereforehe
mutualinductance techniqueas usedMutual inductance technique uses two cp#ad

the samplavas sandwahedin between the coildJsing a bck-in amplifier, an AC signal
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was appliedo oneof the coils (drive coil) andthe inductance of the other cdgick-up
coil) was measuredA dip probe wasnodified to housethe coil assembly. In mutual
inductance measement boththe inductance current and the phass measureduring
the superconducting transitigdhginductancewill go to zero because of the Meisner effect
and the phase will change thg the mixed state giving a peak during the transititsing

this data T of a superconducting film can be determined.

Figure2.10: (a) dip probe used in this warand(b) liquid He dewar used for dipping

probe

2.5.2Quantum design physical property measurement system (PPMS)

The physical property measurement system is a commercially available system
which can be used to measure different propertiemaferials and it is designedoy
Quantum designPPMS contains a liquid helium dewandit is enclosedn a liquid
nitrogen jacket. To provide magnetic field up to 9 T, PPMS has a superconducting (NbTi)

maget builtin. PPMS can vary the sample temperatfrom 400 K to 1.8 Kandit can
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apply magnetic field from O 9 T. Different modules are availablerfdifferent
measurements. In my research work, | used the resistivity option and the AC measurement
sysem (ACMS) option. Resistivity optiois built into the systemandit can be used to
measure transpoproperties In the resistivity option, sample (film or patterned bridges)
wire bonded to electrical contacts in a sample holder. Tineeampleholder is placed

inside the PPMS and using the compseftware transportproperties can be measured.

For samples on ceramic substrates, resistivity optias ised

Figure2.11: Quantum Design PPMS system

To measure th&. of Cu samples (plugs) from cavities and tyb®€MS option
was used Samples frontavities and tubes are too thick meeasire using the mutual
inductance dip prob&o use the ACMS optigra pickup coil set was inserteadto the
PPMS, anda servo headeed to be installedon top of the PPMS dewar openiriche
samplewas placednside a special sample holder whiclaisheend of a special rod. This
rod was inserted into the into the PPMS through the top of the servo head so that sample

will stay inside the pickup coil set. To measure the magnetizaiolemperature, very
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small DC magnetic field (:60 Oe)was appliedrom the superconducting magnet in the
dewar and the sample rod is vibrated from the servo bedthiatthat sample willbe
vibratedinside the pickup coil set. This procascontinuedor a range of temperatures
andonce the sample comes to the supeduding state the samplebecomes negatively
magnetizedDue to the negatively magnetized sample vibration, a s{gnakent)will be
generatedn the pickup coilUsing this signalmagnetic momenis. temperature cahe

plotted

2.8 Microwave dielectric resonator

OFHC copper shielding

Vacuum

Loop Antenna Loop Antenna
Sapphire Puck
e f— \
Copper Plate
with Opening :

MgB, thin film OFHC copper shielding

( I
0 15 30 (mm)

Figure2.12: Schematic of the microwave dielectric resonator used in this,irork

Ref.43.

Microwave dielectric resonator was used to measure and compare the quality factor
of MgBz films grown on Cu discs with tretandard MgBsamples and OFHC Cu samples.
Microwave dielectric resonator consists of a dielectric cylinder or a disgrtennas, Cu

housing anda network analyzefThere are two types of dielectric resonators avaalabl
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The first type is known asi Ha ICloil emano resonator and t
AOp-endedo r es on aiColeman résonatdr, lbath eHds thik dielectric
resonator are in contact with two superconducting thin films. In the epeéed resoators,

as the name suggesinly one end of the resonator touches a superconducting thin film
andthe other end is open.

In my research workan openenda resonatosystemwith a sapphire resonator
and a Cu cylindrical cavitwereused. Figure 2.18howvs a schematic of the microwave
dielectric resonator | usgd3]. The esonanfrequency of the microwave resonator was
18.4 GHz. The delectric resonator was atthed to a Janis STO0 optic cryostat which
requires continuous liquid Heansferto cool the resaator via a cold finger to 5 K from
room temperature. Scattering parametgese measured usingn HP 8510C network
analyzer and using a computer softwaredéxh quality factor was measured. However,
unloaded quality factofQo) or Rs of the superconducting filmserenot calculatd as the
system had many uncertaintiasd the data was used to determineTihand fora rough

comparison of film qualityvith regpect toreference samples.
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CHAPTER 3

HISTORY OF MgB2 THIN FILMS FOR SRFCAVITY APPLICATIONS AT
TEMPLE UNIVERSITY

3.1 HPCVD growth of MgBz thin films at Temple University

In chapter 2, the original HPCVD technique described by Zsngl and the
principlesof HPCVD techniquevere discussedHere | will disuss the HPCVD systems
at Temple University in detail. HPCVD systems at Temple Univeesigybasean the
original HPCVD setup described in referefdg] with slight modifications. | will call the
small HPCVD system (maximum sample size 1% mnt) at Temple University as the

standard HPCVD system.

3.1.1 Standard HPCVD system at Temple University

The main difference between the stard HPCVD setup and the angl HPCVD
setupis the heating mechanism. In the original HPCVD system described by Zeng,
inductive heatingvas usedHowever, the standard HPCVD setup at Tenuhéversity
uses resistive heatingn addition thedeposition pessuras keptat 40 Torr.

In the standard HPCVD process, a stainkisgl substrate holderas usedrFigure
3.1 shows photos of the HPCVD setup and the substrate hdldersgandard HPCVD
system carbe seenn Fig. 31 (a) and (b). HPCVD system is a tubular stainkissl|
vacuumchambeiandit contains a resistive heater and a thermocouple. A clean quartz tube
is insertednto the system for every depositiandit prevens magnesium accumulain
on the walls of the acuum chamber. In Fi®.1(b), the quartz tube inside the stass

steel chamber carbe seen Stainlesssteel chamber is water cooled to prevent
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decomposition of diborane gas befdtereaches the substrate hold&tainlesssteel
substrate holder cdrme seenin Fig. 3.1 (c) with Mg pieces placed on the outer grownel a
an AkbOs substrate on the centém.the standard operation procedureysrate holder with
a substrate and four Mg piedelacedon a resistive heater amgseen in Fig. 3. (d).
Thenthe vacuum chamber pumped down. Alfgstenmreached the basegssuresystem

is flushedwith 400 sccmof ultra-high purity (UHP) hydrogen gas for ten minute&fter
that, pressures set to 40 Torr. Once the pressure reached 40 Torr, hesasitagted. During
the heating process, status of the Mg piesanonitorel using a camera and the melting
points of the Mg pieceare recorded. Aftethetemperature reached ~ 730, @borane
gas is introduced into the chamber and it initiates the MpgBwth Typically, diborane
flow rate is kept between &mm(for thin films ~ 20 nm) to 2@ccm(for thick films ~
200 nm).The diborane gas used in this work is a mixture of 5% diborane bgdriogen.
Once the deposition time is completed, diborane gas is switched off and it stops the
depositionNext, the heating is turneaff. Then thesystem is let to cool down and once it

reaches below 50 °@hesample is taken out.
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Figure3.1: Photos of (a) the standard HPCVD systén) the gened standard HPC\

system (c) substrate holder with 4 Mg pieces on the groove with a substrate at trg

and (d) substrate holder placed on the resistive heater inside the HPCVD system.

3.1.2 Safety concerns with HPCVD technique

Even though HPCVD technique produces the ésglguality MgB thin films, it
comes with several safety concer@hemicals used ithe HPCVD techniquecontain
health and fire hazards. Diborane gas is a poisonous and flammablé& pgersal
precautions have taken to ensure the diborane safety. Itlédsalaconcentration (LC50)
of 50 ppm andlower levels ofexposue to diborane gas can cause dizziness, short breath,
burn, etc. Both diborane and hydrogen gases are flammable gases. Diborane flammable

concentration range is 0.8%098% by volume with agtignition temperature of 38 52
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°C. Hydrogen flammable concenticn range is 4% 74.5% by volume with aut@nition
temperature of 570 °. Many precautions have been taken to prevent gas leaks and exposure
to gases. Both hydrogen and diborane gas astgate storedn a special gas cabinet with
active ventilation. borane gas lineasedoublewalled stainlessteeltubingto prevent

any accidental leaksTo lower the hydrogen concentration below the flammable
concentratiophydrogen gas is mixed witlitrogen gas beforei releasedhto the exhaust
system.Exhaus$ gas line from the HPCVD system goes through a KisGlution
(bubbler) andit oxidizes any undecomposed diborane gas before it goes to the exhaust
system.This ensures that no diboragasis releasedo the exhaust system. In addition to

all these stegy a Honeywell toxic gas monitoring systéiGMS) is installed todetect any
diborane and hydrogen gas leak. It can detect very small concentfgipdnievels)and

level 1 alarm will go once it detected 50 ppb (well below the LC50). This system monitors
gas cabinetand theHPCVD room with9 detectorsandit is connectedo the building fire
alarm system.Finally, the room where the HPCVD system resides igydesl to have a
negative pressurwith respect toadjacent roomso thatany accidentaleak wil be
containedn that roomFigure 32 (a) shows the gasabinet where hydrogen and diborane
gasesre storea@nd (b) shows Honeywell gas detectors. The nezdrd@us material used

in HPCVD growth of MgB is magnesiumEven though bulk magnesium is ralaly
stable, it is a flammable metahdit reacts vigorously with water. Magnesium disst
producedduring the HPCVD procesandthis dust isregularly clean& using a vacuum
cleaner Magnesium dust is very flammable and reactive compared to the Ipg&iab
precautions have taken when dealing with Mg dust. An explgsioof vacuum cleanes

usedin collecting Mg dust.
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Figure3.2: Photos of (a) the gas cabinet wher#iBand H cylinders are storedb) the

Honeywell gas detectgrand(c) the explosion proof vacuum cleaner.

3.1.3 Growth of epitaxial MgB:2 thin films

The title of the original papdsy Zengetalon t he HPCVD techni qu
epitaal MgB2t hi n f i |l ms f or s uddd]rAstheindmecsuggestgs el ect
techniquewas developedor epitaxial MgB thin film growth on ceramic substrates and
typical substrate size is ~ 7>567.5 mn?. Lattice match between MgBnd the substrate
material is important in epitaxial growth and sulistsasuch as SiC, ADz and MgO are
popular for MgB epitaxial thin film growth. Table.2 shows the lattice parameters of

popular ceramic substrates useddpitaxial thin film growth.

54



Table 3.1: crystal structure and lattice parameters of Mgl comma substrate

materials used to synthesize epitaxial M¢idn films

Material Crystal structure Lattice constants
MgB: Hexagonal ai 3.086 Aci 3.524 A
ai 3.081Aci 15.220 A
SiC Hexagonal
(for 6-H SIC)
Al203 Hexagonal ai 4.770 A,ci 13.040 A
MgO Facecenterectubic ai 4.213 A

According to table 3, SiCis the best substrates for growth of Mgipitaxial thin
films asit has a hexagonal crystaltgicture and close match withe a-lattice parameter.
Onc-cut SiC,c-axis oriented MgBepitaxial thin films have successfuynthesizedand
these filmsare usedor many superconducting electronic device applicatibigure 33
shows (@) a resistaa@s. temperature curve, (b) an AFM image, and (c)2 scan of a
c-axis oriented MgBfilm grown on SiC. Form Fig. 3(a), theT. of the MgB films grown
on SiC substrate is close to 41 K, which is almost 2 K higher than theTgurkis is

because dthe strain induced during the film growth
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Figure3.3: (a) Resistance vs. temperature cyri®@ AFM image,(c)and -2 scan of a

c-axis oriented MgBfilm grown on SiC.
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Residualesistivity (resistivity at 45 K) otfhe caxis oriented MgBfilms are much
lower and even lower compared to single crystals and showed high residual resistivity
ratios RRR. Thisis an indication of low scattering in these filrrggure 33 (b) showsan
AFM image of a MgB film grown on SiC substrate cdre seenandhexagonal grain
structure iglearlyvisible, which indicates the-axis growth. XRD analysis of a MgBIm
grown on SC substrate cahe seerin Fig. 33 (c) and only 001 and 00AgB: peaks were
observedThis confirms thec-axis growth of MgB on SiC substrateEven though AlOs
hasahexagonal structure, it haslightly lagera-lattice parametetompared to the MgB
However, epitaxial MgBthin films canbe synthesizedn c-cut Al,Os3, andthese films on
Al20s showed 30° rotation of Mghhexagonal latticevith respect tahe ALO3z hexagonal
lattice to minimize the straifeven though MgO has a cubic lagi MgO substrates with
(111) cut have a good lattice match with MgBand the filmsgrown on MgO (111)
substrates are-axis orientedEpitaxial MgB thin films have synthesized on MgO (211)
cut substrates as well. However, MgiBms synthesized on (211) substratee aligned
with the MgO (111) plane and this result a 19.5° tilt of MgBainswith respect tadhe
substrate surface. Thitdted growth come in handy for many experiments as it allows
measurements parallel to thexis and eaxis[44]. XRD analysis okuchfilm is shownin
Fig. 34 and SEM images shownin Fig. 34 (b). These data show the 19.5° tiltheMgB:

film with respect tahe substrate surface.
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Figure3.4: (a) XRD analysis of an MgHilm grown on MgO (211) substrassd(b) SEV

image of the topography of Mgllm grown on MgO (211) substrate.

3.2 Development of HPCVD technique for SRF cavity coating

3.2.1 MgB thin films on Metal Substrates

So far HPCVD deposition of MgBhin films on ceramic substrates was discussed.
However, it is important to develognd studyhigh-quality MgBe thin films on metal
substratess the final goal is to coat MgB®n the inner wall of mtal RF cavitiesMgB2

thin film growth on metal substrates have been studied by our researctbgforgl join
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[45]. In Zhuan® s st udy, he has used niobi usteel mol yli
substrates. However, all these substrates share a common priopethey all are stable
with magnesium vapaat hightemperatureTable 32 shows the properties of the metal
substrate usebly Zhuanget al.
Table 3.2: Physical properties and stability with Mg vapor of the metal substrate

by Zhuanget al and the original data cdre foundin referencd45].

Thermal
Thermal expansion
Metal Stability with Mg | Melting point |  conductivity hal
(Wim-K) at 20 °c| .. (107K)
(207 100 °C)

Nb Stable 2477 °C 53.7 7.02
Mo Stable 2623 °C 138 5.43
Ta Stable 3017 °C 57.5 7.02
Stainlesssteel Stable ~ 1400 °C 16.3 15.9

Films synthesized on these metal substrates showed sharp superconducting
transition at 39 K and all the fils showed polycrystalline growth nature due to the rough
metal surfaceFigure 35 shows SEM images of the Mgiims grown on metal substrates.
However, the stability of these substrait@ith Mg vapor played an important role
achieving sucla highrquaity MgB: film on metalsBecause of that, these depositions were
carried out above 700 °C temperature which is important in the perspective of
thermalynamics of MgB system. However, Nb becomes brittleias 6 s aanhhige al e d
temperature imhydrogen envonment.Thisis commonly known as Nb poisoning. Since
the HPCVD process is carried out amhydrogen atmosphere, this is an issue for KgB
coatingof Nb. However, this issus not pronouncetbr few (1-3) deposition on the same

Nb substrate. However,liecomes very brittle after several HPCVD depositions.
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Figure 3.5: SEM images of the MgBfilms grown on (a) Mo, (b) Nb, (c) Ta, and

stainlessstee) from Ref.45.

3.22 6 GHz stainlesssteel and Nb cavity coating with MgB

After successful growth and characterizatad high-quality MgB; thin films on
metals substrates, HPCVD techniques lbeen modified tooat stainlessteel tubes and 6
GHz stainlessteel and Nb cavities. This work has been carried out by \Wblak[46].
Figure 36 shows the modified HPCVD system used in this warkimage of the HPCVD
setup carbe seenn Fig. 36 (a). As seen in thadure, in the modified HPCVD system
(HPCVD1), magnesium oven and the cavity bagn separated/g oven is a hollow

cylindrical molybdenum tube wrapped wighheating element around @ndmagnesium
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pellets carbe loadednto the hollow cylinder. In thigiork, Wolak et has useédimagnesium
pellets for a coatingVig oven sitan the center of the circular vacuum chaml@borane
gas line has been fixed directly above the Mg ¢asdthe gas line was water cooled. It
is important to have a water cool dilboe line to prevent premature decomposition of
diborane. Around the diborane line, a stainigte®| tubing cabe seenThis stainlessteel
tube is called manipulatoandit wasconnectedo a rotational and linear mot system.
Stainlesssteel tube othe cavitywas connectetb the end of the manipulator and during
the deposition process, using the manipuldtoe tube orthe cavity can be rotated and
moved up and down. Since Mg oven and the caigyseparatedwo clam-shell heaters
have been uiited to heat the cavityrthese clarrshell heatersit around the Mg oven and
diborane gas line&Clam-shell heaters ha been separatesb that front clanshell heater
can be taken ouh orderto load thke cavity and Mg ove In Fig. 36 (a), the manipulato

is marked as, the diborane gas line is markedoashe clamshel heater (backijs marked
asc andthe magnesium oveis markedasd. Figure 36 (b) and (c) shows schematics of
the tube and the cavity coatisgtup used by Wak et al. Roman numerahiFig. 36 (b)
and (c) shows the openingslized to place substrat@sthe tibes and the cavities.

Even though the HPCVD2 system is much different from the standard HPCVD
technique, the principle behind the Mgieposition process thesame In the HRZVD2,
since Mg oven and the cavityeseparatedwo clam-shell heaterbavebeen usetb heat
the tube or the cavityig vapor comes from the opening in the Mg oweamdthe diborane
gas comes from the wateooled diborane line. The MgHormation occus in the area
between the diborane line and the Mg oven. Then thesgBdeposited on the cavity, by

rotating and moving up and down, the whole cavity lsarcoated To provide the Mg
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vapor, Mg ovenis typically heatedabove 700 °CFew inches abovéhe Mg oven the
watercooled diborane lines locatedwhich is below 100C. This large temperature gap

between these two is one of the main issues in this configuration.

Stainless Bsz (b)

steel tube
Afb‘- @
(1

2.5"U <= Jm

(1)

\ M;\ oven /

Clam-shell heaters Clam-shell heaters

Figure3.6: The HPCVD2 system used to coalbés and 6 GHz cavities by Wolak et al
image of the HPCVD2 systetrfb) schematic of the tube coating pro¢essl(c) schemac

of the cavity coating procesom Ref. 46.

Wolak et al have utilized Al2Os, Mo, Nb and stainlessteel substrates in the
openirgs shown in Fig. 3:6 for characterization and he has used two deposition techniques.
The first technique is the orstep deposition (regular HPCVD principle) and whish
explainedn the above paragrapn the onestep process, Mg oven and claimell heger
temperatures have been kept around 750 °C and 780 °C respectively wisiten80
diborane flow rate was used in the deposition. Figure 3.7 shows the resigfivity
temperature curves of MgBampleson Al.Os substrates from different locations of the
tube and the cavity synthesized from the-etep technique. From Fig. 3.7 (a) and (c) it
canbe seerthat theT. of the samples from different locations of the tube are relatively
uniform and scatteredr@und 39 K with sharp transitions. However, in theecaf the
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cavity, the sample from the equator showed much redlgcelbse to 36 K while rest of
the samples showeR close to 39 K. Wolalet al states that this was mainly due to the
much thinner filmgrowth near the equatpt6]. However, this study sked the capability

of the onestep process and the HPCVD1 system in coating such a complex structure.
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Figure3.7: (a) and (c) shoRT curves of samples from different locations of the tube

and (d) showRT curves of samples fromfterent locations of the cavityrom Ref. 46.

Thesecond technique Woladt al. has utilizeds atwo-step process. Hera boron
layer was first deposited on the walls of the cavity sulosequety, the top of the cavity
was cappea@ndannealed in Mg vapoFEigure 38 (a) and (b) showchematics of the two
step procesPuring the boron layer deposition, cleshell heaterbavebeen kepat 500
°C. After that,the top of the cavity was capped amhnealed in Mg vapor. During the
annealing step, Mg oven and clainell heaters have been maintained at 760 °C and 790

°C respectively for 30 minutefigure 38 shows the resistaavs. temperature data of a
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cavity coated usinthetwo-step method anddéanbe seetthat the uniformity of the coating
has improved compared the onestep process. However, overall; has decreased
slightly to around 38 K
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Figure3.8: (a) and (c) show schematics of the tstepprocess. (c) and (d) show tRg

curves of MgB samples from different locations of the cavity coated bygstep proce:

[46].

3.23 Scakdup standard HPCVD systemand coating 2-inch diameter wafers

Even though Wolalet al. made some progress with 6 GHz cavity coating, RF
testing of these coated cavities were never carried out. One of the main fea8@tsvas
the 6 GHz cavities are too small and imaptical. However, RF characterization of MgB
films is anecessity. In SREommunity, RF characterization ofi2ch diameter coupon
cutoutsfrom real test cavities are frequently studied using RF characterization systems

such as the surface impedance ahtarization (SIC) system at Thomas Jefferson National
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Accelerator Facility(JLab). However, 2nch dimetersamplesare requiredor these RF

testing. Therefore, standard HPCVD system was scaled up to accommodatd 2

diameter wafersandthis was carried out by Taet al [47]. In this section, | will discuss

T an o6 s rieflpas k laidhthe groundwork for my research.
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Figure3.9: (a) Schematic of the scaled up HPCVD syst@RTcurve of an M. sampl
from the wafer and inset shows an@d wafer coated with an MgHilm, (c) Tc andRRF
distribution across the wafeand(d): Jc and thickness distribution across the wafieom

Ref.47. Copyright © 2013, IEEE.

I n Tands wor k, h esystbmy wHictcan accamenedatg<rieiC V D
wafers His system hathe exactsame design as the standard HPCVD sahgthe only
difference is the larger size. It has-tn6h diameter stainlessteel reactor compared to the
3-inch diameter reactor in the standard HPCVD setup. Since the large size of the substrate
holder and the wafer, Mg vapor pressure near the center of the wafer was insudficient
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this resultedin boronrich film growth on the center of the wafers. Theref Tanet al

have utilized a special heater design such that the center of the substrate holder was slightly
cooler compared to the edge of the substrate holder and it has improved the Mg vapor
diffusion to the centerTo provide more uniform Mg vapp8 magnesium pelletaere

used Deposition temperature and the background pressasekepias same as the small
HPCVD system. However, the hydrogen flow ratas increasetb 1400sccm andthe
diborane fbw ratewas increasetb 40sccm A schematic of th scaleeup HPCVD carbe

seenn the panel (a) of the Fig.®8.With this method, Taat al have synthesized uniform

MgB: films on 2inch Al,Os wafers.Tc, J., RRR and thickness of the MgBilm across he
diameter of the 2nch wafer carbe seenn Fig. 39 (c) and (d). From the figure, it che

seerthat the MgB films grown on the 2nch wafer has uniform properties.

3.3 Summary

The ¢andardHPCVD technique hakBeen successfully modifiedo coat MgB on
metal substrates as well as complesif®ensional structures. Wolalt al carriedout
coating of MgB on inner walls o6 GHz test cavities successfully around the same time
Tanet al coated 2inch sapphire wafers with uniform MgHBIms. This progres of MgB
coating onlargescale samples made a significant contribution to the research work

describe in later chapters.
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CHAPTER 4

GROWTH AND CHARACTERIZATION OF MgB2 THIN FILMS ON 2 -INCH Cu
DISCS

In the last chapter, | discussed tlevelopment of MgBcavwty coating research at
Temple University. Thdocus of my research was to develdpgB2-coatedCu SRF
cavities.Cu has a high thermal conductivity285.0 W/mK compared to Nb astainless
steel.Thereforecoating a Cu cavity withigh-quality MgBe thin films will provide better
heat transfer between the superconductimgfitm, and the bulk Cu cavity bodyhiswill
provide better resi st an.cthisdpomoathlnasemutlizedb r e a k
in Nb SRF cavity technology where Nb thin filmgre coated on Cu cavities by advanced
sputtering techniques. These Nb coated cavities have shown bettemeesist thermal
break dowrj28]. RF charaterization oMgB2-coatedarge area copper samples is the first
necessary step in this project aplibvidesinformation about the feasibilitgf MgB2-
coatedCu SRF cavitiesTypically, for RF characterization&;inch diameter disc samples
arerequiredas mentiordin the chapter 3.2.3he gowth of MgB thin films on 2inch
Cu discs might not look much complicated when considering the wazkiudinget al
[45], and Taret al. [47]. However, it is not a straightforwapiocessMg vapor reacts with
Cu at elevated temperatures formingyesal types of MgCu alloys[48]. This alloy
formation was observed to start aroutsD °C during the HPCVD procesEherefore, it
is difficult to use the standard HPCVD process to coat MgiB Cu substrates as the
deposition takes place above 700 AS.discussed in the chapter 2.1.1, key for the-high
quality MgB thin film growth is theexcess Mg vapor pressurewdas observethat Mg

vapor presure was not enough to deposit MdgBin films at around450 °C with the
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standard process and these depositions resnltedon films instead of MgB Therefore,
development of a new growth me&ss was required to synthesize higlality MgB; thin

films on Cu.

4.1 MgB2 growth on Cu foil substratesin small HPCVD system

At the beginning of this worksmall Cu substrates (~ 2010 mn¥) cut from Cu
foil wereusedin the small HPCVD systemi30e m t hi ck commerci al |l y &
free high conductive (ORC) unpolished Cu foilvas used There were two main reasons
to start with the small HPCVD systeifhe first reasorwas thatthe growth process in the
small sysem is much more reliable commed to the scaledp HPCVD system and the
other reasomas the time, inthe small chamber, a deposition can be carried out within 90
minutes while large system consumes almost twice of that.

In the case ofhe reaction betwen Mg vaparand substrateswb approaches are
available to prevent the reactiorhe first option is to reduce the deposition temperature
below the alloy reaction temperature. However, in this,daseas not an optionThe
second option is to incorpate a sufficiently thick buffetayer on top the substrate to
prevent the reaction between Mand Cu. A combination of these two methotdas
utilized.

Nb films were studiedas a potential buffer layerand the layer thicknesses kept
below 100 nm. Usagd thick buffer layersvasavoidedas it will create a thermal barrier
between the MgBfilm, and the Cu substrate. Ntuffer layerswere depositedy using
magnetron sputtering4gB: film deposition was carried out in the small HPCVD system
without any physical modification to the systeDeposition pressurgas keptat 40 Torr

andthe temperature was varideigure 41 shows the SEM images of MgBIms grown
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on Nb buffered Cu foiht different temperature#. can be seen from the figure, that the
MgB: coverage becomes more uniform thg deposition temperaturgas decreased
However, Mg vapor was not enough bele@00 °C at 40 Torr pressusghen usingoulk

Mg pellets and the restént films were more borench. During theMgB:2 deposition of
thefilms shown in Fig. 4:1 (a) to (clhe hydrogerflow ratewas keptat 400sccm(standard
process)andit was observedhat the grains become much smaller with more uniform

coverage as the hydrogen flow ratas reducedT his effect cate observeth Fig. 4:1(d).

Figure4.1: SEM images of MgBfilms grown on Nb buffered Cu foils. (a)(c) films
grown with 10 sccm of Bde and 400 sccm of +at 675 °C, 650 °C and 630 °C respectiv

(d): film grown at 630 °C with 10 sccm BkHs and 200 sccm of #Hlow.

These films synthesized dwib buffered Cu foil showed high superconducting
transition temperature close to 39 Kwas observedhat theT. of the films increased
slightly as the deposition temperatwas reduced-igure 42 shows the mutual inductance

curves of the above filmshown in Fig. 4:1.
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Figure4.2: Mutual inductance curves of MgBilms grown on Nb buffered Cu foils. (g
(c) films grown with 10 sccm of Ble and 400 sccm of Hat 675 °C, 650 °C and 630

respectively. (d): film gravn at 630 °C with 10 sccm of,Bs and 200 sccm of #Hlow.

4.2 Growth of MgB2 on 2inch diameter Cu discs

After the initial success achieved with Cu foil substrates in the small HPCVD
system, the growth process was scaled up to coatizdiameter Cu discs. In first tests,
Cu discswere cu from the same Cu foil described iretkast sectionandCu discs were
coated with 80 nm Nb layer using magnetron sputtering. Same deposition congl@rens

followed. However, due to the large area of the substrate, it was observed that the Mg vapor
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pressure was not enough at the centethef €u discTo achievea better coating on the
center of the disc, which is most important for the RF testirejemperaturevasneeded
to be increasedHowever,anincrease of temperature beyond ~ 650 st@rted® damage
(form Mg-Cu alloyliquid) the edge of the Cu disc asesult oftherapid reaction between
the Cu and Mg vapoFigure 43 shows an image of a Cu disc damaged with theCg

alloy liquid.

Figure4.3: Mg-Cu alloy damage of a Cu disc udedan MgB deposition at 660 °C
Tandbs scaled up HPCVD systferrmMgvwasor modi f
pressure over the area of the Cu discs and to minimize the damage fr&@n Elpy

formation.

4.2.1 Modification of the scaledup HPCVD setup and the growth process

As described aboveahe main issuefaced in coating #nch Cu discs was the
controlling the Mg vapor pressure. Several modifications were carried out to resolve this
issue.First, the heater design was modifiékb achieve a thermal gradient from the edge
to the center of the Cu disbeating was limited to the edge of the substrand no

intentional heating of the center of the substrate holder was carried out. Second, the
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substate holder desigwas changeda new substrate holder with a cap above the Mg
pieceswas built The purpose of the cap was to trap the Mg vapor insielesubstrate

hol der and force it towards the &belkNger of
pi ecesx0(. @.5a@pat the Mg more effectivelipulk Mg piecesvere replacethy

small Mg pellets (2 mnx 2 mm). Cu foil disowas replaceadvitha0 . 1250 t hi ck Ci
machine from OFHC Cu sheé&.schematic of the modified HPCVD system danseen

in Fig. 4:4 (a) and (b) show the substrate holder with the Cu disc and Mg péligtse

4.4 (c) shows the substrate holder with the cap and (d) steasubstrate holder used in

the standard small HPCVD system for comparig&®j.

T,
:\\ / SN
\ \\\\\\\\\\\\\\\\\\\ \\\\\

¢ o
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1. Mg pellets 4. Heating coil
2. Cu disc 5. Thermocouple
3. Mo cap 6. Mo sample holder

Figure4.4: (a) Schem#éc diagram of the modified HPCVD setup to accommodatech
diameter Cu dis¢gb) Sample holder containingi@ch Cu disc and Mg pellets placed
the heating elemenic) Sample holder containing Mg pellets and Cu disc with the My

and (d) senple holder of the standard HPCVD setup, from Ref. 49.
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In addition to the physical modification to the scalgdHPCVD system, growth
conditiors were modified The background pressunas reducedo 10torr from original
40 Torr pressuteandthe deposition temperatureas reducedo around 470 °C. At this
temperatureand pressurdylg pelletswere notmelted andthe vaporwas generatetly
sublimation. This slow evaporation of Mg wasich easier to control. Due to the slow
evaporation, longer deposition timesre achievedin the standard process, Mg runs out
within ~ 8 minutesafter themelting and this process, Mg lasted more thanedmour
allowing to grow thicler films. 2-inch diameterCu discs were coatedith high-quality
MgB: films successfully using this modified process. Aro@A@nm to650 nm thick films

were coated on-ihch Cu discs.
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Figure4.5: XRD, -2 scan of an MgBfilm grown on Nb buffered Cu disc.
Mg-Cu alloy formation during the MgByrowth was observeth Nb buffered Cu
discs.Thiswas confirmed with the XRD analysis of Mgiims grown on Nb buffered Cu
discs and an XRD graph of a MgBilm grown on Nb buffered Cu disc cée seern Fig.
4:5. BothMg>Cu and MgCu alloy peakswvere observeth the MgB films grown on Nb

buffered Cu cs.
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4.2.2 Electrochemical polishing of Cu discs

Film synthesized omNb bufferedCu discs showed the MgRoverage along the
circular patterngn the Cu discs and machining process introduced these rough patterns on
the Cu surfacefFigure 46 (a) showsan SEM imageof MgB: films grown onunpolished
Nb buffered Cu discs and the film coverage is along the grooves on the Cu surface. The
resultant film was rough and not fully coveretb reduce this effectCu discswere
mechanically and electrochemicallylisbed. Firsithe Cu discs were planed by using 320
grit SiC sandpaper in a polishing machine. Theéese planed discs were mechanically
polished using 30 um SiC lapping paper until the rough scratebesremoedfrom the
Cu surface. After that, disegere electrochemically polishea a solutionof 85% HPQ,
acid and 1Butyl alcohol (ratio 45:55) at a current density of 50 mAlcHiectropolishing
parametersvere adapteftom the referencgb0]. Figure4.6 (b) shows an SEM image of a
MgB: film grown on a electrochemicdy polished Nb buffered Cu disc. From the image.
The growth of MgB was much smoother and no pattern grof@thin Fig. 4.6 (a)jvas

observed.

Figure4.6: SEM images of MgBfilms grown on (a) unpolished Nb buffered Cu disc

(b) polished Nb buffered Cu disc.
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4.2.3 MgB: film growth on bare Cu discs

It was difficult to prevent the formation &g-Cu alloy using a thin buffer layer.
This was observed in MgBfilms grown on Nb buffered Cu discandthe XRD datas
shownin Fig. 4:5. Thereforethe growth of MgB on bare Culiscspursued Figure 47
shows MgCu phase diagrar#8]. There are two main alloys; MGu and MgCu are
formedas a result of the reaction between Mg and Cw:Qvigand MgCu have melting
points at 568 °C and 797 °C respectively. However, it@aseerirom the phase diagram
that the M@.1.«<Cwss has an eutectic point at 485 °C. This Mgu liquid formation
temperature (485 °C) coincide with the Mgleposition temperature, ~470 °C on bare Cu.
Additionally, it hasbeen reportethat the MgCu liquid can promote the rapid growth of
MgB: at low temperatures iMgB2>-coatedCu tape and MgBCu wire studiegd51-53].
This liquid layer can act as a seed layer for the MgBwth.We believe that this effect is
the reason behind the successful depositibmigh-quality MgB; films on bare Cu

substrates temperatures as low as ~47[18C
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Figure4.7: Phase diagram of MGu systemfrom Ref.48.
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Figure4.8: XRD d- 2d scans(a) Cu, Mg on Cu and MgHilm on Cu for 2f from 34° tc

41°, and(b) an MgB film on Cu for 2{ from 20° to 609 from Ref.49.

Figure 4.8 shows (a) the XR®- 2d analysis of MgB, Mg-Cu alloy coated Cu
discswith respect taa bare Cu disc in the ran@d of 34°41°. Mg-Cu alloy layer was
depositing simply exposing the bare Cu disc to the Mg vapor under the dégBsition
conditions without introducing the diborane gas. No substrate peaks were visible in the
bare Cu disc in thi&d range. However, bothig.Cu and MgCu peakswere observeth
the MgCu alloy coated Cu disdn addition peaks from unidentified phases were also
visible. Mg>Cu peaks were not visible in the XRD analysis of the MigB grown on a
bare Cu discandit indicates that the MgCu get consumed during the growth of MgB
films on Cu. This observation can be related to the previously reported work byhKetuc
al.[53]. I n Ki k uc hwieswenw succkssfullyfgbBcated usingMg powder

and boron powder as the starting materials using powder in tube (PIT)dnEitpore
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4.8(b) shows al-2d scan of a MgB film coated on a Cu disc from 20° to “‘8@nly the
MgB: (001) peak care resolvedand the (002) peak which is at 528 mixedwith a
MgCuw. peak. Therefore, it canndie resolved As expected, no MGu peakswere
observedHowever, peaks from Cu, Mgeand unidentified MgCu phases were observed

[49].

Figure4.9: (a) Optical image of an MgHilm on a Cu disc. (b} (d) SEM images of tt

FIB fabricated cres sections from three different areas. The area inside the yello

boxin (d) was used for the EDS atental mapping shown in Fig. 4.10, from R&9.

Figure 49 shows (a) gohotograptof a MgB2-coated2-inch diameter Cu disc and
(b) - (d) crosssection SEM images of three different regions of the disc waremarked
on the panel (a49]. The purple olor observed on the-iach disc is a characteristic of
MgB2. However, three different shades of the purple color or the brightneskecan

observedn the photograph and sample was divided into three regions depending on the
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brightness. The darker area nd@& edge of the disc, the bright area between the edge and
thecenter of the discs, and the center of the discs with intermediate brightness are the three
different regions which were marked as area 1, 23amdpectively. Small samples from
each regionwvere cut out and used for the FEEM crosssectional studies. FHSEM
crosssectional studies were carried out at 52° gragidthiswas correcteth the thickness
calculations. A protective platinum layer svdepositedh-situ prior tothe FIB processig

of the sampleandit canbe seenn the crosssection images. A uniform MgBayer can

be observedh all three regions. The average thickness of the MigfB is 373 nm, 370

nm and 385 nm in area 1 to 3 pestively. In the HPCVD technique, the MgBIm
thickness mainly depends on the amount of the handit is irrespective of the amount

of Mg vapor. In the case dMgB2>-coatedCu discs, Mg vapor distribution is uneven across
the disc. However, borais evenlydistributed and itis the main reasofor the observed
uniform MgB: film thickness across the disc. In the center of the disc (area 3), some bright
color regions in the MgBlayer canbe observedEDS elemental studies were carried out

to identifythese bright color regionkigure 410 showghe elemental distributions of the
bright region inside the yellow box in Fig.9 (d) excluding the boron distribution due to the
poor signal. From the EDS analysis, these bright regiare identifiedas MgCu alloy

[49].
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Figure4.10: (a) SEM image of the EDS elemental mappi) EDS signal from tf
PtM 1.line, (c) EDS signal from the MK 1. line, and(d): EDS signal from the Clu 1;

line, from Ref.49.

EDS analysis carried out on the area below the Mgier showedan Mg-Cu
mixed layer witha depthof several micrometers. Considering the XRD analysis of MgB
films grown on Cu discs, this mixed layer damidentifiedas a MgCulayer. The agrage
thickness of the MgCulayer decreases from the edge to the center of the disc. The
thickness of the Mg@ layer in area1to 3isaroued m3e mand2 . 7 ¢ m. The de
of the MgCu layer thickness towards the center of the disc is probabdyrasult of the
high Mg vapor pressure and the high temperature near the edge of the disc compared to the
certer of the discskFigure 411 shows a crossection image of a 650 nm thick MgBim
grown on an unpolished Cu disc. MgByer follows the rougiCu surface uniformly with

no pinholeq449].
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Figure4.11: SEM image of the FIB fabricated cross section of an Mg grown on

Cu disc withPt layer, MgB layer, MgCu alloy layer and bulk Cu. The black lines w

drawn along the interfaces for illustration purpo$esn Ref.49.

Figure 412 shows two SEM images of the Mg&#lm grown on a Cu disc with
different scales. At these scaléke hexagonalstructurewas notobserved However,
hexagmal grain structurevas observedh Nb buffered Cu discs which céxe seenn Fig.

4:1 and Fig 4:6. From Fig. 4:12 (a), a dense and uniform2\gBting with no cracks or
voids carbe observednd (b) showsvell-connectedrystallites. The lack of pinholesd
cracks in the coating is important for the SRF cavities as the energy can dissipate through

any crack or void in the superconducting coafé®)j.
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Figure4.12: (a) SEM image of the MgBfilm surface on a Cu disand(b) Zoomed ii

SEM image from Ref.49.

4.3DC superconducting propertiesof MgB: films grown on 2-inch Cu discs
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Figure4.13: Magnetic moment vs. temperature curves of a 650 nm thick-Migis on ¢

Cu disc and an Nb/Cu disc.

As explained in the experimental section, it was difficult to use resistigity
temperature measurements to determine the transition temperature of these films.
Therefore, zerdield-cooled (ZFC) and fiekdooled (FC) magnetic moments.

temperature measurements were carried out. ZFC and FC magnetic mesnent
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temperature curves 066 nm MgB films on unpolished bare Cu and Nb buffered Cu
samples (5 mm diameter) from the area 2lmageernn Fig. 4:13. 5 Oe magnetic fieldas
usedin these measurements. Both samples shdwadbund 37 K with a sharp transition.
Bean mode]54, 55]was used to calculate the critical current density of the MgB
films synthesized on bare Cu discs. For that psepmagnetic moment vs. magnetic field
(m-H) hysteresis loopwere measureih a perpendicular fielthetween 5 T aneb T at 5
K and 20 K Figure 414 (a) shows tha+H curves of 650 nm sample (same sample used
for mT measurement). Field dependence ef ¢hitical current densitwas calculatedy
using them-H curves andit is shownin Fig. 4:14 (b)Zero fieldJ; of the samples were in
the order ofl0’ A/cm? and these values are consistent with the repdstealues oMgB2-
coatedCu tapegd56]. Additionally, it canbe seerthat theJ: suppressed rapidly with the
increasing field indicating a clean MgBIm with less pinning center$hisis a desirable

property for SRF cavitiegl9].
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Figure4.14: (a) magnetic moment vs. magnetic field curves of a 650 nm thick:
film on a Cu disc at 5 K and 20 &d(b) critical current density vs. applied magn
field curves of a 650 nm thick MgBilm on a Cu disc at 5 K an20 K. The magnet

field wasapplied perpendicular to the film surfa¢em Ref.49.
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4 4 RF superconducting propertiesof MgB2 films grown on 2-inch Cu discs
RF superconducting propess of these films were measured using three different

systems.

4.4.1 Microwave dielectric resonator measurements

The frst method used ®as the dielectric microwave resonatéigure 415 shows
the loaded quality factovs. temperature curves of MgBilms on Cuwith respect to

different reference samples.
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Figure4.15: Quality factorvs. temperatureurves of MgB on Cu samples with referer

sanples (a) from room temperature to 5 K and (b) nleartransition.

Microwave dielectric measurements were carried out frequently to measuie the
temperature and tdQ value with reference Nband MgB samples. Samples showed
transition temperature near 38 K and showed compa@blgéh Nb and MgB; films on
ceramic sampleddowever, unloaded quality facto®f) and surface resistance of these

samplesvere not calculatedue to various uncertainties in the system.
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4.4.2 RF surfaceimpedance characterization (SIC) measurements carried out at
JLab

After successfully coating Cu discs with MgBirst, precise RF measurements
were carried out at JLab. Theseasarements were carried out by Dr. G. Eremasy
coworkers at JLabHowever, only two samples were characterized by the SIC system at
JLab die to the extremely busy schedule and long wait time.

SIC system at JLabffers precisaneasurements of surfacesistance and quality
factor. In atypical RF measurement systethe surface resistands calculatedrom the
experimentally measured quality factétowever, in the SIC system at JLab, surface

resistance is calculateddependetty of the Q using a calametric methodSchematic of

the SIC systenfb7, 58]at JLabis shownin Fig. 4:16.

O

<—TOTm O

Figure4.16: Schematic of the RF surface impedance characterization system afrdin

Ref. 57.

In the schematic, A to R represents cap for sapphire rod, sapphire rod, RF coupler,
Nb cavity body, TEO11 cavity, double choke joints, sampléopnof the copper sample
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holder, stainless steel sample clampl@washer, Aluminum bolt, upper and lower
themal insulators, ring heater, port for vacuum and wires, thermal sensor mounted on
spring, thermal sensor, thermal sensor, coupling tuning merhardnd gap tuning
mechanism respectiwel57].

It is important to discuss the principletbe SIC system briefly. SIC system uses a
sapphire rodd achieve 7.4 GHz resonant frequenagpd the 2-inch diameter sample
completes the RF cavity. Howevéne 2inch sampleand Nb cavity body are thermally
separatedThe emperaturef the Nb cavity bodys keptat 2 K, inthe superconducting
state and theemperature of the sample da@ changedThe RF dissipation occurs on the
sample is calculated by using a paveompensation techniq{&/]. RF pover loss on the

sample is given bthe equation 4.]57].

I il E” J|v — A J|v -
b2 flvtomem g f o=y il 4y
Whered O HRHY 0" ando " are RF power loss on

the sample, heater power needed to maintain the temperature of the safilengie
when the RF power is turned off, and heater power neededitdain the temperature of
the samfe at T=Tsampewhen the RF power is turned on withe H=HpeakOn the sample.
Usingthed O HRY surface resistance of the sampRed(Hpeak Tsampd] can be

calculatedusing the equation beloj&7].

”-:i 3 ﬂ—.ﬁﬁkﬂ—l.
—

=|=|=Iﬂﬁ‘|£ﬁv+m—'- (4.2
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Wherek is a constandepenihg on the shapeandthe cavity size and it is given by
5.84 x 1@ m? and peak magnetic field on therzh sanple is given byHpeak The details

about the SIC system and measurement procedsecfmundin reference[57].
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Figure 4.17: (a) Quality factorvs. tempeature curves and (b)Surface resistances.
tempeaturecurves of MgB coated on Nb buffered Cu discs with a reference Nb coat

disc.

Figure 417 (a) shows theQ vs. T measurements (b) shows vs. T measurements
carried outusing the SIC system at JLabhese measurements were carried out on the
initial batch of samples and these samples showed slightly @aed higheRs compared
to the Nb coated Cu reference sampléss can be due to the high residual resistance of
these films due to the rough sacé with pinholes exposirthe nonsuperconducting Cu
surface as observed in Fig. 4-®wever, it carbe observethat the quality factor saturated
around 35 K indicatig apossiblehigher operational temperature without sacrificiépr
MgB: SRF cavitis. In Fig.4.17 (b), it can be observed a transition in khgB,-coated\b

buffered near 9 Kandthis is due to the superconducting transition of the Nb buffer layer.
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4 4.3 RF measurements carried out at SLAC

Due to the tight schedule and tlomg wait time at SIC system at JLathe RF
properties of the MgBfilms on 2inch diameter Cu discs were measured at 11.4 GHz using
two mushroomshapedryogenic RF cavitieat SLAC national accelerator laboratdBg,

60]. These masurements were carried out by Dr. Paul Welander and coworkers at SLAC.
One of the cavitiesvasmadefrom Nb, andthe other cavityas maddrom Cu. Energy
loss in these cavitids due to thelissipation from the céty body and the sample.

Figure 4.18 shows the field distribution inside the hemispherical d®@tyFrom
the image, it cabe seerthatthe electric field is zero on the sample and the walls of the
cavity dome. Magnetic field distribution is strongestthe surface of theiach diameter
sample. Quality factor can be experimentally measured, and the surface resistance of the
sample is calulated using the measured quality factor. The total quality faQewi) is
related to the total surface resrsta Rota) and the total geometric factdBia) as below
[59, 60]

HFSS modeling of high-Q Cu

cavity under TEg,,-like mode
Sample

\\ R =0.95"

Figure4.18: Distribution of field inside the hemispherical cavity detled using HFS;

from Ref.59.
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Riotal IS given by a linear combination ofRsampieand Ryome[60]. Using simulation
software Grotal, Usample andUomecan be alculated wher&kampieand thomeareparticipation

ratios for the sample and the dofe].

L ﬁv=|=D_=L‘=|=D_--f’-uDi-uD.
[ <= <=|=l
T« «Fm

(4.9
T <« <=§=m. T« «Fm

.HV+DH- DD--ﬂ"i:D—'I

) V=|=I:I == ]

Using the simulation values and the experimentally measQiggd the surface
resistance of the samphascalculated

Cu cavity was primarily usedfor the determination of the superctutting
transition temperature of thei@ch samples and it was nased for the calculation of the
surface resistance as most of the energy dissipation is coming from the Cu cavity. In the
Nb cavity, bulk of the energy loss occurs on then2h samples aopared to the cavity
body. Therefore, the data from the Nb cavitgasurementsvere usedor the surface
resistance calculations. During the measurement process, no magnetic shiaglusgg
andt heref ore samples wer e e XdpAny 8ud trappingst he e
occurred during the co@own process remasd throughout the measurement process.
Figure 417 (a) showshe Qo vs. T curvemeasured in the Cu cavity and fheof the film
was 37 K, which agrees with tiiegmeasurements carried auith m-T curves.Qo vs. T of

MgB2-coatedCu, reference Nb, and Cu samples measured in the Nb cavity from 4 K to 10
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K canbe seenn Fig. 4:17 (b). Notice that all the samples showed a transition close to 9 K
and this is due to the superconducting transitibthe Nb cavity. The surface resistarof

the Nb reference sample and the Nb cavity body is knanditis65¢q at 4 K and
GHz. Using this reference valuthe surface resistance of the Mgtbated Cu sample was
estimated tdeabout130&eq while the surface resistance of the refee@u samplavas
estimatedo beabout 8.1 m at 4 K and 11.4 GHz. It shoulik notedthat theQo of the

MgB:2 sample and the Nb reference sample crosses at[@2] K

. Reference Cu]

3)(105 r p Mnglcul-
107 . Reference Nb/
See.. © MgB,/Cu
5 210’ 5
f‘;’ 2x10 Measured in 8 Measured in
2 Cu cavity 510a L Nb Cavity X J
E g ]
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Figure4.19: Quality factorvs. temperatureurves of an MgB coated Cu disc measured

(a) a Cu cavity. (b) i Nbcavity with reference Nb and a Cu samples, from Ref.

The Qo crossover between MgBand Nb hadeen reportegreviously. In the case
of Nb coated MgR this cros-over has been observed around [BK], andthese films
coated on Nb were polycrystalline with no alloying. dpitaxial MgB films coated on
Al203 substrates, this croswerwas observedear 3 K[62]. These studies and our results
indicate the residual resistances role in@hén the case of MgBcoated on AIOs wafers,
films were epitaxial with a smooth surfaemdtherefore one can expect a lower residual
resistanceThis is the reason for the lower cresser temperature. However, in the Nb

coated MgB case, films were clean as no alloying occur and the surface was much rougher
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due to polycrystalline nature. Therefore, higher residual resistand®aapectedandit
will translate to higher crossver temperature. Finally, in the case of Mgi®ated on Cu,
films can be mixed with alloy and surface is much rougher. Therefore, higher residual

resistancés expectedand the higher crossver temperaturis expected

4.5 Summary

MgB: films were successfully grown by HPCVDn Cu discs with good
superconducting properties.vitas observethat the formation of MgCu was helpful in
growing MgB at low temperature. Both DC and RF data show that the;flgis perform
well in terms ofJc andQo. The MgB films show a uniform and conformal coating on the
Cu surface, whichs an important factor for SRF cavity applications. Combined with the
previous results of coatirtgstcavities using the HPCVD process, the results detnaie
that it is possible to coat Cu cavities witlgh-quality MgB: films using HPCVD. Most
importantly, the samples showed higdy values below their critical temperature and
displayed similaiQo values to those adn Nb bulk sample at 4 K, indicating @otential
solution to replaceNb-basedSRF cavities withMgB-coatedcopper cavities without

consideable degradation in the caviti€s values.
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CHAPTER 5

DEVELOPMENT OF MgB2-COATED Cu 3-GHz SRFCAVITIES

In chapter 4, | havdiscussed the developmentaofodified MgB growth process
on Cu ad results of different characterizationRF characterizations showete
possibility of MgB SRF cavities operating above 4.2 K. However, SRF cavities &ave
complex threadimensional (3D structure andoating themner walls osuchstructure will
be rather challenging comparedhe coating of a flat Znch Cu diss Figure 51 shows a
technical drawing of a 3 GHRF cavity received from SRF group at Cornell University

andtestcavitieswith the same dimensionsereusedin this work.

(a) 6.75"

3525" |

(b)

Figure5.1: 3 GHz cavity design: (agthnical drawing (b) 3D drawing
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5.1 HPCVD?2 system and 3 GHaztainlesssteel and Nbcavity coating with MgB:2

In chapter 3, 6 GHz cavity coating work carried out by Wadalal [46] was
discussegdandthere | introduced the HPCVDL1 system. Since the 3 GHz cavitynwias
large than the 6 GHz cavity, a new largdPCVD system was built to accommodate a 3
GHz cavity andt hi s system is called AHPCVD20.
operation principle of the HPCVD1, whids describedn chapter 3Manipulator inthe
HPCVD2system ha200 mm (~8inch) maximum zaxis rangeTo avoid large Mg build
up on the diborane gas line3.5inch gap between the Mg oven and the diborane gas lin
was maintainef63]. Figure 52 shows photographs of the B¥D2 systenand a 3 GHz

Nb cavity.

Figure5.2: Photographs of (a) HPCVD2 system, (b) Manipulator mechanism, (c)

the HPCVD2 system, and (d) 3 GHz Nb cavity.
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Nb cavity coating was carried out by Leteal [63]. During the development of the

growth process, stainlesteeltestcavitieswere usedThe emperature of the clashell

heaters and the Mg ovevas kept- 740 °C.In his work, he has used a stainlssseltest
cavity Ilike Wolakds work with openings at
SiC, AlOz and stainlessteel substrateBigure 53 shows (a) a schematic of the deposition
system, (b) a photo of the cavity area d¥lgB>-coatedstainlesssteeltestcavity, (c)an

SEM image of aMgB»-coatedstainlesssteel sample from opening 3, and éih) SEM

image of avigB.-coatedSiC substrate from openingBhaese samples have shoW close

to 38 K.

Figure5.3: Shows (a) a schematic of the deposition system, (b) a photo of the cav
of a MgB coated stainlessteel test cavity, (c) a SEM image of a Mgi®ated stainles
steel sample from opening 3, and (d) a SEM image of a-Mg8&ted SiC substrate frc

opening 3from 63. Copyright © 2017, IEEE.

92



Even though small samples showed good superconducting properties, the coating
of the real 3 GHz Nb cawitwas notsuccessfuland the RF testing carried outJab did
not shownormal tosuperconducting transition. The main reasons for the issue with the
coating of the Nb cavity can be accounted to, poor andundarm heating of the Nb
cavity. Dueto thelarge mass of the Nb cavijty was difficult to heat he cavity to ~ 750
°C. Even though thermocouple attached to the «haill heaters showed temperature ~

750 °C, the real temperature at the cavity body was much lower.

5.2MgB:2 coating of Cu tubes: Tes for the feasibility of coating MgBz on a 3 GHz
Cu cauty

In the newly developed MgRjrowth process on Cu, the depositiercarried out
~ 470 °G andit is much lower (~300 °C) than the temperature required to aohilb
cavity. In addition it was observedthat the MgCu alloy promote the growth at low
temperature. Because of these two reasons, coating digBe inner walls of a 3 GHz
Cu cavity carbe considereds a more feasiblask

As a test casehe capability of coating a Cu tuheas testd because of the simple
structure of the tube. Tubes witlmensions similar to the dimensionsao8GHz beam
tubewereused Commercially available neaxygen free Cu tubes with the inner diameter
of 1 thédutBrdigmet er of 1. 6 7 5gdCu tabesieretubedTheset@ess 0 | o1
were not mechanicallyrelectrochemically polishelé4].

Cu tubeswere splitinto two halvesbeforecleaning. Firstthe tube halvesvere
degreaseth an ultrasonic bath of mics®0 cleaning solution. After that, tube halwesre
cleanedn Citrarox solution and Citranox is a popular Cu cleaning sotuti Then, tube

halveswere cleaneth deionized water. Finally, tube halvegere driedwith N2 gas. Two
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tube halves were put together using staintgesl clamps25c | eaned Mg pel |l et
0 . 2 5 owere loadeito the 8inch long Mg ovenA spedal clamp was (custom made)

used to attach the Cu tube to the manipulator. After attaching the tulbleeimb@nipulator,

Mg ovenwas insertednto the HPCVD2 systeniNext, the front clamshell heatemwas

inserted After that chamber was pumped down ta0® Torr background pressufé4].

@ 0 ©

Tubular I
heater B,Hg and H, e w | | | e
~ gas line f i
: Sample mount
with rotary and
/Iinear motion

Cu tube

+<—Mg oven

‘e’
Thermocouple

Start position End position
Figure5.4: (a) A photo of the HPCVDystem for cavity coatmis shown here. (b) T

schematic of the system with the Cu tube at the starting position. (c) Schemati

system with the Cu tube at the end positioom Ref.64.
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Figure 54 (a) shows a photograph of the HPCVD2 systerh thi¢ Cu tube loaded
into the system. At the beginning of the deposittbe,Cu tubewas movedo the bottom
most position. During the deposition proggbhetubewas movedip while roaiting and at
the end of the deposition tube was moved to the topmost positgure 54 (b) and (c)
show schematics of the starting and end positiosdgposition. It was important to start
with the tube at the bottom most position, agduld preventhe boron coating on the tube
first. If a boron layer gets coated on the tube wall first, that will prevent th€ alloy
formation on the tube walhndit will lead to poor or no MgBcoating at low temperatures.

Due to motion the tubeof cavity), t was not possible to directly measure the
temperature of the tube. Four thermocouphese usedfor the measurment of the
temperature of the system. One thermocowle connectetb the bottom of the Mg oven,
two thermocoupleswere connect to the inne (back) clamshell heaterand a
thermocouplewas connectedto the front clarrshell heater. Since none of the
thermocouplesvere directly measurinthe temperature of the tube, it was important to
calibrate the tube temperatusith respect tdhe clamshdl heater andit was foundthat

the tube temperature was ~150 °C lower than the-slzal heater.
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5.2.1 Mg-Cu alloy test

Figure5.5: Photographs of M@ u aloy coated Cu tubes at different backgropnessure:

(@) 15 Torr and (b) 5 Torr.

Since MgCu alloy play a major role in the growth of MgBhin films on Cu, alloy
growth on the tube wallwas testedirst. The range of alloyformationtemperatures and
pressuresvere testedrigure 55 shows MgCu alloy coated Cu tubes (a) coated at 15 Torr
pressure and (b) 5 Torr pressure at ~660 °C-claetl heater temperature and ~600 °C Mg
oven temperature. Mg damage to @ tube was observed to increase with the increase
in backgroud pressure. Better control of the Mg vapor was the key to have a démage
tube (cavity).To achieve slow controllable evaporatiaeposition pressumgas fixedto
5 Torr. However, at 5 Tofpackground pressure, sparking in the electrical wiring inside
the chamber was significantly increasefo avoid spark all exposed electrical
connections were insulated using ceramic insulating tubes. During the alloy tests, it

observedhat no alloyformedon the tube walls (topmost area in the tube) betwezMth
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oven and the diborane lin€his canbe accountetb the downward gas flow @H#B2Hs)
from the diborane line pushing the Mg vapor down the tube. This phenomendse can

observedn both Fig.5:5 (a) and (b).

5.2.2 MgB:2 coating on the inner walls of Cutubes

After successfully coating M@u alloy on the inner walls of the Cu tubkesjoved
onto coating MgB on the inner walls of Cu tubes. Tubgere prepareth the same way
explained above. &position temperature and the pressues keptat the same values
found inthe process adptimizing the alloy growth; ~660 °C for the clashell heater, 600
°C for Mg oven and 5 Torr background pressure. 5MsBn H> gasmixturewas useds
the boron spply, and20 sccmof BoHe flow ratewas usedThebackground hydrogen gas
flow ratewas reduced to 108ccm(400sccmin standard HPCVD system) to reduce the
effect on Mg vapor from the gas flow dynamiGnce the heatersaehed the deposition
temperature, BBHs gaswas introducednd that initiate the MgBdeposition process. At
the same time, the Cu tube was slowly moved up while rotating. The purpose of the rotation

was to achieve a uniform coating along the tube walls.
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Figure5.6: (a) A photo 0550 nm thick MgB coated Cu tube halves. (I¢¢) SEM image
of MgB: film surface on Cu samples cut out from regions 1, 3, 4 and 5 respectioet

Ref.64.

Figure 56 (a) shows a photogph of a Cu tube coated with Mg&nd the tube was
divided into5 regions depending on the uniformity of the color of the coatingnfegion

3 to 5,thepurplecolor coating cae observedand it is the characteristic color of MgB
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Figure 56 (b)7 (e) show SEM images of samples from 1, 3, 4 anespectively. In region

1 (top of the tube), no MgRoating was observed both visyadind under SEMandthis

is consistent with the alloy coating results (Fig. 5:5). From 3 to 5, ibeavbservedhat

the MgB grain size increase significantly and cracks appeared on the coating. The increase
in the grain sizes cdme accountetb the hrge temperature variation in the Cu tube (from

top to bottom) which arises as a result of the top of theltalvgcloseto thewatercooled
diborane line (< 100 °C) while the bottom of the tideéngclose to the Mg oven (~600

°C). The cracks observed the coating can be as a resulatdrge mismatch between the
thermal expansion coefficients of Mg@.4 x 10°/K nearroom temperature) and Cu (16.5

x 10%/K near room temperaturgd4].

Figure 57 shows theerafield-cooledmagnetic moments. temperature (ms. T)
curves of the samples from region 2 to 5. Form the figure ibeaeernhatall sample are
superconductingand the transition teperaturs ranged between 35 K to 37.5 K from
region 2 to region 5. This slight namiformity in the T¢ is consistent wh the grain

structure variation observed in the SEM imajges.
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Figure5.7: Magnetic moment vs. temperatunerves of samples from region 2 to 5 of
550 nm thick MgB film coated Cu tubgfrom Ref.64.
Photograph of @aube coated with ~850 nm thick MgHlIms canbe seenn Fig.
5:8(a) and naMgB> coatingwas observedn region 1. This result is consistent with
previous observations. Circular stripes perpendicular to the tube axie c@enn Fig.
5:8 (a). These ciwdar stripes possibly due to the thickness variation as a result of
misaligrment between magnesium oven and the Cu tube. Such a misalignment can
introduce a notwniform deposition rate around the tubéis combined with the rotation
and upward movement d@he tubes can yield such circular stripes. These stripes were
observed to mrge (become closer) as we increase the speed oatlie movement. From
(b)1 (e), SEM images of samples from regions 2 to 5 of the ~850 nmué&-coated
Cu tube carbe sea. A similar change in the grain structumas observedGrains became
large as we move from the top to the bottom and at the bottom of the tube (region 5), it
canbe observedhat grains areompetingfor each other creating pinholes. However, no

crackswere observeth these samplg$4].
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Region 3

Figure5.8: (a) A photo oD850 nm thick MgB coated Cu tube halves. (i§¢) SEN
images of MgB film surface on Cusamples cut out from regions 2, 3, 4 ar

respectivelyfrom Ref.64.
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Region 2

Cu tube
surface

.

Figure 5.9: (a)i (c) Cross section images of samples cut out from regions 2, 3
respectively, of @850 nmthick MgB; coated tube(d) Zoomed in cross section imi

from region 3 from Ref.64.

Crosssectional studies of these samples were carried ousibg focus ion beam
I scanning electron microscope (FEEM) system at Drexel Universitigigure 59 (a) b
(c) shows the crossections of samples from region 2, region 3 and re@i@spectively.
A zoomed in crossection imagéom theregion3is stown in Fig. 5:9 (d)In Fig. 5:9 (a),
it can be seethe inclusion of bright flecks into the MgHayer. A similar inclusion of

bright fleckswas observeth crosssections of samples from the center @fiéh Cu discs
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[Fig.4:9 (d)]. From EDS studies, treefleckswere identifiedas MgCu alloy. In the case
of the discs, Mg vapor pressure is lowestle center of the disand with the tube
coatings, we observed that the Mg vapor deficiency in the top of the tube as a result of the
downward gas flow. Thefore, this alloy inclusion into the MgBayer is mainly as a result
of low Mg vapor pressuréigure 59 (b) and (c) shows conformal growth of Mgéh the
Cu tube. However, voids near the MgBu surface cabe seemccasionally. These voids
can be as eesult of two competing large grains or due torthegh unpolished surface of
the Cu tubeFigure 59 (d) shows a zoomed in SEM image near a void in the film. From
the image, it cabe seemhat the void appeared as a result of a sharp edge on thef&@esur
However, we expect much smoother and conformal growthfewtler voids on polished
Cu tubesand cavitieg64].

Tc of these sampke (~850 nm thick)\were determinedy measuring theZFC
magnetic moments. temperature cwes andthese curves cdre seernn Fig. 5:10.Even
thoudh color and grain structure showed difference along the tube, transition temperature
was uniform along the tube. From Fig. 5:10, it can be seen all the sampl&ludoge to
37 K. Since the samplegere cuin irregular shapes, it is not podsitto compare the values
of magnetic momentd.. of these samplesasslightly reduced (~ 0.5 K) compared to the
Tc of the MgB films grown on 2inch Cu discs. One reason for this can be the use ef non

oxygen free Cu tubes in this wdit4].
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~ 850 nm thick MgBfilm coated Cu tubefrom Ref.64.

We have successfully coated MgiBms on the imer wall of unpolished Cu tubes
using the HPCVD method. The MgBoatings showed. around 37 K over a-ihch
length. A large portion of the coated tube showed dense and uniform coating free from
cracks when the thickness of the film wasuwad ~850 nm. Té cracks, whichwere
observedn the thinner ~55@m film seems to be sealed by the top M&er. The results

show the feasibility of using the HPCVD method to coat MgB the inner wall of Cu

cavities.
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5.3 MgB: coating of 3 GHz Cucavities

After successful MgBcoatings on the Cu tube, weere convincedthat this process

can be used to coat MgBn the inner walls of a 3 GHz cauvity.

5.3.1 Cu testcavity design

Figure5.11:(a) assembled (€3 GHz test cavity (b) Cu hatfells and beam tubes use:

the test cavity
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For the initial process development, @stcavitieswere usedThe coppettest
cavities were assembled using two Cu halfscalhd twoCu tubes. Cu half cells were
pressed at JLab by Hanenal usinga 3 GHz cavity die. Beam tube&gere machinect
Temple University machine shop. Then special stairdeess structure was built to fpaill
these parts together to create a maduokvity. Modular cavity design provided easy
cleaning, electrochemical polishing and film characterizatidgrigure 511 shows
photographs of the (a) assembled cavity and (b) parts used to assendalétihdhese
half cellswere reusedand electrocheimal polishing was utilized to polish the cavity
surface. Electrochemical polishing setup was a sagpedkrsion of the process explained

in section 4.2.2.

5.3.2 MgB coating of 3 GHz Cutest cavities

First catingswere carriecut similar to the tube coating process where cavity was
at the bottommost position at the beginning of the deposiotonce the temperature
reached the deposition temperature, diborane gas was introduced and at the same time
cavitywas moved up whileotating. However, MgBcoatings on the cavity aveuneven
andthe main reason for this was the complex structure of the c&utgle MgB color
near the equataran be observedvhile the iris regions showehore bororrich MgBo
coaing. Figure 512 (g shows a photograph of a Cu cavity coated using the tube coating
process and the (b) shows a photo of the@dgalloy distributionbeforethe diborane
introduction. From the Fig. 5:12 (b), it can be seen that theCMa@lloy growth neathe
iris region issignificantly lower compared to the equator regidhis is the main reason

for the bororrich MgBz coating observed in the iris reggn

106



SR s

Figure5.12: (a) MgBe film deposited on Cu test cavitxging the same growth process t
in the Cu tube coating and (b) Miu alloy distribution just before the introductior

diborane gas.

Three small holewere drilledon each haiftell; one near the iris region, one nea
the equtor and the other one in between. In Fig. 5:12 (a), these holdseca@enand
these holesvere fittedwith small Cu plugs machined with OFHC Cu. These plugse

designedso that they have a flushed surface with the cavity walls from theeinBigese
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plugs were taken out after the deposition and used for characteriz&igure 513 shows
SEM images from samples near (a) the iris region, p) the equator region of a cavity
coated using the tube coating procésshe SEM images, no hexawgl grainstructure

was observedt that scale. The SEM images looked much different structure from the
MgB2-coatedCu tube samples. These SEM images looked more similar MgBeMg-

Cu alloy mix. Visually, the color of the coated halélls showed putp tint to them.
However, appearance was much different fromMigd.-coatedtubes and looked more

boronrich coating.
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Figure5.13: SEM images from samples of cavity coated using the ¢oléing proces

(a) theiris regionand (b) the equator region.

After these initial depositions, deposition process was modified to achileioger
Mg-Cu alloy layer on the cavitgeforethe diborane gas irdduction.In the tube or the
above cavity coatingrocess, no M@u alloy was grown intentionallyeforethe diborane
growth.To achievea thick everMg-Cu alloy layeron thecavitywalls, at the beginning of
the heating procesthe cavity was movedo the bottonmost positiorsimilar to the tube
processOnce the Mg oven and the clahell heaters reached the deposition temperatures

(~600 °C and ~670 °Chhecavity was slowly moved to the topmost position and then back
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to the bottommost position whileteding. This process takes about 8 minutes. After
process, MgB coating processvas carriedout asexplainedabove.Figure 514 shows
schematics of the alloy layer deposition process (a) at the beginning, (b) at the halfway,

and (c) end of the allogeposition.

(a) (b) ©

gas line l
Mg oven
_—

Figure5.14: Schematics of the alloy deposition process: (a) at the beginning, (b

halfway, and (c) at the end.

Figure 515 shows a photograph of a cavity coated with an alloy lagerg the
abovediscussed procesandit canbe seerthat the coating of the MGu alloy looks very
uniform everywhere in the hatfell cavities.Thisis a significanimprovementcompare
to the previous MgCu alloy coating we observég#ig. 5:12 (b). In this deposition, small
plugswere not usedandas a result of that, no allayas coatedround the holes in half

cells.
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Figure5.15: Photograph of an intentionally M@u alloy coated cavitysing the proce

describe above.

After achieving a uniform alloy coating thrgliout the cavity body, the MgB
coatingwas startedin the MgB coating process, first the alloy layer was coated at
the end of the alloy coating procefise cavity wasmovedto the bottom most position.
Once the cavity moved to the bottommost posjt20 sccmdiborane gasvas introduced
to the system and at the same time cavity was moved up while rotating. Since the cavity
body hasalargerarea, during the cavity bodyating, the zaxis speed was slowed down
by ~50%. The total deposition time ftre MgB coating process was ~50 minutEgjure
5.16 shows a photograph of a cavity coated using this new proocessse purple color
canbe seerthroughoutthe cavity andthat indicates the thick MgBayer growth. In the
iris regions adark purplecolor canbe observedand it is much different from th#ueish
dark color observed in previously coated cavities as seen in Fig. 5:12 (a). The intense purple
color observd near the iris region can be as a result of much thicker My growth
near theris regionwith respect tahe equator region. In the bottom heé#ll, two damages
to cavity wall canbe observedThis type of damages in the bottom cavity was very

frequent.
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Figure5.16: Photograph of @MgB2 coated Cu 3 GHz cavity using the new caaibating

process.

Figure 517 (a)i (f) shows SEM images of the samples from the toptosmiddle,
top equator, bibom equator, bottom middle, and bottom iris regions dig@8.-coatedCu
cavity respectively. Grain structure is much differeminpared tdhe SEM images shown
in Fig. 5:13and similar to the MgBgrain structure observed in tMgB2>-coatedCu tubes
(Fig. 5:6 and 5:8). However, MgBcoating observed in the cavity is much smoother
compared to the coating on the Cu tublis may be due to the smooth electrochemical

polished Cu cavity surface.
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Figure5.17: SEM images of the samples from different locations of a cavity coate

MgB: using the new process.

The tansition temperature ofiése samplesasmeasured by measuring td&C
magnetic nmmentvs. temperature measuremerfgyure 518 shows the magnetic moment
vs. temperature curves of samples from top iris region to the bottom iris rédiche
samples from the top hatkll showed T, ~36 K, andall the samples from the bottom half
cell showedT ~35 K. This can be due to a temperature difference between the two half
cells during the growth process as the -wetls are individual pieces put together

mechanically.
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