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ABSTRACT 

 

Magnesium diboride is a known material since the 1950s. However, 

superconductivity in MgB2 was discovered in 2001. Soon after the discovery of 

superconductivity in MgB2, there was a rush to understand its complex nature of 

superconductivity and other properties. However, current research in MgB2 is mainly 

focused on applications. MgB2 possesses excellent superconducting properties such as a 

high transition temperature (Tc) of 39 K, a high critical current density (Jc) of ~107 A·cm-

2, a high thermodynamic critical field (Hc), absence of weak links at grain boundaries, etc.  

Because of these properties, it is considered one of the candidate materials for applications 

such as superconducting 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 beams. SRF cavities are 

characterized by two figures of merit: the quality factor (Q) and the accelerating gradient 

(Eacc). Q characterizes the energy efficiency of an RF cavity and Eacc is the average 

accelerating field of an RF cavity. The state-of-the-art SRF technology is based on 

niobium. It is a well-matured technology and it is reaching the theoretical limits on both Q 

and Eacc. Additionally, Nb cavities operate at 2 K, which requires large-scale liquid helium 

refrigeration and distribution systems. This adds substantial capital and operational costs 

for large particle accelerators such as HL-LHC and proposed ILC. Because of these 

reasons, new SRF materials with higher Q, higher Eacc, and higher operational temperatures 

are desired. Currently, few superconducting materials such as Nb3Sn and MgB2 are in the 
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research and development process. Nb3Sn has a Tc of 18 K, which is significantly lower 

than the Tc of MgB2. 

MgB2-coated cavities are theoretically predicted to have higher Q and Eacc 

compared to Nb cavities. In addition, owing to its high Tc, MgB2-coated cavities are 

expected to operate above 4.2 K (20-25 K). Operation at around 20ï25 K will allow the 

use of hydrogen- or neon-based cryocooler technology, eliminating the use of helium. This 

will substantially reduce the capital and operational cost of a MgB2-based accelerator.  

However, this will not be possible with Nb3Sn-based SRF cavities due to the low Tc of 

Nb3Sn.    

The main goal of the research presented in this thesis is to develop MgB2-coated 

copper superconducting radiofrequency cavities utilizing hybrid physical-chemical vapor 

deposition (HPCVD) technique. MgB2-coated Cu SRF cavities will have an added 

advantage due to the high thermal conductivity of the Cu. The excellent thermal 

conductivity of Cu enhances the heat transfer between the superconducting MgB2 layer 

and the cavity body, thus providing better resistance to thermal breakdown. RF 

characterization of MgB2ïcoated Cu is a crucial requirement because it is the first step 

toward the MgB2 ïcoated Cu SRF cavities. For these characterizations, small-sized samples 

(e.g., 2-inch diameter) are usually required. Among several MgB2 growth techniques, the 

HPCVD process produces the best quality MgB2 thin films. However, the growth of MgB2 

films on Cu using the HPCVD technique is challenging as Mg, and Cu readily react to form 

several Mg-Cu alloys. Therefore, a new MgB2 growth process on Cu was developed by 

modifying the existing HPCVD process and in the new process, the deposition takes place 

at ~470 °C. With this new process, high-quality MgB2 thin films were successfully 
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deposited on 2-inch diameter Cu discs, and these samples were characterized in terms of 

structural and superconducting properties. Surface morphology showed well-connected 

crystallites with no pinholes on the coating, and the cross-sectional studies showed 

conformal growth of MgB2 on Cu. The Tc of these samples were ~37 K and the ~107 A·cm-

2 zero field Jc was observed. Most importantly, RF characterizations at 11.4 GHz showed 

Q close to 2 x 107 at 4 K, which was comparable to the Q of Nb.  

After successful RF testing of MgB2-coated Cu discs, this process was scaled up to 

coat 3 GHz Cu RF cavities. As the first step, a MgB2 thin film was synthesized on the inner 

wall of Cu tubes with dimensions (~1.5-inch inner diameter and 8-inch length), similar to 

a beam tube of a 3 GHz RF cavity. The MgB2 film on the Cu tubes showed conformal 

coating with Tc ~37 K. Next, the coating of the 3 GHz Cu test cavity was carried out. Cu 

test cavities were assembled using two half-cells pressed at Thomas Jefferson National 

Accelerator Facility (JLab) and two beam tubes machined at Temple University. The MgB2 

film was successfully synthesized on the inner wall of 3 GHz test cavities and the MgB2 

coating on the two half-cells showed uniform growth with Tc distributed around 35 K. 

However, slight damages to the cavity wall were observed and these damages were mainly 

due to the deformation of the Cu surface, caused by the formation of Mg-Cu alloy liquid. 

Current research is focused on developing damage-free MgB2-coated Cu RF cavities. 

In addition to MgB2 growth on Cu for SRF cavity applications, development of 

high-quality MgB2 thin film on Si substrates was carried out. This will be used in electronic 

device applications such as fabrication of hot-electron bolometers (HEB). An issue similar 

to the Mg-Cu reaction was observed with Si; Si and Mg react at elevated temperatures, 

forming Mg2Si, and this was observed at around 550°C. This reaction prevents the use of 
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the HPCVD technique directly on Si. Previous attempts at synthesizing MgB2 films on 

Al 2O3-buffered Si substrates at low temperatures (500ï600°C) were reported. However, 

these films have shown extremely rough surfaces with poor superconducting properties. In 

this work, a ~220 nm-thick boron buffer layer was used to prevent the Mg-Si reaction, and 

it was observed that the boron was effective even above 700°C. High-quality MgB2 thin 

films were synthesized on boron-buffered Si substrates using the standard HPCVD 

technique. However, the resultant films showed enhanced roughness due to the 

polycrystalline growth. Ar ion milling at an ultra-low angle (1°) was used to smooth the 

MgB2 films, and the resultant films showed roughness comparable to epitaxial films grown 

on SiC substrates with a slight degrade in superconducting properties.  

Finally, Al ion implantation in the MgB2 thin film was studied and this project was 

carried out to synthesize MgB2 films with modified superconducting properties. In this 

study, 80 nm-thick MgB2 films were irradiated with a 75 keV Al ion beam. A 30 nm Au 

buffer layer was used on top of the MgB2 films in order to position the projected range of 

Al ions near the center of the MgB2 films. Al ion doses were kept between 2×1011ï1×1016 

atoms·cm-2. Superconducting properties and the structural properties of these Al ion 

irradiated films showed systematic change with the Al dose. Superconducting transition 

temperature decreased with increasing Al dose. Also, for the Al ion dose at or above 2 × 

1014 atoms·cm-2, the irradiated samples did not show any superconducting transition. Al 

ion irradiated films showed an increase in the c-axis lattice parameter of MgB2 with 

increasing ion dose. These observed changes in the superconducting properties and 

structural properties of Al ion irradiated films can be attributed to the ion damage.  
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CHAPTER 1  

INTRODUCTION  

 

Superconductors play an important role in modern particle 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).  Particle accelerators have been used primarily by physicists 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 

energy particle beams in their respective fields. Advancements in research and the growing 

number of users have demanded particle accelerators with higher beam energies and lower 

operating costs. 

The main research work presented in this thesis focused on developing 

superconducting magnesium diboride (MgB2) thin films on Cu substrates and RF 

characterization for the use in the development of MgB2-coated 3 GHz Cu RF cavities. 

SRF cavities accelerate the charged particle beam, and SRF cavities are characterized by 

two key parameters, quality factor (Q) and the accelerating gradient (Eacc). Q is a measure 

of the energy efficiency of the cavity while average accelerating electric field given by the 

Eacc which sets the accelerator real estate for given beam final energy as well as the cavity 

surface breakdown.  Ideal SRF cavity would be a cavity with very high Q and Eacc. Nb-

based SRF cavities are the state-of-the-art technology available. Relatively high Tc of the 

Nb, availability in pure form, ability to machine into complex structures, easy quality 

control, etc. are the main driving forces behind the popularity and the development of Nb 
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SRF technology. Nb-based SRF is a matured technology with outstanding success in 

accelerator applications in the past few decades. It has reached the theoretical limits in both 

Q and Eacc. Therefore, new and novel SRF materials with improved performances are the 

topics of new research in the SRF community. In addition, Nb-based SRF cavities operate 

at 2 K require large-scale and often complex and costly liquid helium refrigeration and 

distribution system. This adds substantial operational and capital cost to SRF particle 

accelerator facilities. Thin film technology utilizing medium-, high-Tc materials capable of 

reaching high Q and Eacc at a higher operational temperature (above 4.2 K) are desired for 

high energy particle accelerators with significant cost advantages. MgB2 and Nb3Sn are the 

new materials of interest in SRF cavity applications. MgB2 is theoretically predicted to 

have a high Q and a high Eacc compared to Nb. The transition temperature of MgB2, 39 K 

is significantly higher than the Tc of Nb3Sn, 18 K. Due to its high Tc, MgB2-coated cavities 

have the potential to operate at ~20-25 K, and this would not be possible for Nb3Sn due to 

its low Tc. Therefore, MgB2 based SRF technology will 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 physics, and it is one 

of the known macroscopic quantum phenomena. Most commonly superconductor is known 

as a material with zero resistance below a certain critical temperature, superconducting 

transition temperature (Tc). However, zero resistance is not the only property of 

superconductivity; it possesses several other fascinating properties. There are many 

practical applications of superconductors used in different fields; from medical instruments 
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such as MRI to SRF cavities and superconducting magnets in particle accelerators to 

terahertz and single photon detectors in astronomy [1].  

1.1.1 The discovery of superconductivity  

Superconductivity was discovered by Kamerlingh Onnes in 1911 [2]. Kamerlingh 

Onnes, a Dutch physicist who was the first person to liquify helium in 1908. The discovery 

of liquid helium played an important role in the discovery of superconductivity. Liquid 

helium has 4.2 K boiling point temperature at atmospheric pressure, and lower 

temperatures can be achieved upon pumping. This allowed measurement of electrical 

properties of metals close to absolute zero. Onnes measured the change in electrical 

resistance with temperature of pure mercury and he witnessed the sudden disappearance of 

electrical resistance, perfect conductivity of mercury near 4.2 K. This was the first 

observation of superconductivity. Later, several more metals were discovered with similar 

Figure 1.1: Resistance vs. temperature curve of mercury reported by Kamerlingh Onnes, 

from Ref. 2. 
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behavior, perfect conductivity below a certain temperature. This observation of perfect 

conductivity became the traditional hallmark of superconductivity. 

1.1.2 Meissner-Ochsenfeld effect and the flux quantization 

Even though superconductivity was discovered with the observation of perfect 

conductance in metals below a critical temperature (Tc), the superconductor cannot be 

described only with the perfect conductivity. There are two more hallmark characteristics 

which describe the superconductivity. Meissner-Ochsenfeld effect or perfect diamagnetism 

is one of the hallmarks of superconductivity. In 1933, Meissner and Ochsenfeld discovered 

that a superconductor would expel magnetic field completely from the interior [3]. In other 

words, a normal conductor in a magnetic field will expel all the magnetic field from the 

interior as it transits from the normal state to the superconducting state. This observation 

of perfect diamagnetism cannot be completely explained by considering a superconductor 

as a perfect conductor. 

Consider a situation where a perfect conductor was placed in a region with zero 

magnetic field, and later, a magnetic field was switched on. According to the Faradayôs 

law of induction, an induction current will flow in the perfect conductor to oppose the 

change in the field inside the perfect conductor. This induction field will cancel out the 

field inside the perfect conductor, resulting zero field inside the perfect conductor. This 

observation is similar to the Meissner-Ochsenfeld effect. However, consider the situation 

where a perfect conductor was placed in a region with a finite magnetic field initially and 

later, the field was switched off. Similarly, according to the Faradayôs law of induction, an 

induction current will flow to oppose the change in field inside the perfect conductor. This 

induction current will preserve the field inside the perfect conductor. We can see that the 
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field inside a perfect conductor is time independent. This behavior is different from the 

Meissner-Ochsenfeld effect and which effect cannot be explained by considering a 

superconductor as a perfect conductor.  Therefore, a new theory was needed to explain the 

Meissner-Ochsenfeld effect.   

Flux quantization is the next hallmark property observed in superconductors. It was 

predicted that the flux in a superconducting loop is quantized to preserve the continuity of 

the superconducting wavefunction [5]. Magnetic flux ‰ through the superconducting loop 

can be expressed in terms of an integer (n) times the flux quantum (‰ ). 

ꜚ ▪ꜚ  (1.1) 

Figure 1.2: Schematic of the Meissner-Ochsenfeld effect, from Ref. 4. Left: Magnetic field 

lines passing through a sample in the normal state. Right: Expulsion of magnetic field lines 

from the interior of the sample below Tc. 
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Where h is plank constant, and q is equal to two times the charge of an electron. F. London 

initially predicted flux quantization 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 superconductivity is destroyed is 

known as the critical field, or thermodynamic critical field (Hc) and this phenomenon is 

even true at absolute zero temperature. When the energy of the applied field is greater than 

the difference between free energies of the normal state and the superconducting state, it is 

energetically advantageous for the sample to go back to the normal state [5]. 

Thermodynamic critical can be calculated by using the energy per unit volume. 

Where [ὪὝ] and [ὪὝ] are Helmholtz free energy per unit volume of the normal state 

and the superconducting state respectively. Thermodynamic critical field is empirically 

found to strongly correlate with the Tc of the superconductor and it approximately follows 

the parabolic law, Eq. 1.4 [5].  

 

ꜚ ▐▲ Ȣϳ ╦╫ (1.2) 

╗╬╣

Ⱬ
 █▪╣  █▼╣ (1.3) 

╗╬╣ ╗╬╣ ╣╣╒ϳ  (1.4) 
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1.1.4 London equations 

It was not possible to explain the Meissner-Ochsenfeld effect using existing 

electromagnetic theory at the time. Two brothers, F. London and H. London proposed a 

new theory to explain the Meissner-Ochsenfeld effect [5, 8]. They considered the electrons 

in a superconductor as two fluids. Below the transition temperature, only a fraction of 

electrons is responsible for carrying the supercurrent, and the rest is normal electrons which 

does not participate in the supercurrent. There are zero superconducting electrons at Tc, and 

all the electrons become superconducting electrons well below Tc.  London brothers 

considered superconducting electrons carry the whole current and expressed in terms of 

superconducting electron density (ns), the charge of an electron (e) and superconducting 

electron speed (vs). Using Newtonôs law, they related the rate of change in current density 

to the electric field with the use of Faradayôs law. London brothers presented a condition, 

which successfully explained the Meissner-Ochsenfeld effect of superconductors [5]. 

Using equation 1.5 and Maxwellôs equation of curl B, the spatial distribution of the 

magnetic field inside a superconductor can be obtained (see Eq. 1.6). According to equation 

1.6, the magnetic field inside a superconductor vanishes rapidly from the surface, and it 

can only exist in a thin layer of thickness ɚL, and it is called London penetration depth [5]. 

♩║
Ⱬ▪▼▄

□╬
║  

ⱦ╛
║ (1.6) 

The Eq. 1.7 gives London penetration depth [5]. 

♩ ╙
▪▼▄

□╬
║ 

(1.5) 
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1.1.5 The Pippard nonlocal electrodynamic theory 

Since London equations do not address any spatial changes in parameters such as 

ns and the experimentally measured magnetic penetration depth (ɚ) of some 

superconductors were much larger than the ‗. In 1953, Pippard introduced a nonlocal 

electrodynamic theory to address these issues [9] He introduced a characteristic length 

called coherence length (‚) that characterizes the length scale of the superconducting 

wave function. Pippard argued that only the electrons within ὯὝ of the Fermi energy (Ὁ) 

can contribute to superconducting phenomena. Using the uncertainty principle, he derived 

the equation for  ‚ [5]. 

Where ᴐȟὺ, Ὧ and a are the reduced Plank constant, Fermi velocity, Boltzmann constant 

and a numerical constant respectively. Considering the electronic scattering, coherence 

length (‚ can be expressed as [5]: 

Where ὰ is the mean free path length. Furthermore, Pippardôs formulation introduced the 

concept of clean (‚ḻὰ) and dirty (‚Ḻὰ) limit of superconductivity. 

ⱦ╛
□╬

Ⱬ▪▼▄
 (1.7) 

Ⱪ╟ ╪
ᴐ○╕
▓╣╬

 (1.8) 

Ⱪ Ⱪ╟ ■
 (1.9) 
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1.1.6 Energy gap  

With the establishment of London equations and Pippardôs nonlinear 

electrodynamic treatment, key parameters such as penetration depth and coherence length 

were introduced. However, one more important parameter, superconducting energy gap, 

the energy gap between the superconducting ground state and the excited quasiparticles 

was needed for the establishment of a more cohesive theory of superconductivity. First 

experimental realization of the superconducting energy gap (ɝ) came with the specific heat 

measurements [5]. Specific heat of the superconducting state showed an exponential 

decrease with temperature in contrast to the linear decrease observed in the normal state. 

Observed exponential decrease of specific heat in the superconducting state with 

temperature is a characteristic feature of a system where excited levels and the ground state 

is separated by an energy gap. The existence of the energy gap was further observed with 

tunneling measurements and electromagnetic absorption measurements [5, 10].  

1.1.7 BCS theory of superconductivity 

BCS theory is also known as the microscopic theory of superconductivity. It was 

proposed by Bardeen, Cooper, and Schrieffer in 1957 [11]. Electron pairing is in the core 

of the BCS theory, and the electron pairs which are responsible for the superconductivity 

are known as Cooper pairs. Electron pairing was difficult to understand with the simple 

electrodynamics as a repulsive force between electrons is expected. Understanding the 

pairing mechanism laid the groundwork for the BCS theory known as the Cooper problem 

[12]. 

Cooper considered two electrons in the vicinity of the Fermi sea with opposite 

momenta (k, -k and kF<|k|<kC, where kF and kC are momenta, correspond to EF and 



10 

certain cutoff energy) with opposite spins at absolute zero temperature. Then he assumed 

that the potential (V) between these two electrons are always negative as long kF<|k|<kC 

and potential are zero elsewhere. He then successfully showed that formation of an electron 

bound state or a cooper pair is always possible as long as there is a net attractive potential 

between the two electrons irrespective of the magnitude of the attraction potential. The 

energy of the bound state is given by Eq. 1.10. Where ‫  is the cutoff frequency (on the 

order of Debye frequency) and V is the attraction potential between the electron pair [5].  

╔ ╔╕ üⱷ╒▄
╝ ╥ϳ  (1.10) 

Two key approximations are made by Cooper are the density of states of electrons 

ὔπ  near fermi energy, which is a slowly varying function, and the attraction between 

electrons, which is a weak attraction. From the equation 1.10, the bound state always has 

lower energy (E<2EF) compared to the two individual electrons. 

Even though the formation of the cooper pairs was understood theoretically, it is 

important to understand the physical picture. Positively charged ions near a moving 

electron will slightly move towards the electron deforming the lattice in the neighborhood 

and another electron will see this concentration of positive charge as an attractive potential. 

This will result in a net attraction between these two electrons leading to the formation of 

the cooper pair. 

BCS ground state was developed by extending this formalism to a whole system of 

electrons at 0 K. BCS condensation energy (ῳὉ) or the energy difference between the BCS 

ground state and the normal state at 0 K is given by Eq. 1.11. Where Ὁ π and Ὁ π are 

the energy of the superconducting state and the normal state at 0 K respectively [5]. 
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 ◕╔ ╔╢ ╔╝  ╝  (1.11) 

 It should be noted that, the total number of Cooper pairs is given by ὔὉ  ῳπ. 

Further extension of the BCS theory to finite temperatures was carried out with 

consideration of excited quasi particles formed by breaking Cooper pairs at temperatures 

above 0 K. Using the condition when T Ÿ Tc, ȹ(T) Ÿ 0, a relationship between the ῳπ 

and Tc was derived [5]. 

 

This result (Eq. 1.12) shows that the energy gap at absolute zero is directly 

proportional to the transition temperature of the superconductor. From the BCS theory, it 

is expected the gap parameter near the absolute zero to change slowly. However, near the 

transition temperature, ȹ approaches zero rapidly. According to BCS theory, near  Ὕ Ὕ 

, temperature dependence of the energy gap can be written as follows [5]. 

BCS theory proposed similar formulas for the critical field, specific heat, and many 

other parameters. Experimental results showed close agreement with the BCS prediction 

for many superconductors such as Al, V, In, etc. However, mercury and lead showed 

significant deviations from the BCS prediction, and this was accounted the strong coupling 

observed in these superconductors [5].  

 
◕

▓╣╬
 Ȣ  (1.12) 

◕╣

◕
 Ȣ ╣╣╬ϳ

Ⱦ  (1.13) 
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1.1.8 Ginzburg-Landau theory and type-II superconductors  

Even though Ginsburg-Landau theory was proposed seven years before the BCS 

theory, due to the cold war, it was not known in the West. Landau used his theory of 

thermodynamic phase transitions to understand the superconductivity, and his initial 

attempts failed. However, with the help of Ginsburg, they delivered the GL theory in 1950 

[5, 13]. GL theory defined an order parameter (ɣ) which is non-zero in the superconducting 

state and zero in normal state. Then they related the superconducting electron density (ns) 

to the order parameter [5]. 

▪╢  ȿⱶ●ȿ      ɣ(x) Í 0 for  T<Tc 

ɣ(x) = 0 for  T>Tc 

(1.14) 

The idea of the GL theory is to expand the free energy of the superconducting state 

in powers of order parameter and minimize the free energy with respect to the order 

parameter. Free energy of the superconductor in a magnetic field can be written as Eq. 

1.15. Here the symbols Ŭ and ɓ are expansion constants and e and c are the charge of the 

electron and the speed of light respectively [5].  

█  █▪ ♪ȿⱶȿ
♫
ȿⱶȿ  

□
░ᴐ

▄

╬
═ ⱶ

║

Ⱬ
 

(1.15) 

In the absence of fields and gradients, Eq. 1.15 reduces to Eq. 1.16 [5]. 

█▼  █▪ ♪ȿⱶȿ
♫
ȿⱶȿ (1.16) 
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Using the variational method, free energy can be reduced with respect to the order 

parameter, and this gives Eq. 1.17 [5]. 

 ȿⱶȿ  
♪

♫
 (1.17) 

Equation 1.17 gives the superconducting order parameter deep within the superconductor. 

‍ is always positive and ‌ is negative in the superconducting state. Using this value, the 

free energy difference between the superconducting state and the normal state can be 

calculated [5].  

 █▼ █▪  
♪

♫

╗╒
Ⱬ

 (1.18) 

By solving Eq. 1.18 considering the fields and gradients, more quantitative analysis 

can be carried out. An 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 non-local electrodynamics, ‚is temperature 

independent. However, ‚ is a temperature dependent parameter (near TC and temperature 

independent well below TC) and it reaches zero at Tc. ‚ is a measure of the spatial length 

scale for the variation in order the parameter [5]. 

 Ⱪ╖╛  
ᴐ

□ȿ♪╣ȿ
 (1.19) 
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GL coherence length was further developed and for the temperatures below and near Tc, 

‚  can be expressed as below [5]. 

Ⱪ╖╛  Ȣ
Ⱪ

◄
       ▬◊►▄ 

 

Ⱪ╖╛  Ȣ
Ⱪ■ϳ

◄
     ▀░►◄◐ 

(1.20) 

 

(1.21) 

Where ‚ ᴐὺȾ“ π andὸ ὝȾὝ. Another important parameter introduced by the 

GL theory is the GL parameter (‖) and it can be expressed in pure and dirty limits at Tc [5]. 

 ⱥ  Ȣ
ⱦ╛
Ⱪ
       ▬◊►▄  

              

ⱥ  Ȣ
ⱦ╛
■
   ▀░►◄◐ 

(1.22) 

 

(1.23) 

Further development of GL theory by A. Abrikosov [5, 14] showed the existence 

of two types of superconductors. For some superconductors, it is energetically favorable to 

revert to the normal state after a certain magnetic field (critical field Hc) while for other 

superconductors, after a certain magnetic field (lower critical field Hc1) it is favorable to 

coexist with normal conducting (NC) regions where magnetic field can pass through until 

a high magnetic field (upper critical field Hc2) where it will revert to the normal state. These 

two types of superconductors are called type-I and type-II superconductors, and they can 

be distinguished by ‖ [5]. 

 ἼὁἸἭἓ                        ⱥ ȾЍ  

              

ἼὁἸἭἓἓ                          ⱥ ȾЍ       

(1.24) 

 

(1.25) 
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Abrikosov further developed theoretical understanding of the type-II 

superconductivity and successfully predicted the vortex lattice in type-II superconductors. 

In 1959, L. P. Gorôkov showed that the GL theory is nothing but a limiting case of the BCS 

theory at near Tc and showed that the order parameter ɣ directly proportional to the gap 

parameter ȹ [15].  Due to the significant contribution of Abrikosov and Gorôkov to the GL 

theory, GL theory is also known as GLAG theory. 

1.2 Superconducting magnesium diboride 

Magnesium diboride is a known chemical since the 1950s. However, the discovery 

of superconductivity came in 2001. In 2001, a Japanese research group reported the 

superconductivity of magnesium diboride at 39 K in a research paper published in Nature 

[16]. Even though MgB2 has much lower Tc compared to high Tc superconductors, the 

discovery of superconductivity in MgB2 was indeed a breakthrough; it almost doubled 

previous highest Tc of 23 K reported for an intermetallic superconductor, niobium-

germanium (Nb3Ge). The discovery of superconductivity in MgB2 was followed by a huge 

interest in understanding the nature of superconductivity, growth, and applications of MgB2 

resulting in many publications. To understand the nature of superconductivity, it is 

important to understand the crystal structure of MgB2 as it plays an important role. 
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MgB2 has a simple hexagonal structure with alternating magnesium and boron 

planes where boron atoms form a honeycomb lattice (2D planes) with Mg atoms located 

in the center of the boron honeycomb from top and bottom of the boron plane.  MgB2 falls 

into the space group of (P6/mmm). Lattice parameters a and c of MgB2 are 3.086 Å and 

3.524 Å [17] respectively. Crystal structure of MgB2 plays an important role in the origin 

of the superconductivity in magnesium diboride.  

 

Figure 1.3: First reported superconducting transitions of MgB2, from Ref. 16. (a) 

magnetization vs. temperature curve, and (b) resistivity vs. temperature curve. 

Figure 1.4: Crystal structure of MgB2 unit cell adapted from Ref. 16. 
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1.2.1 Origin of superconductivity in MgB 2 

Even though MgB2 has a very simple structure, understanding the origin of 

superconductivity was complex. Extensive calculations were carried out by several groups 

to unravel the mystery soon after the discovery of superconductivity in MgB2. Kortus et al. 

[18] provided the first band structure calculations. According to Kortus, Mg gives its s 

electrons to the conduction bands of B atoms making MgB2 a more ionic molecule and 

creating ñmetallicò boron. Metallic boron was mainly responsible for the superconductivity 

of MgB2. Figure 1.3 panel (a) shows the band structure of the MgB2 and the red and black 

circles correspond to ˊ and ů bands respectively. Panel (b) in Fig. 1.3 shows the Fermi 

surface of MgB2. Narrow tubular sheets in the corners originate from ů bands while ˊ sheets 

in the center are shown in red and blue color.  

Soon after Kortus, An et al. [19] described the superconductivity of MgB2 with 

similar calculations. An et al. agrees with Kortus about the role played by the ionic nature 

of MgB2 in the superconductivity. They identify three possible origins to the 

 

Figure 1.5: (a) the band structure of MgB2, and (b) the Fermi surface of MgB2 from Ref. 

18. 
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superconductivity of MgB2, first is the hole doping of covalent bonds which arises from 

the layered structure of boron and the ionic nature of MgB2. In simple words, Mg2+ ion 

pulls the electrons towards the ˊ band, and this creates more electron-doped ˊ band and 

hole-doped ů band. The second origin is the 2-D nature of the ů band density of states and 

the third origin as the E2g phonon modes which corresponds to in-plane B-B bond 

stretching. 

Several experimental observations were reported during 2001 and 2002 about the 

existence of two gaps or multiple gaps in magnesium diboride. These observations came 

from specific heat measurements [20, 21], point and contact measurements [22] and STM 

measurements [23]. Choi et al. using first principle calculation showed the two-gap 

existence successfully with the values of the band gaps matching with experiments [24]. 

Figure 1.4 shows the two energy gaps; the top figure shows the calculation and the bottom 

figure shows the experimental data [25]. The smaller energy gap or the ȹ ́which arises 

from the ́  bonding pz orbitals is between 1.2 to 3.7 meV. The large ů gap, ȹů which arises 

from px,y bonding is between 6.4 to 7.2 meV.  

Figure 1.6: The two gaps of MgB2 measured by K. Chen et al., from Ref. 25. Top: the 

calculated data. Bottom: the experimental data. 
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According to both Kortus et al. and An et al., metallic boron sheets are mostly 

responsible for the superconductivity in MgB2. This was experimentally observed with 

isotope effect a few months later by Hinks et al. [26]. In their experiment, they observed 

that almost no difference in Tc in MgB2 with different Mg isotopes while around 1 K 

difference in Tc between Mg10B2 (40 K onset) and Mg11B2 (39 K onset). According to their 

observations, it is clear that boron layers play a major role in the superconductivity in 

MgB2. Later, Al -doped single crystal studies showed rapid reduction in Tc with the doping 

level and Hc2 reduction [27]. These were mainly attributed to the band filling from the 

excess electron in Al and to the stiffening of the lattice leading to a reduction of E2g modes. 

1.3 Superconducting radiofrequency (SRF) cavities 

The primary purpose of radiofrequency (RF cavity) is to accelerate charged 

particles. Normal conducting RF cavities have a high surface resistance, and this creates a 

substantial power loss. Superconducting RF cavities have the advantage of having 

substantially smaller surface resistance, reducing the RF dissipation in the walls of the 

cavity by millionfold. SRF cavities are currently used in many modern continuous wave 

(CW) particle accelerators. In the mid1960s at Stanford, the first lead-coated resonators 

were experimented. Hansen experimental physics laboratory (HEPL) at Stanford was the 

first superconducting accelerator (SCA). After that, many other particle accelerators 

around the world have adapted SRF technology [28]. In this section, the fundamentals of 

the SRF cavities, the current state-of-the-art SRF technology, alternative materials and the 

advantages of MgB2 based SRF cavities will be discussed. 

There are two main types of SRF cavities; they are ɓ å 1 and low ɓ cavities where 

ɓ = v/c, v ï velocity of the particle and c ï velocity of light. Typically, ɓ å 1 cavities are 
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used to accelerate light particles (electrons, positrons, or high-energy protons), and these 

cavities have a much simpler structure. Low ɓ cavities are used to accelerate heavy particles 

(ions) or low-energy protons have much complex shapes. In this section, the ɓ å 1 SRF 

cavities will be discussed. Figure 1.5 panel (a) shows an image of 1.3 GHz Nb nine-cell 

cavity, and the panel (b) shows a schematic of a multicell elliptical cavity [29]. The typical 

primary mode used in elliptical cavities is the TM010 mode where the electric field is along 

the beam direction, and the magnetic field is aligned around the beam path. As seen in the 

schematic, an electromagnetic field is synchronized with the cavities so that the electric 

field in every other cell is aligned in the same direction to accelerate the beam in a given 

RF cycle and in the next cycle the directions of the electric field inside cavities change as 

the particles move to the next cell. So, this process guarantees that the particle beam always 

sees the accelerating field.  

 

Figure 1.7: (a) 1.3 GHz multi cell niobium cavity, and  (b) schematic of a multicell cavity 

with arrows showing the direction of electric fields and the circles showing the direction 

of magnetic fields, from Ref. 29. 
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1.3.1 Quality factor and accelerating gradient  

The quality factor (Q) and the gradient (Eacc) are the two key parameters which 

characterize an SRF cavity. However, the quality factor is not limited to SRF cavities, and 

it is a universal parameter which is a measure of efficiency for any resonating structure. 

Both Q and Eacc are figures of merit for normal metal and superconducting RF cavities. 

Q (unloaded) is a measure of how many times cavity will resonate before it 

dissipates all the stored energy [28].  Q0 is given by the equation Eq. 1.26. 
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(1.26) 

Where is the is the angular frequency, U is energy stored and the P is the energy ‫ 

dissipation per RF cycle (power dissipation) and Trf is the period of the RF. Typical copper 

cavities have a Q0 on the order of 104 while state-of-the-art Nb SRF cavities have Q0 of 109 

ï 1010. These are highest Q0 values found among any resonators. This huge difference in 

the Q0 found in NCRF and SRF cavities is mainly due to the vast difference in the surface 

resistance (Rs) between NCRF and SRF cavities. Normal metallic cavities (Cu) show a low 

resistance and upon cooling their resistance starts to drop until it reaches the residual 

resistance. The residual resistance in normal metals is significantly higher (several orders) 

than the surface resistance observed in superconductors. 

Surface resistance is the key parameter determining the Q0 of an SRF cavity, and it 

contains two components, BCS surface resistance (RBCS) and the residual resistance (R0). 

R0 is a combination of the resistance due to material imperfections (Rim) and due to the 

trapped flux (Rfl) [28, 31]. 
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(1.27) 

(1.28) 

 

Where f is the frequency and A is a constant which depends on superconducting 

parameters such as Fermi velocity, mean free path, penetration depth and coherence length 

[28]. RBCS only depends on the superconducting properties of the material, the operational 

temperature, and the frequency. Rim mainly depend on material quality such as surface 

roughness, grain connectivity, etc. Rfl is mainly due to the trapped flux, and it arises from 

the normal cores. 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 to the Rs. 

Therefore, P can be calculated taking the integral over the surface of the cavity as follows 

[28]. 
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 (1.29) 

Energy stored in the cavity is given by Eq. 1.30 [28]. 
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Considering the Rs is a constant, we can write Q0 as Eq. 1.31 [28]. 
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Q0Rs is known as the geometrical factor (G), and it is a constant that only depends on the 

shape of the cavity, and it is given by Eq. 1.32 [28]. 
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The next important parameter for an SRF cavity is the Eacc, accelerating gradient. 

Eacc is the average accelerating electric field of the cavity, and it is typically limited by the 

superheating field (Hsh) of the superconducting material. Hsh can be considered as the RF 

critical field, and it is higher than the Hc for type 1 superconductors and higher than Hc1 for 

type 2 superconductors. Superconductor in an RF field can remain in the Meisner state 

even above the Hc (type 1) or Hc1 (type 2) due to the rapidly changing RF field; this 

metastable state can sustain up to Hsh [30]. As the Eacc increases, peak electric field (Epeak) 

and the peak magnetic field (Hpeak) on the surface of the cavity will increase. Once Hpeak 

reaches the value of the Hsh, the cavity will quench - loss of stored electromagnetic energy. 

Another limiting factor for high Eacc is the field emission. To keep the cavity from 

quenching and field emission, it is important to minimize the Epeak/Eacc and Hpeak/Eacc [28]. 

The SRF cavity designs have been optimized for keeping these in mind. Therefore, the 

main limiting property for Eacc is the Hsh of the superconducting material. Superheating 

field is related to the thermodynamic critical field as follows [31]. 
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1.3.2 State-of-the-art  SRF niobium technology 

As mentioned at the beginning of the chapter, bulk Nb and Nb-coated Cu is the 

current state-of-the-art technology. Test cavities with quality factor as high as 1010 and the 

accelerating gradient as high as ~45 MV/m have been reported [32]. This was achieved 

because of the years of research and development of Nb technology in terms of improving 

material properties (N2 doping, annealing, etc), extreme quality controlling, development 

in the cavity designs, etc. However, these are the theoretical limits for the Nb-based cavities 

[32]. Nb-based SRF cavities typically operate at 2 K that require large-scale liquid helium 

refrigeration in large facilities such as Hi-Lumi LHC and ILC. Liquid He refrigeration adds 

substantial 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 

superconducting properties. Two main reasons are it is an elemental superconductor and 

naturally existing metal. Being a naturally existing metal is one of the keys for its success, 

it can be machined from bulk, can be welded, can go through all the quality control steps; 

mechanical polishing, electrochemical polishing, high-pressure water rinsing, etc. Being 

an elemental superconductor is also an advantage. It is easier to synthesize thin film of a 

simple one elemental material compared to a complex material with multiple 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 limits on Eacc and Q, new materials 

with improved RF performance at a higher operational temperature (above 4.2 K) has 

become a topic of continued SRF research in recent years. MgB2 and Nb3Sn are considered 

as possible next generation SRF materials.  
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Table 1.1 shows the comparison of superconducting properties between Nb, MgB2, 

and Nb3Sn. From the table, both MgB2 and Nb3Sn have high Tc, high Hsh, and larger energy 

gaps compared to Nb. Therefore, better RF performance and higher operational 

temperatures can be expected from both MgB2- and Nb3Sn-based SRF technologies. 

However, it is important to investigate how MgB2 and Nb3Sn compare each other. 

 

 

1.3.4 MgB2 as the next SRF material 

MgB2 is one of the medium-Tc SC materials as a potential candidate to replace the 

Nb-based SRF cavities. Theoretical studies have predicted MgB2 to have lower surface 

resistance compared to Nb as well as higher accelerating gradient. Collings et al. [33] have 

presented early theoretical studies about MgB2 as a viable candidate for SRF cavities.  

For MgB2, RBCS is theoretically calculated to be much lower than that of Nb for at 

a given frequency. Nb cavity operating at 500 MHz and 4 K would have RBCS of 69 nɋ. 

MgB2 cavity operating in the same conditions would have RBCS of 2.5 nɋ and 2.3 × 10-5 

nɋ respectively for the ˊ gap (2.7 meV) and ů gap (6.7 meV) [33]. According to Collingôs 

calculations, significantly lower RBCS value can be expected for MgB2 cavities. MgB2 is a 

Table 1.1: Superconducting properties of currently interested next SRF materials with Nb. 

Material 
Tc 

(K) 

ɟn 

(ɛɋ cm) 

Hc(0) 

(T) 

Hsh 

(T) 

ɚ(0) 

(nm) 

ȹ 

(meV) 

Nb 9.23 2 0.2 0.24 40 1.5 

MgB2 39 0.1-10 0.43 ~0.3 40~140 1.8, 7.2 

Nb3Sn 18 20  0.54 ~0.4 80-100 3.1 
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metallic superconductor, and the residual resistance arising from the grain connectivity 

(Rim)is similar to the Nb (table 1.1). Rfl or the residual resistance due to flux trappings can 

be expected as MgB2 has low normal state residual resistivity and large upper critical field. 

According to Collings et al., the ratio of Rfl to the magnetic field; Rfl/H for a MgB2 cavity 

operating at above conditions is 3 nɋĿɛT while for an Nb cavity it would be 14 nɋĿɛT. 

From these theoretical calculations, overall lower Rs for MgB2 can be expected in 

comparison to Nb. Therefore, higher Q values for MgB2 cavities can be expected. GL 

parameter for MgB2 is much larger than one while Nb has a GL parameter close to one. 

Considering the GL parameter and the Hc, an Nb cavity with the Hpeak/Eacc = 40 

Oe/(MV/m) would have maximum Eacc of 49 MV/m while a MgB2 cavity operating at same 

conditions would have maximum Eacc of 80 MV/m [31]. Since MgB2 has a high Tc of 40 

K, a MgB2 SRF cavity may be able to work above the liquid helium temperature 

eliminating the need for the liquid helium refrigeration [34]. Considering the theoretical 

predictions, MgB2 has the potential to fulfi ll all three requirements (high Q0, high Eacc, 

higher operational temperature) of the next generation SRF cavities. 

1.3.5 MgB2-coated Cu SRF cavities 

In this thesis work, development of MgB2-coated Cu cavities was focused. MgB2-

coated Cu cavities will have an added advantage from the high thermal conductivity of Cu. 

High RRR Cu has excellent thermal conductivity ~1000 W/m·K, and this will significantly 

reduce the temperature variation across the cavity [34]. This will enhance the heat transfer 

from the superconducting MgB2 layer providing batter resistance to quench. Due to the 

high Tc of MgB2 and excellent thermal conductivity of Cu, MgB2-coated Cu cavities are 
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expected to operate as high as 20-25 K. This will allow the use of neon or neon-helium mix 

cryocooler cooling eliminating the use of liquid helium.  

1.3.6 Comparison between MgB2-coated Cu and Nb3Sn cavity technologies 

Research and development of Nb3Sn SRF cavities is pursued by many research 

groups, and currently, it is in the later stage of the R&D process compared to MgB2. As 

shown in table 1.1, Nb3Sn has Tc of 18 K, Hsh of ~0.4 T and energy gap of 3.1 meV. These 

properties make it a possible candidate to compete with Nb cavities. Lower RBCS can be 

expected due to is large energy gap and relatively high Tc compared to Nb. However, it has 

a significantly higher residual resistance [35] compared to both Nb and MgB2, and this will 

impact the overall surface resistance. With the high Hsh of Nb3Sn, high Eacc can be 

expected. However, in the early Nb3Sn cavity tests, it has been observed large Q-slope 

above ~30-40 mT [36]. This Q-slope was mainly accounted for the flux penetration.  

However, in recent Nb3Sn cavity tests, this Q-slope has not been observed [36]. Recent 

Nb3Sn test cavities operating at 4.2 K with Q ~1010 up to ~ 15 MV/m has been reported 

[36]. 

Nb3Sn is a brittle material with very poor thermal conductivity [36]. Current Nb3Sn 

cavity fabrication technology is based on annealing of bulk Nb cavities in Sn vapor. 

However, some progress has been made on the Nb3Sn fabrication using other methods 

including thin film fabrication [36]. However, it is questionable how successful will be thin 

film coating Nb3Sn as it is a brittle material. Since the current fabrication technique uses 

bulk Nb cavities, the material costs associated with Nb3Sn cavities are significantly higher 

than the MgB2-coated Cu cavities. In addition, due to the low Tc and poor thermal 

conductivity of Nb3Sn coating (and the bulk Nb cavity), operational temperature of Nb3Sn 
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cavities will be limited to around 4.2 K. Therefore, Nb3Sn cavities will not be able to 

compete with high operational temperatures ~20-25 K expected for MgB2-coated Cu 

cavities. This will limit the Nb3Sn cavities to operate with helium cryocoolers while MgB2 

has the potential to operate with neon or neon-helium mix cryocooler technology. As a 

rough cryocooler refrigeration capital cost estimation; 1 W cooling at 4.2 K is around 50 

times higher compared to 1 W cooling at 20 K [unpublished by A. Nassiri et al.]. Therefore, 

a substantial reduction of cost can be expected for a MgB2-coated Cu based accelerator 

compared to Nb3Sn based accelerator. 

However, fabrication of MgB2-coated Cu cavities is rather challenging because 

MgB2 is not a naturally existing material and it is very in air and with many other chemicals. 

Hybrid physical-chemical vapor deposition (HPCVD) technique is one of the best 

techniques to synthesize highest quality MgB2 thin films. Development of MgB2 growth 

technique on Cu substrates by modifying the existing HPCVD technique, RF 

characterization of MgB2-coated Cu samples and development of 3 GHz Cu test cavities 

will be discussed in detail in the later chapters of this thesis. 

1.4 The arra ngement of the thesis 

With the introduction to my main research, I will discuss the experimental 

techniques utilized in chapter 2. MgB2 growth on metal substrates, on 6 GHz cavities and 

2-inch sapphire wafers laid the groundwork to my research. The topic of MgB2 SRF 

research is discussed in chapter 3. 

As the first step, MgB2 samples were produced on 2-inch diameter Cu discs. To 

produce these samples, a new growth recipe was developed. These samples were 



29 

characterized in terms of structure, DC superconducting properties, and RF 

superconducting properties. This work is presented in chapter 4. 

This newly developed HPCVD growth process on bare Cu discs was scaled up to 

coat inner walls of a 3 GHz Cu RF cavities. Initially, a Cu tube with similar dimensions of 

the beam tube of a 3 GHz was coated. After that, the process was further enhanced to coat 

3 GHz Cu cavity.  This work is described in chapter 5. 

MgB2 thin films were synthesized on silicon and silicon on insulator (SOI) 

substrates to use in waveguide-based hot electron bolometers. This work is described in 

chapter 6. Since this work is relatively different from the main work (MgB2 SRF cavity 

application) described in this thesis, this chapter will have its own introduction, 

experimental sections, and summary and future work sections.  

In chapter 7, I will describe experimental details and results of Al ion implantation 

of MgB2 thin films. This chapter will have its own introduction, experimental technique, 

and summary and future work sections. 

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

EXPERIMENTAL TECHNIQUES  

 

2.1 MgB2 thin film deposition 

2.1.1 Thermodynamics of Mg-B system  

 The MgB2 powder was commercially available even before the discovery of 

superconductivity in MgB2. However, many device applications required high-quality 

MgB2 thin films. Development of a technique to produce high-quality MgB2 thin films 

requires careful consideration of thermodynamics of Mg-B system. Thermodynamics of 

Mg-B system was studied by Liu et al. [37].   Pressure-temperature phase diagram of Mg-

B system is shown in Fig. 2:1. Mg is highly volatile, and therefore it requires a sufficiently 

high Mg vapor pressure to prevent the MgB2 phase decomposition. The shaded region in 

Fig. 2.1 is the growth window for obtaining high-quality MgB2 thin films, and it is marked 

as ñGas+MgB2ò. In this window, excess Mg will be in the vapor form and it can be pumped 

out from the system without contaminating the film. If the Mg vapor pressure is too low, 

MgB2 will decompose to MgB4 or MgB7, and on the other hand, if the Mg vapor pressure 

is too high, Mg will condense on the film. Therefore, controlling the Mg vapor pressure is 

the key to high-quality MgB2 thin film deposition. The stoichiometry of the MgB2 film is 

preserved as long as the Mg/B ratio is larger than 0.5 (excess Mg vapor).  
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2.1.2 MgB2 growth techniques other than HPCVD method 

In addition to HPCVD technique, there several other techniques which successfully 

synthesize MgB2 thin films. These techniques can be categorized into two main classes, 

annealing of B films in Mg vapor (2-step growth) and in-situ growth [38]. In the 2-step 

method, a boron layer is first deposited on the substrate. After that, it is annealed in Mg 

vapor at high temperature. The deposition of the B layer can be carried out by using many 

established thin film deposition techniques such as sputtering, pulsed laser deposition 

(PLD), CVD, etc. Post-annealing is typically carried out in a Ta tube with high purity Mg 

in Ar atmosphere at around 900 °C. Soon after the discovery of superconductivity of MgB2, 

Kang et al. reported MgB2 thin films synthesized by using 2-step process and these films 

showed excellent superconducting properties including high Tc of 39 K and high Jc in the 

Figure 2.1: Phase diagram of Mg-B system modified from the original image, from Ref.  

37. Color added for easy visualization. 
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order of 107 A cm-2 [39]. However, due to the low vacuum growth of B layer, it is difficult 

to prevent oxygen contamination in these films. 

Pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) are two in-situ 

techniques reported in synthesizing MgB2 thin films. However. To prevent the MgB2 film 

from decomposing, relatively low growth temperatures were utilized in these techniques 

[38]. MgB2 thin films fabricated from these techniques showed relatively low transition 

temperatures. Moeckly et al. reported growth of high-quality MgB2 thin films using 

reactive evaporation [40]. In this method, a special rotating pocket heater is used, and the 

substrate is rotated in the pocket heater. The pocket heater has an opening (1/3 size), and 

when the substrate rotates through the opening, a boron layer is deposited via e-beam 

evaporation. Once the substrate is rotated back into the pocket heater, it is exposed to Mg 

vapor at 550° C. Mg, and B layer reacts and produces MgB2 thin film, and the rotation 

cycle is kept until the desired thickness is achieved. MgB2 thin films fabricated with this 

method showed excellent superconducting properties such as high Tc above 39 K and high 

RRR around 4 [40].  

2.1.3 Hybrid physical-chemical vapor deposition technique 

Development of chemical vapor deposition (CVD) technique for MgB2 thin film 

deposition was not straightforward due to several reasons. One of the main reasons is that 

the lack of Mg-containing suitable precursor. Therefore, the HPCVD technique was 

developed to synthesize high-quality MgB2 thin films. In 2002, Zeng et al. reported the 

HPCVD MgB2 thin film growth [41]. According to the original HPCVD process reported 

by Zeng, the whole deposition process is carried out inside a quartz reactor. The substrate 

was placed on the center of a SiC-coated graphite susceptor, and the pure Mg bulk pieces 
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(0.3 ï 0.4 g) were placed around it.  Then, the system was purged with purified N2 and H2 

gases. After that, both the substrate and the Mg pieces were inductively heated to around 

730 ï 760 °C in the H2 background. The H2 background is important as it creates a reductive 

environment which helps to prevent the oxidization. The total pressure of the system was 

maintained between 100 ï 700 Torr. After reaching 730 ï 760° C, diborane (B2H6) gas was 

introduced to the system, and it initiated the deposition process. Mg vapor at ~ 730 °C has 

very low sticking coefficient, and due to that, Mg will not deposit before the introduction 

of diborane gas. The thickness of the film can be controlled by adjusting the diborane flow 

rate or the deposition time. HPCVD method is best for epitaxial thin film deposition due 

to its high deposition temperature, and it has produced MgB2 thin films with superior 

properties such as high Tc of around 41.5 K, high RRR of around 80, high Jc, etc. This setup 

reported by Zeng is optimum for the deposition of high quality epitaxial MgB2 thin films 

on small (15 x 15 mm2) size ceramic substrates, and I will call this as the original HPCVD 

process. However, the current standard HPCVD setup at Temple University is a slightly 

modified version of the original HPCVD setup reported by Zeng et al. [41], and it will be 

discussed in detail in chapter 3. A schematic of the CVD process can be seen in Fig. 2.2.  
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2.2 Magnetron sputtering 

During the completion of the research work presented here, various other thin films 

such as Nb, Au, SiO2, MgO, etc. were deposited for different purposes using magnetron 

sputtering. Both direct current (DC) and radiofrequency (RF) sputtering were used. 

Magnetron sputtering is a well matured physical vapor deposition (PVD) technique. Au, 

SiO2 and MgO films were primarily used for the passivation of the MgB2 films. MgB2 

films are very sensitive to the oxygen and the moisture in the air. Without a passivation 

layer, MgB2 films can get oxidized easily. Therefore, a passivation layer is sputtered on 

MgB2 films to prevent oxidization. In the micro-bridges patterning process, the passivation 

layer protects the film from many chemicals such as photoresists, developers, H2O, etc. Nb 

and MgO films were initially used as buffer layers to prevent the Mg and Cu reaction. 

The sputtering process takes place in a low vacuum with an inert gas (typically Ar) 

environment. A negative charge is applied to the target, the target is a bulk source of the 

thin film material, and the substrate is kept relatively positive. This high electric field 

ionizes the Ar atoms, igniting the Ar plasma. The Ar ions attracted toward the negatively 

Figure 2.2: Schematic of the HPCVD process. 
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charged target, and ions will bombard the target surface with very high energy. This 

process ejects target atoms, and these ejected target atoms will get deposited on the 

substrate surface forming a thin film of the target material, and some of the ejected atoms 

will get deposited on the vacuum chamber walls. During the process of Ar ions impinging 

on the target surface, secondary electrons are ejected from the target surface. These 

secondary electrons will get accelerated toward the positively charged substrate. However, 

these electrons can collide with Ar atoms creating more Ar ions. Therefore, it is important 

to confine these electrons near the target surface which will increase the sputtering rate. In 

magnetron sputtering, a specially shaped magnetic field is arranged near the target surface 

so that it will confine these primary and secondary electrons to near the target surface. This 

will increase collisions with Ar atoms resulting in more Ar ions, which will result in higher 

sputtering rate. In addition, this will reduce the plasma impedance, and it will result in low 

voltage operation of magnetron sputtering, typically in several hundreds of volts. 

Therefore, magnetron sputtering is very useful in thin film fabrication as it yields faster 

deposition rates and reduces the operation to lower voltages.  Figure 2.3 shows a schematic 

of the magnetron sputtering process [42].  

Figure 2.3: Schematic of the magnetron sputtering, from Ref. 42. 
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Typically, metal films such as Nb, Au, and Cr were deposited using DC magnetron 

sputtering. Insulating films such as MgO and SiO2 were sputtered 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 (10 ï 100 nm per minute). 

Ceramic substrate tends to crack due to the excessive heat build-up during the sputtering 

process. Figure 2.4 shows images of two sputtering chambers used in the research work 

presented in this thesis. Metallic films were synthesized in the sputtering chamber shown 

in Fig. 2.4 panel (a). This system has two separate vacuum chambers; the main chamber is 

where sputtering targets are located, and it is pumped using a cryo-pump. The loading dock 

is where the substrate (samples) are loaded and pumped to base pressure. These substrates 

then transferred to the main chamber. The main chamber is typically pumped below 1x10-

7 torr background pressure which is necessary to prevent oxidization, and the sputtering is 

carried out at around 1x10-2 Torr Ar pressure. Typically, oxide films were deposited in the 

chamber shown in panel (b) which is pumped with a mechanical and a turbo pump to lower 

10-6 Torr.  

 

Figure 2.4: Sputter chambers used in this work: (a) for metal films, and (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 roughness, and the thickness of MgB2 films. Bruker Dimension Icon AFM was 

used during the research work presented here. Figure 2.5 shows an image of the AFM used 

in this work. 

In general, AFM tip is a very sharp tip which is located at the end of a cantilever. 

The cantilever is attached to a piezo controller, and it controls the movement of the 

cantilever (tip). A laser beam is focused on to the top of the cantilever (opposite side of the 

tip), and the reflected beam is aligned onto a position sensitive detector (PSD). This 

mechanism measures the movement of the tip and using that data, the topography of the 

sample scan area is generated. AFM has three main operation modes; contact mode, non-

contact mode and tapping mode. In the contact mode, 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 non-contact mode, the tip doesnôt touch the sample surface at 

all. It keeps a constant distance from the sample, and it measures the change in the 

vibrational frequency. However, this mode is somewhat complicated to use. The third 

option is the tapping mode, in this mode tip is deliberately tapping the sample surface 

during imaging. In the tapping mode, cantilever (tip) is vibrated near its resonant frequency 

using the piezo controller, and tip touches the sample surface once in every vibration. In 

this method, tip touches sample for a very short time, and it avoids the lateral forces exerted 

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

sample. Figure 2.5 shows an image of the AFM used in this thesis work.  
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2.3.2 Scanning electron microscopy and energy dispersive spectroscopy 

Scanning electron microscopy (SEM) is a versatile tool to study grain structure, 

grain sizes and the film coverage in MgB2 film grown on Cu and other substrates. SEM is 

much faster and gives clear images compared to AFM. However, it cannot give information 

regarding the sample roughness. In the development of MgB2 growth process on Cu large 

area substrates, SEM was very useful compared to AFM as AFM was difficult to use due 

to the highly rough surface morphology. Figure 2.6 shows an image of the SEM used in 

this work. 

Main components in a scanning electron microscope are detectors, sample 

chamber, data analyzing computer, electron source and a downward column where 

electrons accelerate, and which also houses different electromagnetic lenses and coils. 

Electron source provides the electron beam, and it accelerates downward in the column. 

Electromagnetic lenses in the column are as used in focusing and magnification. Electron 

Figure 2.5: Bruker Dimension Icon atomic force microscope. 
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beam rastering is achieved by deflection coils. When the high energy electron beam hits 

the sample, it travels into the sample (few micrometers) generating different signals. This 

interaction generates secondary electrons, backscattered electrons, Auger electrons, and X-

rays. Using different detectors, these signals can be detected and using different algorithms; 

it can be converted into sample information such as topography and composition 

(elemental).  

 

During the research presented in this thesis, mainly the topography of the MgB2 

films grown on Cu 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 surface, and it will deflect the beam. However, MgB2 

is metallic (conducting) in the normal state, and therefore it was easier to image MgB2 

samples under the SEM. For the topography studies, mainly secondary electrons were used.  

Characteristic X-rays emitted upon electron beam interaction with sample material 

can be used to study the elemental composition and this technique is known as energy 

Figure 2.6: Scanning electron microscope used in this work. 
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dispersive spectroscopy (EDS). EDS was used to study the cross-section of MgB2 films 

grown on the Cu substrates to study the Mg-Cu alloy distribution and the alloy mixing with 

the MgB2 films.  

2.4 X-Ray Diffraction  (XRD) studies 

X-Ray diffraction technique was extensively used in the characterization of MgB2 

films. Bruker D8 Discover X-Ray diffractometer was used for the XRD analysis. Most of 

the time ɗ-2ɗ scans were used to confirm MgB2 growth direction and to identify any 

impurities in the film. Especially in the MgB2 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 study the lattice expansion correspond to different implantation doses. Figure 2.7 shows 

an image of the XRD system used in this work.  

X-ray diffractometer has three main components; x-ray tube, sample stage, and the 

detector. Cu targets are used for the X-ray generation, and Cu KŬ radiation is used for the 

x-ray characterization. Cu KŬ has the wavelength of 1.5406 Å. However, x-ray tube 

Figure 2.7: Bruker D8 Discover X-Ray diffractometer. 
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generates both KŬ and Kɓ radiations, and a monochromator is used to filter out the Kɓ. Use 

of the monochromator significantly reduces the intensity of the signal. Typically, 

polycrystalline thin films have a signal with less intensity compared to epitaxial thin films. 

Therefore, in some studies monochromator was not used.  

 ▀▐▓■ἻἱἶⱣ▪  ▪ⱦ (2.1) 

The ɗ-2ɗ scan is mainly governs by the Braggôs law. Bragg equation is shown in 

Eq. 2.1. Where dhkl is the distance between lattice planes, n is the order of the diffraction, 

ɚ is the wavelength of the x-ray radiation, and ɗ is the diffraction angle. During a 2ɗ-ɗ scan, 

the sample stage rotates ɗ angle, and the detector rotates twice of that, 2ɗ angle. When the 

angle ɗ, full fills the Bragg equation, the detector will record a diffraction peak. By using 

the diffraction peak positions and the Bragg equation, one can find the distance between 

the lattice planes. MgB2 grows epitaxially c-axis oriented in SiC and a corresponding ɗ-2ɗ 

scan will results a peak at 25° for 001 plane, and a more intense peak will appear at 52° for 

002 plane.  

2.5 Ar ion milling  

Ar ion milling was used in micro-bridge patterning process and to smoothen MgB2 

thin films. Ar ion milling is a physical plasma etch method where energized Ar ions 

accelerated towards the sample needed to be etched and the bombardment of Ar ions with 

the sample results removal of material. IntlVac Ar ion milling system was used in this 

work, and itôs a fully automated system. Ar ion beam is generated by the Kaufman ion 

source in the system. Typically, ion beams with energy ranging from 100 eV to 1 keV are 

used. A tungsten filament is placed in between the sample stage and the ion source. It 

neutralizes the ion beam by thermionic emission of electrons. This tungsten filament is 
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known as the Neutralizer. It is important to neutralize the ion beam before reaching the 

sample. Otherwise, the sample will get ionized, and it will cause the beam to get deflected 

from the sample resulting in decreasing mill rates with the time. During the ion milling 

process, first, the chamber is pumped down to the base pressure, typically ~10-7 Torr. Then, 

Ar gas is introduced to the chamber and pressure is kept at lower 10-4 Torr. Lower 

operational pressure ensures the large mean free path of ions, which requires as ions needed 

to travel several inches to reach the sample.  

Milling rate depends on the ion beam energy and the gracing angle between the ion 

beam and the sample at a constant Ar pressure. In IntlVac ion milling system, the angle 

between the sample and the beam can be changed. Etch rate is highest at 45°. Milling at 

45° was used during the micron-size device fabrication process while lower angle milling 

was used in the reduction of film roughness. During the milling process, sample gets heated 

as ions lose its kinetic energy on the sample surface. Therefore, it is important to have the 

Figure 2.8: (a) a cartoon of the ion milling process, and (b) IntlVac ion-milling system used 

in this work. 
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sample stage chilled. As ion milling is a directional milling process, shadowing effect can 

be substantial, especially in low angle milling. As a solution to this issue, the sample was 

spun around a central axis. Figure 2.8 (a) shows a cartoon of the Ar ion milling process, 

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

2.6 Micro -bridge fabrication 

For accurate electrical resistivity and critical current measurements, micrometer-

size bridges were fabricated on MgB2 films grown on ceramic and Si substrates. 

Microbridges in the size of 2 x 10 ɛm2 to 5 x 100 ɛm2 were fabricated. Fabrication process 

contains multiple steps and was carried out in class 100 and 1000 cleanroom environment.  

The main objective of the lithography is to transfer the pattern on to the film, and it is a 

widely used technology in the semiconductor industry and research. In the UV lithography 

process, a light-sensitive chemical known as photoresist is spin coated on the sample so 

that a thin layer of photoresist is coated on the sample. In MgB2 patterning process, a thin 

gold or insulator layer deposited on MgB2 film to protect from photoresist and other 

chemicals. Typically, edges of the sample tend to have a thicker photoresist layer, and it 

was scraped off. Then the sample with the thin resist layer was baked, and it is known as 

ñsoft bake.ò After that, the sample was placed in the mask-aligner and put into hard contact 

with a photomask which contains the micron size pattern which needed to transfer into the 

film. Mask-aligner is a sophisticated instrument which has precision control of sample 

movement and the UV light exposure. Figure 2.9 shows an image of the mask-aligner used 

in the lithography process. Photomask is a quartz plate which has the patterns printed on 

it. After that, the sample is exposed to 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) where the exposed photoresist will 

dissolve living the pattern of photoresist on top of the sample (positive photoresist). Then 

the sample with the photoresist pattern was baked, and this is typically known as ñhard 

baking.ò After the hard baking, sample and the pattern are etched using Ar ion milling, and 

this will remove the film from the background of the pattern. After that, the photoresist was 

removed from the sample by cleaning in acetone in an ultrasonic bath. Finally, we will 

have a film only on the pattern.  

2.7 Low-temperature transport and magnetic measurements 

To measure various superconducting properties of different types of MgB2 samples, 

low-temperature transport and magnetic measurements were carried out frequently.   

2.8.1 Dip probe measurement system 

Resistivity vs. temperature (RT) measurements were carried out frequently to 

measure the Tc of the samples grown with different conditions. For these measurements, a 

Figure 2.9: MicroSuss MJB4 mask-aligner used in this work. 
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homebuilt dip probe was inserted into a liquid helium dewar to vary the temperature from 

room temperature to liquid helium temperature. In the dip probe, a Cu half cylinder of 

length 3ò is connected to a 5 feet long vacuum sealed stainless steel tube, and the other end 

of the stainless-steel cylinder is connected to an 18-pin electrical connector. Cu half 

cylinder act as the sample holder and it contains space for several (10 x 10 mm2) samples, 

a silicon diode sensor for temperature measurements and 8 electrical pins for contacts. 

These contact pins are connected to 4 twist pairs of cryogenic wires and a thermal diode 

connected to 2 twist pairs. These twist pairs ran through the stainless-steel tubing and 

connected to the 18-pin electrical connector in the other end. Positive and negative 

terminals of voltage and current are connected to twist pairs. Resistivity measurements are 

carried out by placing a sample on the sample holder with low temperature high thermal 

conductive grease and making electrical contacts between the sample and the terminals by 

using silver wires with either indium or silver paint. 18 pin connector in the other end was 

connected to a Keithley 2400 source meter and a Lakeshore 330 temperature controller. 

Then the dip probe was inserted into a 100 L liquid He dewar. Temperature can be 

controlled by adjusting the depth of the sample holder inside the He dewar. Figure 2.10 

shows the dip probe and He dewar with RT station.  

During the development of an MgB2 growth process on Cu discs, the transition 

temperature of many Cu samples coated with MgB2 films (different quality) was needed to 

determine in a daily basis. However, due to the high electrical conductivity of the Cu 

substrate, regular resistivity vs. temperature measurements were very noisy. Therefore, the 

mutual inductance technique was used. Mutual inductance technique uses two coils, and 

the sample was sandwiched in between the coils. Using a lock-in amplifier, an AC signal 
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was applied to one of the coils (drive coil) and the inductance of the other coil (pick-up 

coil) was measured. A dip probe was modified to house the coil assembly. In mutual 

inductance measurement, both the inductance current and the phase was measured. During 

the superconducting transition, the inductance will go to zero because of the Meisner effect 

and the phase will change during the mixed state giving a peak during the transition. Using 

this data, Tc of a superconducting film can be determined.   

2.5.2 Quantum design physical property measurement system (PPMS) 

The physical property measurement system is a commercially available system 

which can be used to measure different properties of materials, and it is designed by 

Quantum design. PPMS contains a liquid helium dewar, and it is enclosed in a liquid 

nitrogen jacket. To provide magnetic field up to 9 T, PPMS has a superconducting (NbTi) 

magnet built in. PPMS can vary the sample temperature from 400 K to 1.8 K, and it can 

Figure 2.10: (a) dip probe used in this work, and (b) liquid He dewar used for dipping the 

probe. 
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apply magnetic field from 0 ï 9 T. Different modules are available for different 

measurements. In my research work, I used the resistivity option and the AC measurement 

system (ACMS) option. Resistivity option is built into the system, and it can be used to 

measure transport properties. In the resistivity option, sample (film or patterned bridges) 

wire bonded to electrical contacts in a sample holder. Then the sample holder is placed 

inside the PPMS and using the computer software; transport properties can be measured. 

For samples on ceramic substrates, resistivity option was used.   

To measure the Tc of Cu samples (plugs) from cavities and tubes, ACMS option 

was used. Samples from cavities and tubes are too thick to measure using the mutual 

inductance dip probe. To use the ACMS option, a pick-up coil set was inserted into the 

PPMS, and a servo head needs to be installed on top of the PPMS dewar opening. The 

sample was placed inside a special sample holder which is at the end 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 magnetization vs. temperature, very 

Figure 2.11: Quantum Design PPMS system. 



48 

small DC magnetic field (10-50 Oe) was applied from the superconducting magnet in the 

dewar and the sample rod is vibrated from the servo head so that that sample will be 

vibrated inside the pickup coil set. This process is continued for a range of temperatures, 

and once the sample comes to the superconducting state, the sample becomes negatively 

magnetized. Due to the negatively magnetized sample vibration, a signal (current) will be 

generated in the pickup coil. Using this signal, magnetic moment vs. temperature can be 

plotted.  

2.8 Microwave dielectric resonator 

Microwave dielectric resonator was used to measure and compare the quality factor 

of MgB2 films grown on Cu discs with the standard MgB2 samples and OFHC Cu samples. 

Microwave dielectric resonator consists of a dielectric cylinder or a disc, two antennas, Cu 

housing, and a network analyzer. There are two types of dielectric resonators available. 

Figure 2.12: Schematic of the microwave dielectric resonator used in this work, from 

Ref. 43. 
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The first type is known as ñHakki-Colemanò resonator and the second type is known as 

ñOpen-endedò resonator. In the Hakki-Coleman resonator, both ends of the dielectric 

resonator are in contact with two superconducting thin films. In the open-ended resonators, 

as the name suggests only one end of the resonator touches a superconducting thin film, 

and the other end is open.  

In my research work, an open-ended resonator system with a sapphire resonator 

and a Cu cylindrical cavity were used. Figure 2.12 shows a schematic of the microwave 

dielectric resonator I used [43]. The resonant frequency of the microwave resonator was 

18.4 GHz. The dielectric resonator was attached to a Janis ST-100 optic cryostat which 

requires continuous liquid He transfer to cool the resonator via a cold finger to 5 K from 

room temperature. Scattering parameters were measured using an HP 8510C network 

analyzer and using a computer software loaded quality factor was measured. However, 

unloaded quality factor (Q0) or Rs of the superconducting films were not calculated as the 

system had many uncertainties and the data was used to determine the Tc and for a rough 

comparison of film quality with respect to reference samples. 
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CHAPTER 3  

HISTORY OF MgB2 THIN FILMS FOR SRF CAVITY APPLICATIONS AT 

TEMPLE UNIVERSITY  

3.1 HPCVD growth of MgB2 thin films at Temple University 

In chapter 2, the original HPCVD technique described by Zeng et al. and the 

principles of HPCVD technique were discussed. Here I will discuss the HPCVD systems 

at Temple University in detail. HPCVD systems at Temple University are based on the 

original HPCVD setup described in reference [41] with slight modifications. I will call the 

small HPCVD system (maximum sample size ~ 15 × 15 mm2) at Temple University as the 

standard HPCVD system. 

3.1.1 Standard HPCVD system at Temple University 

The main difference between the standard HPCVD setup and the original HPCVD 

setup is the heating mechanism. In the original HPCVD system described by Zeng, 

inductive heating was used. However, the standard HPCVD setup at Temple University 

uses resistive heating. In addition, the deposition pressure is kept at 40 Torr.  

In the standard HPCVD process, a stainless-steel substrate holder was used. Figure 

3.1 shows photos of the HPCVD setup and the substrate holder. The standard HPCVD 

system can be seen in Fig. 3.1 (a) and (b). HPCVD system is a tubular stainless-steel 

vacuum chamber and it contains a resistive heater and a thermocouple. A clean quartz tube 

is inserted into the system for every deposition and it prevents magnesium accumulation 

on the walls of the vacuum chamber. In Fig. 3.1(b), the quartz tube inside the stainless-

steel chamber can be seen. Stainless-steel chamber is water cooled to prevent 
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decomposition of diborane gas before it reaches the substrate holder. Stainless-steel 

substrate holder can be seen in Fig. 3.1 (c) with Mg pieces placed on the outer grove and 

an Al2O3 substrate on the center. In the standard operation procedure, substrate holder with 

a substrate and four Mg pieces is placed on a resistive heater and as seen in Fig. 3.1 (d). 

Then the vacuum chamber pumped down. After system reached the base pressure, system 

is flushed with 400 sccm of ultra-high purity (UHP) hydrogen gas for ten minutes. After 

that, pressure is set to 40 Torr. Once the pressure reached 40 Torr, heating is started. During 

the heating process, status of the Mg pieces is monitored using a camera and the melting 

points of the Mg pieces are recorded.  After the temperature reached ~ 730 °C, diborane 

gas is introduced into the chamber and it initiates the MgB2 growth. Typically, diborane 

flow rate is kept between 2 scmm (for thin films ~ 20 nm) to 20 sccm (for thick films ~ 

200 nm). The diborane gas used in this work is a mixture of 5% diborane gas in hydrogen. 

Once the deposition time is completed, diborane gas is switched off and it stops the 

deposition. Next, the heating is turned off. Then, the system is let to cool down and once it 

reaches below 50 °C, the sample is taken out. 
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3.1.2 Safety concerns with HPCVD technique 

Even though HPCVD technique produces the highest quality MgB2 thin films, it 

comes with several safety concerns. Chemicals used in the HPCVD technique contain 

health and fire hazards. Diborane gas is a poisonous and flammable gas. Special 

precautions have taken to ensure the diborane safety. It has a lethal concentration (LC50) 

of 50 ppm, and lower levels of exposure 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% ï 98% by volume with auto-ignition temperature of 38 ï 52 

Figure 3.1: Photos of (a) the standard HPCVD system, (b) the opened standard HPCVD 

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

and  (d) substrate holder placed on the resistive heater inside the HPCVD system. 
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°C. Hydrogen flammable concentration range is 4% - 74.5% by volume with auto-ignition 

temperature of 570 °. Many precautions have been taken to prevent gas leaks and exposure 

to gases. Both hydrogen and diborane gas cylinders are stored in a special gas cabinet with 

active ventilation. Diborane gas lines use double-walled stainless-steel tubing to prevent 

any accidental leaks. To lower the hydrogen concentration below the flammable 

concentration, hydrogen gas is mixed with nitrogen gas before it is released into the exhaust 

system. Exhaust gas line from the HPCVD system goes through a KMnO4 solution 

(bubbler), and it oxidizes any undecomposed diborane gas before it goes to the exhaust 

system. This ensures that no diborane gas is released to the exhaust system. In addition to 

all these steps, a Honeywell toxic gas monitoring system (TGMS) is installed to detect any 

diborane and hydrogen gas leak. It can detect very small concentrations (ppb levels), and 

level 1 alarm will go once it detected 50 ppb (well below the LC50). This system monitors 

gas cabinets and the HPCVD room with 9 detectors and it is connected to the building fire 

alarm system.  Finally, the room where the HPCVD system resides is designed to have a 

negative pressure with respect to adjacent rooms so that any accidental leak will be 

contained in that room. Figure 3.2 (a) shows the gas cabinet where hydrogen and diborane 

gases are stored and (b) shows Honeywell gas detectors. The next hazardous material used 

in HPCVD growth of MgB2 is magnesium. Even though bulk magnesium is relatively 

stable, it is a flammable metal and it reacts vigorously with water. Magnesium dust is 

produced during the HPCVD process and this dust is regularly cleaned using a vacuum 

cleaner. Magnesium dust is very flammable and reactive compared to the bulk. Special 

precautions have taken when dealing with Mg dust. An explosion-proof vacuum cleaner is 

used in collecting Mg dust.  
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3.1.3 Growth of epitaxial MgB2 thin fi lms  

The title of the original paper by Zeng et al. on the HPCVD technique is ñIn situ 

epitaxial MgB2 thin films for superconducting electronicsò [41]. As the name suggests, this 

technique was developed for epitaxial MgB2 thin film growth on ceramic substrates and 

typical substrate size is ~ 7.5 × 7.5 mm2. Lattice match between MgB2 and the substrate 

material is important in epitaxial growth and substrates such as SiC, Al2O3 and MgO are 

popular for MgB2 epitaxial thin film growth. Table 3.1 shows the lattice parameters of 

popular ceramic substrates used for epitaxial thin film growth. 

 

Figure 3.2: Photos of (a) the gas cabinet where B2H6 and H2 cylinders are stored, (b) the 

Honeywell gas detectors, and (c) the explosion proof vacuum cleaner. 
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Table 3.1: crystal structure and lattice parameters of MgB2 and common substrate 

materials used to synthesize epitaxial MgB2 thin films 

Material Crystal structure Lattice constants 

MgB2 Hexagonal a ï 3.086 Å, c ï 3.524 Å 

SiC Hexagonal 
a ï 3.081 Å, c ï 15.220 Å 

(for 6-H SiC) 

Al 2O3 Hexagonal a ï 4.770 Å, c ï 13.040 Å 

MgO Face-centered cubic a ï 4.213 Å 

According to table 3.1, SiC is the best substrates for growth of MgB2 epitaxial thin 

films as it has a hexagonal crystal structure and close match with the a-lattice parameter. 

On c-cut SiC, c-axis oriented MgB2 epitaxial thin films have successfully synthesized, and 

these films are used for many superconducting electronic device applications. Figure 3.3 

shows (a) a resistance vs. temperature curve, (b) an AFM image, and (c) a -᷊2  ᷊scan of a 

c-axis oriented MgB2 film grown on SiC. Form Fig. 3.3(a), the Tc of the MgB2 films grown 

on SiC substrate is close to 41 K, which is almost 2 K higher than the bulk Tc. This is 

because of the strain induced during the film growth.  

Figure 3.3: (a) Resistance vs. temperature curve, (b) AFM image, (c)and ᷊ -2  ᷊scan of a 

c-axis oriented MgB2 film grown on SiC. 
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Residual resistivity (resistivity at 45 K) of the c-axis oriented MgB2 films are much 

lower and even lower compared to single crystals and showed high residual resistivity 

ratios (RRR). This is an indication of low scattering in these films. Figure 3.3 (b) shows an 

AFM image of a MgB2 film grown on SiC substrate can be seen, and hexagonal grain 

structure is clearly visible, which indicates the c-axis growth. XRD analysis of a MgB2 film 

grown on SiC substrate can be seen in Fig. 3.3 (c) and only 001 and 002 MgB2 peaks were 

observed. This confirms the c-axis growth of MgB2 on SiC substrate.  Even though Al2O3 

has a hexagonal structure, it has a slightly lager a-lattice parameter compared to the MgB2. 

However, epitaxial MgB2 thin films can be synthesized on c-cut Al2O3, and these films on 

Al 2O3 showed 30° rotation of MgB2 hexagonal lattice with respect to the Al2O3 hexagonal 

lattice to minimize the strain. Even though MgO has a cubic lattice, MgO substrates with 

(111) cut have a good lattice match with MgB2 and the films grown on MgO (111) 

substrates are c-axis oriented. Epitaxial MgB2 thin films have synthesized on MgO (211) 

cut substrates as well. However, MgB2 films synthesized on (211) substrates are aligned 

with the MgO (111) plane and this result a 19.5° tilt of MgB2 grains with respect to the 

substrate surface. This tilted growth come in handy for many experiments as it allows 

measurements parallel to the c-axis and a-axis [44]. XRD analysis of such film is shown in 

Fig. 3.4 and SEM image is shown in Fig. 3.4 (b). These data show the 19.5° tilt in the MgB2 

film with respect to the substrate surface.  
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3.2 Development of HPCVD technique for SRF cavity coating 

3.2.1 MgB2 thin f ilms on Metal Substrates 

So far HPCVD deposition of MgB2 thin films on ceramic substrates was discussed. 

However, it is important to develop and study high-quality MgB2 thin films on metal 

substrates as the final goal is to coat MgB2 on the inner wall of metal RF cavities. MgB2 

thin film growth on metal substrates have been studied by our research group before I join 

Figure 3.4: (a) XRD analysis of an MgB2 film grown on MgO (211) substrate and (b) SEM 

image of the topography of MgB2 film grown on MgO (211) substrate. 
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[45]. In Zhuangôs study, he has used niobium, molybdenum, tantalum and stainless-steel 

substrates. However, all these substrates share a common property; it is they all are stable 

with magnesium vapor at high temperature. Table 3.2 shows the properties of the metal 

substrate used by Zhuang et al. 

Table 3.2: Physical properties and stability with Mg vapor of the metal substrates used 

by Zhuang et al. and the original data can be found in reference [45]. 

Metal Stability with Mg 

 

Melting point 

 

Thermal 

conductivity 

(W/m·K) at 20 °C 

Thermal 

expansion 

(10-6/K)  

(20 ï 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 

Stainless-steel Stable  ~ 1400 °C 16.3 15.9 

 Films synthesized on these metal substrates showed sharp superconducting 

transition at 39 K and all the films showed polycrystalline growth nature due to the rough 

metal surface. Figure 3.5 shows SEM images of the MgB2 films grown on metal substrates. 

However, the stability of these substrates with Mg vapor played an important role in 

achieving such a high-quality MgB2 film on metals. Because of that, these depositions were 

carried out above 700 °C temperature which is important in the perspective of 

thermodynamics of Mg-B system. However, Nb becomes brittle as itôs annealed at high 

temperature in a hydrogen environment. This is commonly known as Nb poisoning. Since 

the HPCVD process is carried out in a hydrogen atmosphere, this is an issue for MgB2 

coating of Nb. However, this issue is not pronounced for few (1-3) deposition on the same 

Nb substrate. However, it becomes very brittle after several HPCVD depositions.  
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3.2.2 6 GHz stainless-steel and Nb cavity coating with MgB2 

After successful growth and characterization of high-quality MgB2 thin films on 

metals substrates, HPCVD technique has been modified to coat stainless-steel tubes and 6 

GHz stainless-steel and Nb cavities. This work has been carried out by Wolak et al. [46]. 

Figure 3.6 shows the modified HPCVD system used in this work. An image of the HPCVD 

setup can be seen in Fig. 3.6 (a). As seen in the figure, in the modified HPCVD system 

(HPCVD1), magnesium oven and the cavity has been separated. Mg oven is a hollow 

cylindrical molybdenum tube wrapped with a heating element around it, and magnesium 

Figure 3.5: SEM images of the MgB2 films grown on (a) Mo, (b) Nb, (c) Ta, and (d) 

stainless-steel, from Ref. 45. 



60 

pellets can be loaded into the hollow cylinder. In this work, Wolak et has used 8 magnesium 

pellets for a coating. Mg oven sits in the center of the circular vacuum chamber. Diborane 

gas line has been fixed directly above the Mg oven, and the gas line was water cooled. It 

is important to have a water cool diborane line to prevent premature decomposition of 

diborane. Around the diborane line, a stainless-steel tubing can be seen. This stainless-steel 

tube is called manipulator, and it was connected to a rotational and linear motion system. 

Stainless-steel tube or the cavity was connected to the end of the manipulator and during 

the deposition process, using the manipulator, the tube or the cavity can be rotated and 

moved up and down. Since Mg oven and the cavity are separated, two clam-shell heaters 

have been utilized to heat the cavity. These clam-shell heaters sit around the Mg oven and 

diborane gas line. Clam-shell heaters have been separated so that front clam-shell heater 

can be taken out in order to load the cavity and Mg oven. In Fig. 3.6 (a), the manipulator 

is marked as a, the diborane gas line is marked as b, the clam-shell heater (back) is marked 

as c and the magnesium oven is marked as d. Figure 3.6 (b) and (c) shows schematics of 

the tube and the cavity coating setup used by Wolak et al. Roman numeral in Fig. 3.6 (b) 

and (c) shows the openings utilized to place substrates in the tubes and the cavities. 

Even though the HPCVD2 system is much different from the standard HPCVD 

technique, the principle behind the MgB2 deposition process is the same. In the HPCVD2, 

since Mg oven and the cavity are separated, two clam-shell heaters have been used to heat 

the tube or the cavity. Mg vapor comes from the opening in the Mg oven, and the diborane 

gas comes from the water-cooled diborane line. The MgB2 formation occurs in the area 

between the diborane line and the Mg oven. Then the MgB2 get deposited on the cavity, by 

rotating and moving up and down, the whole cavity can be coated.  To provide the Mg 
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vapor, Mg oven is typically heated above 700 °C. Few inches above the Mg oven, the 

water-cooled diborane line is located which is below 100 °C. This large temperature gap 

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

Wolak et al. have utilized Al2O3, Mo, Nb and stainless-steel substrates in the 

openings shown in Fig. 3:6 for characterization and he has used two deposition techniques. 

The first technique is the one-step deposition (regular HPCVD principle) and which is 

explained in the above paragraph. In the one-step process, Mg oven and clam-shell heater 

temperatures have been kept around 750 °C and 780 °C respectively while 80 sccm 

diborane flow rate was used in the deposition. Figure 3.7 shows the resistivity vs. 

temperature curves of MgB2 samples on Al2O3 substrates from different locations of the 

tube and the cavity synthesized from the one-step technique. From Fig. 3.7 (a) and (c) it 

can be seen that the Tc of the samples from different locations of the tube are relatively 

uniform and scattered around 39 K with sharp transitions. However, in the case of the 

Figure 3.6: The HPCVD2 system used to coat tubes and 6 GHz cavities by Wolak et al. (a) 

image of the HPCVD2 system, (b) schematic of the tube coating process, and (c) schematic 

of the cavity coating process, from Ref. 46. 
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cavity, the sample from the equator showed much reduced Tc close to 36 K while rest of 

the samples showed Tc close to 39 K. Wolak et al. states that this was mainly due to the 

much thinner film growth near the equator [46]. However, this study showed the capability 

of the one-step process and the HPCVD1 system in coating such a complex structure.   

The second technique Wolak et al. has utilized is a two-step process. Here, a boron 

layer was first deposited on the walls of the cavity and subsequently, the top of the cavity 

was capped and annealed in Mg vapor. Figure 3.8 (a) and (b) show schematics of the two-

step process. During the boron layer deposition, clam-shell heaters have been kept at 500 

°C. After that, the top of the cavity was capped and annealed in Mg vapor. During the 

annealing step, Mg oven and clam-shell heaters have been maintained at 760 °C and 790 

°C respectively for 30 minutes. Figure 3.8 shows the resistance vs. temperature data of a 

Figure 3.7: (a) and (c) show RT curves of samples from different locations of the tube. (b) 

and (d) show RT curves of samples from different locations of the cavity, from Ref.  46. 
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cavity coated using the two-step method and it can be seen that the uniformity of the coating 

has improved compared to the one-step process. However, overall, Tc has decreased 

slightly to around 38 K.  

3.2.3 Scaled-up standard HPCVD system and coating 2-inch diameter wafers 

Even though Wolak et al. made some progress with 6 GHz cavity coating, RF 

testing of these coated cavities were never carried out. One of the main reasons for that was 

the 6 GHz cavities are too small and impractical. However, RF characterization of MgB2 

films is a necessity. In SRF community, RF characterization of 2-inch diameter coupon 

cutouts from real test cavities are frequently studied using RF characterization systems 

such as the surface impedance characterization (SIC) system at Thomas Jefferson National 

Figure 3.8: (a) and (c) show schematics of the two-step process. (c) and (d) show the RT 

curves of MgB2 samples from different locations of the cavity coated by two-step process 

[46]. 
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Accelerator Facility (JLab). However, 2-inch dimeter samples are required for these RF 

testing. Therefore, standard HPCVD system was scaled up to accommodate 2-inch 

diameter wafers, and this was carried out by Tan et al. [47]. In this section, I will discuss 

Tanôs work briefly as it laid the groundwork for my research.  

In Tanôs work, he built a new HPCVD system, which can accommodate 2-inch 

wafers. His system has the exact same design as the standard HPCVD setup and the only 

difference is the larger size. It has a 6-inch diameter stainless-steel 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 insufficient, and 

Figure 3.9: (a) Schematic of the scaled up HPCVD system, (b) RT curve of an MgB2 sample 

from the wafer and inset shows an Al2O3 wafer coated with an MgB2 film, (c) Tc and RRR 

distribution across the wafer, and (d): Jc and thickness distribution across the wafer , from 

Ref. 47. Copyright © 2013, IEEE. 
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this resulted in boron-rich film growth on the center of the wafers. Therefore, Tan et 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 center. To provide more uniform Mg vapor, 8 magnesium pellets were 

used. Deposition temperature and the background pressure was kept as same as the small 

HPCVD system. However, the hydrogen flow rate was increased to 1400 sccm, and the 

diborane flow rate was increased to 40 sccm. A schematic of the scaled-up HPCVD can be 

seen in the panel (a) of the Fig. 3.9. With this method, Tan et al. have synthesized uniform 

MgB2 films on 2-inch Al2O3 wafers. Tc, Jc, RRR, and thickness of the MgB2 film across the 

diameter of the 2-inch wafer can be seen in Fig. 3.9 (c) and (d). From the figure, it can be 

seen that the MgB2 films grown on the 2-inch wafer has uniform properties. 

3.3 Summary 

 The standard HPCVD technique has been successfully modified to coat MgB2 on 

metal substrates as well as complex 3-dimensional structures. Wolak et al. carried-out 

coating of MgB2 on inner walls of 6 GHz test cavities successfully around the same time 

Tan et al. coated 2-inch sapphire wafers with uniform MgB2 films. This progress of MgB2 

coating on large-scale 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, I discussed the development of MgB2 cavity coating research at 

Temple University. The focus of my research was to develop MgB2-coated Cu SRF 

cavities. Cu has a high thermal conductivity of 385.0 W/m·K compared to Nb or stainless-

steel. Therefore, coating a Cu cavity with high-quality MgB2 thin films will provide better 

heat transfer between the superconducting thin film, and the bulk Cu cavity body. This will 

provide better resistance to thermal break down, ñquench.ò This approach has been utilized 

in Nb SRF cavity technology where Nb thin films were coated on Cu cavities by advanced 

sputtering techniques. These Nb coated cavities have shown better resistance to thermal 

break down [28]. RF characterization of MgB2-coated large area copper samples is the first 

necessary step in this project as it provides information about the feasibility of MgB2-

coated Cu SRF cavities. Typically, for RF characterizations, 2-inch diameter disc samples 

are required as mentioned in the chapter 3.2.3. The growth of MgB2 thin films on 2-inch 

Cu discs might not look much complicated when considering the work of Zhuang et al. 

[45], and Tan et al. [47]. However, it is not a straightforward process. Mg vapor reacts with 

Cu at elevated temperatures forming several types of Mg-Cu alloys [48]. This alloy 

formation was observed to start around 450 °C during the HPCVD process. Therefore, it 

is difficult to use the standard HPCVD process to coat MgB2 on Cu substrates as the 

deposition takes place above 700 °C. As discussed in the chapter 2.1.1, key for the high-

quality MgB2 thin film growth is the excess Mg vapor pressure. It was observed that Mg 

vapor pressure was not enough to deposit MgB2 thin films at around 450 °C with the 
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standard process and these depositions resulted in boron films instead of MgB2. Therefore, 

development of a new growth process was required to synthesize high-quality MgB2 thin 

films on Cu.  

4.1 MgB2 growth on Cu foil substrates in small HPCVD system 

At the beginning of this work, small Cu substrates (~ 10 × 10 mm2) cut from Cu 

foil were used in the small HPCVD system. 130 ɛm thick commercially available oxygen 

free high conductive (OFHC) unpolished Cu foil was used.  There were two main reasons 

to start with the small HPCVD system. The first reason was that the growth process in the 

small system is much more reliable compared to the scaled-up HPCVD system and the 

other reason was the time, in the small chamber, a deposition can be carried out within 90 

minutes while large system consumes almost twice of that.   

In the case of the reaction between Mg vapor, and substrates, two approaches are 

available to prevent the reaction. The first option is to reduce the deposition temperature 

below the alloy reaction temperature. However, in this case, it was not an option. The 

second option is to incorporate a sufficiently thick buffer layer on top the substrate to 

prevent the reaction between Mg, and Cu. A combination of these two methods was 

utilized.  

Nb films were studied as a potential buffer layer, and the layer thicknesses kept 

below 100 nm. Usage of thick buffer layers was avoided as it will create a thermal barrier 

between the MgB2 film, and the Cu substrate. Nb buffer layers were deposited by using 

magnetron sputtering. MgB2 film deposition was carried out in the small HPCVD system 

without any physical modification to the system. Deposition pressure was kept at 40 Torr, 

and the temperature was varied. Figure 4.1 shows the SEM images of MgB2 films grown 
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on Nb buffered Cu foil at different temperatures. It can be seen from the figure, that the 

MgB2 coverage becomes more uniform as the deposition temperature was decreased. 

However, Mg vapor was not enough below ~600 °C at 40 Torr pressure when using bulk 

Mg pellets, and the resultant films were more boron-rich. During the MgB2 deposition of 

the films shown in Fig. 4:1 (a) to (c), the hydrogen flow rate was kept at 400 sccm (standard 

process), and it was observed that the grains become much smaller with more uniform 

coverage as the hydrogen flow rate was reduced. This effect can be observed in Fig. 4:1(d).  

These films synthesized on Nb buffered Cu foil showed a high superconducting 

transition temperature close to 39 K. It was observed that the Tc of the films increased 

slightly as the deposition temperature was reduced. Figure 4.2 shows the mutual inductance 

curves of the above films shown in Fig. 4:1.  

Figure 4.1: SEM images of MgB2 films grown on Nb buffered Cu foils. (a) - (c) films 

grown with 10 sccm of B2H6 and 400 sccm of H2 at 675 °C, 650 °C and 630 °C respectively. 

(d): film grown at 630 °C with 10 sccm of B2H6 and 200 sccm of H2 flow. 
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4.2 Growth of MgB2 on 2-inch diameter Cu discs 

After the initial success achieved with Cu foil substrates in the small HPCVD 

system, the growth process was scaled up to coat 2-inch diameter Cu discs. In first tests, 

Cu discs were cut from the same Cu foil described in the last section, and Cu discs were 

coated with 80 nm Nb layer using magnetron sputtering. Same deposition conditions were 

followed. However, due to the large area of the substrate, it was observed that the Mg vapor 

Figure 4.2: Mutual inductance curves of MgB2 films grown on Nb buffered Cu foils. (a) - 

(c) films grown with 10 sccm of B2H6 and 400 sccm of H2 at 675 °C, 650 °C and 630 °C 

respectively. (d): film grown at 630 °C with 10 sccm of B2H6 and 200 sccm of H2 flow. 
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pressure was not enough at the center of the Cu disc. To achieve a better coating on the 

center of the disc, which is most important for the RF testing, the temperature was needed 

to be increased. However, an increase of temperature beyond ~ 650 °C, started to damage 

(form Mg-Cu alloy liquid) the edge of the Cu disc as a result of the rapid reaction between 

the Cu and Mg vapor. Figure 4.3 shows an image of a Cu disc damaged with the Mg-Cu 

alloy liquid.  

Tanôs scaled up HPCVD system was modified to achieve uniform Mg vapor 

pressure over the area of the Cu discs and to minimize the damage from Mg-Cu alloy 

formation. 

4.2.1 Modification of the scaled-up HPCVD setup and the growth process 

As described above, the main issue faced in coating 2-inch Cu discs was the 

controlling the Mg vapor pressure. Several modifications were carried out to resolve this 

issue. First, the heater design was modified. To achieve a thermal gradient from the edge 

to the center of the Cu disc, heating was limited to the edge of the substrate, and no 

intentional heating of the center of the substrate holder was carried out. Second, the 

Figure 4.3: Mg-Cu alloy damage of a Cu disc used for an MgB2 deposition at 660 °C. 
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substrate holder design was changed: a new substrate holder with a cap above the Mg 

pieces was built. The purpose of the cap was to trap the Mg vapor inside the substrate 

holder and force it towards the center of the Cu disc. In Tanôs process, he used 8 bulk Mg 

pieces (0.25ò × 0.25ò). To heat the Mg more effectively, bulk Mg pieces were replaced by 

small Mg pellets (2 mm × 2 mm). Cu foil disc was replaced with a 0.125ò thick Cu disc 

machine from OFHC Cu sheet. A schematic of the modified HPCVD system can be seen 

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

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

the standard small HPCVD system for comparison [49].  

Figure 4.4: (a) Schematic diagram of the modified HPCVD setup to accommodate 2-inch 

diameter Cu discs, (b) Sample holder containing 2-inch Cu disc and Mg pellets placed on 

the heating element, (c) Sample holder containing Mg pellets and Cu disc with the Mo cap, 

and (d) sample holder of the standard HPCVD setup, from Ref. 49. 
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In addition to the physical modification to the scaled-up HPCVD system, growth 

conditions were modified. The background pressure was reduced to 10 torr from original 

40 Torr pressure, and the deposition temperature was reduced to around 470 °C. At this 

temperature, and pressure, Mg pellets were not melted, and the vapor was generated by 

sublimation. This slow evaporation of Mg was much easier to control. Due to the slow 

evaporation, longer deposition times were achieved. In the standard process, Mg runs out 

within ~ 8 minutes after the melting, and this process, Mg lasted more than one hour 

allowing to grow thicker films. 2-inch diameter Cu discs were coated with high-quality 

MgB2 films successfully using this modified process. Around 370 nm to 650 nm thick films 

were coated on 2-inch Cu discs.  

Mg-Cu alloy formation during the MgB2 growth was observed in Nb buffered Cu 

discs. This was confirmed with the XRD analysis of MgB2 films grown on Nb buffered Cu 

discs, and an XRD graph of a MgB2 film grown on Nb buffered Cu disc can be seen in Fig. 

4:5. Both Mg2Cu and MgCu2 alloy peaks were observed in the MgB2 films grown on Nb 

buffered Cu discs.  

Figure 4.5: XRD -᷊2  ᷊scan of an MgB2 film grown on Nb buffered Cu disc.. 
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4.2.2 Electrochemical polishing of Cu discs 

Film synthesized on Nb buffered Cu discs showed the MgB2 coverage along the 

circular patterns on the Cu discs and machining process introduced these rough patterns on 

the Cu surface. Figure 4.6 (a) shows an SEM image of MgB2 films grown on unpolished 

Nb buffered Cu discs and the film coverage is along the grooves on the Cu surface. The 

resultant film was rough and not fully covered. To reduce this effect, Cu discs were 

mechanically and electrochemically polished. First, the Cu discs were planed by using 320-

grit SiC sandpaper in a polishing machine. Then, these planed discs were mechanically 

polished using 30 µm SiC lapping paper until the rough scratches were removed from the 

Cu surface. After that, discs were electrochemically polished in a solution of 85% H3PO4 

acid and 1-Butyl alcohol (ratio 45:55) at a current density of 50 mA/cm2. Electropolishing 

parameters were adapted from the reference [50]. Figure 4.6 (b) shows an SEM image of a 

MgB2 film grown on an electrochemically polished Nb buffered Cu disc. From the image. 

The growth of MgB2 was much smoother and no pattern growth [as in Fig. 4:6 (a)] was 

observed.  

Figure 4.6: SEM images of MgB2 films grown on (a) unpolished Nb buffered Cu disc and 

(b) polished Nb buffered Cu disc. 
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4.2.3 MgB2 film growth on bare Cu discs 

It was difficult to prevent the formation of Mg-Cu alloy using a thin buffer layer. 

This was observed in MgB2 films grown on Nb buffered Cu discs, and the XRD data is 

shown in Fig. 4:5. Therefore, the growth of MgB2 on bare Cu discs pursued. Figure 4.7 

shows Mg-Cu phase diagram [48]. There are two main alloys; Mg2Cu and MgCu2 are 

formed as a result of the reaction between Mg and Cu. Mg2Cu and MgCu2 have melting 

points at 568 °C and 797 °C respectively. However, it can be seen from the phase diagram 

that the Mg0.14Cu0.86 has an eutectic point at 485 °C. This Mg-Cu liquid formation 

temperature (485 °C) coincide with the MgB2 deposition temperature, ~470 °C on bare Cu. 

Additionally, it has been reported that the Mg-Cu liquid can promote the rapid growth of 

MgB2 at low temperatures in MgB2-coated Cu tape and MgB2-Cu wire studies [51-53]. 

This liquid layer can act as a seed layer for the MgB2 growth. We believe that this effect is 

the reason behind the successful deposition of high-quality MgB2 films on bare Cu 

substrates temperatures as low as ~470 °C [49].  

 

Figure 4.7: Phase diagram of Mg-Cu system, from Ref. 48. 
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Figure 4.8 shows (a) the XRD ɗ - 2ɗ analysis of MgB2, Mg-Cu alloy coated Cu 

discs with respect to a bare Cu disc in the range 2ɗ of 34°-41°. Mg-Cu alloy layer was 

depositing simply exposing the bare Cu disc to the Mg vapor under the MgB2 deposition 

conditions without introducing the diborane gas. No substrate peaks were visible in the 

bare Cu disc in this 2ɗ range. However, both Mg2Cu and MgCu2 peaks were observed in 

the Mg-Cu alloy coated Cu disc. In addition, peaks from unidentified phases were also 

visible. Mg2Cu peaks were not visible in the XRD analysis of the MgB2 film grown on a 

bare Cu disc, and it indicates that the Mg2Cu get consumed during the growth of MgB2 

films on Cu. This observation can be related to the previously reported work by Kikuchi et 

al. [53]. In Kikuchiôs work, MgB2 wires were successfully fabricated using Mg2Cu powder 

and boron powder as the starting materials using powder in tube (PIT) method. Figure 

Figure 4.8:  XRD ɗ - 2ɗ scans: (a) Cu, Mg on Cu and MgB2 film on Cu for 2ɗ from 34° to 

41°, and (b) an MgB2 film on Cu for 2ɗ from 20° to 60°, from Ref. 49. 
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4.8(b) shows a ɗ-2ɗ scan of a MgB2 film coated on a Cu disc from 20° to 80°. Only the 

MgB2 (001) peak can be resolved, and the (002) peak which is at 52° is mixed with a 

MgCu2 peak. Therefore, it cannot be resolved. As expected, no Mg2Cu peaks were 

observed. However, peaks from Cu, MgCu2 and unidentified Mg-Cu phases were observed 

[49].  

Figure 4.9 shows (a) a photograph of a MgB2-coated 2-inch diameter Cu disc and 

(b) - (d) cross-section SEM images of three different regions of the disc which are marked 

on the panel (a) [49]. The purple color observed on the 2-inch disc is a characteristic of 

MgB2. However, three different shades of the purple color or the brightness can be 

observed in the photograph and sample was divided into three regions depending on the 

Figure 4.9: (a) Optical image of an MgB2 film on a Cu disc. (b) - (d) SEM images of the 

FIB fabricated cross sections from three different areas. The area inside the yellow color 

box in (d) was used for the EDS elemental mapping shown in Fig. 4.10, from Ref. 49. 
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brightness. The darker area near the edge of the disc, the bright area between the edge and 

the center of the discs, and the center of the discs with intermediate brightness are the three 

different regions which were marked as area 1, 2 and 3 respectively. Small samples from 

each region were cut out and used for the FIB-SEM cross-sectional studies. FIB-SEM 

cross-sectional studies were carried out at 52° angle, and this was corrected in the thickness 

calculations. A protective platinum layer was deposited in-situ prior to the FIB processing 

of the sample, and it can be seen in the cross-section images. A uniform MgB2 layer can 

be observed in all three regions. The average thickness of the MgB2 film is 373 nm, 370 

nm and 385 nm in area 1 to 3 respectively. In the HPCVD technique, the MgB2 film 

thickness mainly depends on the amount of the boron, and it is irrespective of the amount 

of Mg vapor. In the case of MgB2-coated Cu discs, Mg vapor distribution is uneven across 

the disc. However, boron is evenly distributed, and it is the main reason for the observed 

uniform MgB2 film thickness across the disc. In the center of the disc (area 3), some bright 

color regions in the MgB2 layer can be observed. EDS elemental studies were carried out 

to identify these bright color regions. Figure 4.10 shows the 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 regions were identified as Mg-Cu alloy 

[49].  
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EDS analysis carried out on the area below the MgB2 layer showed an Mg-Cu 

mixed layer with a depth of several micrometers. Considering the XRD analysis of MgB2 

films grown on Cu discs, this mixed layer can be identified as a MgCu2 layer. The average 

thickness of the MgCu2 layer decreases from the edge to the center of the disc. The 

thickness of the MgCu2 layer in area 1 to 3 is around 6 ɛm, 3 ɛm, and 2.7 ɛm.  The decrease 

of the MgCu2 layer thickness towards the center of the disc is probably as a result of the 

high Mg vapor pressure and the high temperature near the edge of the disc compared to the 

center of the discs. Figure 4.11 shows a cross-section image of a 650 nm thick MgB2 film 

grown on an unpolished Cu disc. MgB2 layer follows the rough Cu surface uniformly with 

no pinholes [49].   

Figure 4.10: (a) SEM image of the EDS elemental mapping area, (b) EDS signal from the 

Pt M 1,2 line, (c) EDS signal from the Mg K 1,2 line, and (d): EDS signal from the Cu L 1,2 

line , from Ref. 49. 
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Figure 4.12 shows two SEM images of the MgB2 film grown on a Cu disc with 

different scales. At these scales, the hexagonal structure was not observed. However, 

hexagonal grain structure was observed in Nb buffered Cu discs which can be seen in Fig. 

4:1 and Fig 4:6. From Fig. 4:12 (a), a dense and uniform MgB2 coating with no cracks or 

voids can be observed and (b) shows well-connected crystallites. The lack of pinholes and 

cracks in the coating is important for the SRF cavities as the energy can dissipate through 

any crack or void in the superconducting coating [49]. 

 

 

 

 

 

Figure 4.11: SEM image of the FIB fabricated cross section of an MgB2 film grown on a 

Cu disc with Pt layer, MgB2 layer, MgCu2 alloy layer and bulk Cu. The black lines were 

drawn along the interfaces for illustration purposes, from Ref. 49. 
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4.3 DC superconducting properties of MgB2 films grown on 2-inch Cu discs 

As explained in the experimental section, it was difficult to use resistivity vs. 

temperature measurements to determine the transition temperature of these films. 

Therefore, zero-field-cooled (ZFC) and field-cooled (FC) magnetic moment vs. 

temperature measurements were carried out. ZFC and FC magnetic moment vs. 

Figure 4.12: (a) SEM image of the MgB2 film surface on a Cu disc and (b) Zoomed in 

SEM image, from Ref. 49. 

Figure 4.13:  Magnetic moment vs. temperature curves of a 650 nm thick MgB2 films on a 

Cu disc and an Nb/Cu disc. 
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temperature curves of 650 nm MgB2 films on unpolished bare Cu and Nb buffered Cu 

samples (5 mm diameter) from the area 2 can be seen in Fig. 4:13. 5 Oe magnetic field was 

used in these measurements. Both samples showed Tc around 37 K with a sharp transition. 

Bean model [54, 55] was used to calculate the critical current density of the MgB2 

films synthesized on bare Cu discs. For that purpose, magnetic moment vs. magnetic field 

(m-H) hysteresis loops were measured in a perpendicular field between 5 T and -5 T at 5 

K and 20 K. Figure 4.14 (a) shows the m-H curves of 650 nm sample (same sample used 

for m-T measurement). Field dependence of the critical current density was calculated by 

using the m-H curves, and it is shown in Fig. 4:14 (b). Zero field Jc of the samples were in 

the order of 107 A/cm2 and these values are consistent with the reported Jc values of MgB2-

coated Cu tapes [56]. Additionally, it can be seen that the Jc suppressed rapidly with the 

increasing field indicating a clean MgB2 film wit h less pinning centers. This is a desirable 

property for SRF cavities [49].  

Figure 4.14: (a) magnetic moment vs. magnetic field curves of a 650 nm thick MgB2 

film on a Cu disc at 5 K and 20 K and (b) critical current density vs. applied magnetic 

field curves of a 650 nm thick MgB2 film on a Cu disc at 5 K and 20 K. The magnetic 

field was applied perpendicular to the film surface, from Ref. 49. 
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4.4 RF superconducting properties of MgB2 films grown on 2-inch Cu discs 

RF superconducting properties of these films were measured using three different 

systems.  

4.4.1 Microwave dielectric resonator measurements 

The first method used was the dielectric microwave resonator. Figure 4.15 shows 

the loaded quality factor vs. temperature curves of MgB2 films on Cu with respect to 

different reference samples.  

Microwave dielectric measurements were carried out frequently to measure the Tc 

temperature and to Q value with reference Nb, and MgB2 samples. Samples showed 

transition temperature near 38 K and showed comparable Q with Nb and MgB2 films on 

ceramic samples. However, unloaded quality factor (Q0) and surface resistance of these 

samples were not calculated due to various uncertainties in the system. 

Figure 4.15: Quality factor vs. temperature curves of MgB2 on Cu samples with reference 

samples (a) from room temperature to 5 K and (b) near the transition. 
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4.4.2 RF surface impedance characterization (SIC) measurements carried out at 

JLab 

After successfully coating Cu discs with MgB2, first, precise RF measurements 

were carried out at JLab. These measurements were carried out by Dr. G. Eremeev and 

coworkers at JLab. However, only two samples were characterized by the SIC system at 

JLab due to the extremely busy schedule and long wait time.  

SIC system at JLab offers precise measurements of surface resistance and quality 

factor. In a typical RF measurement system, the surface resistance is calculated from the 

experimentally measured quality factor. However, in the SIC system at JLab, surface 

resistance is calculated independently of the Q using a calorimetric method. Schematic of 

the SIC system [57, 58] at JLab is shown in Fig. 4:16.  

In the schematic, A to R represents cap for sapphire rod, sapphire rod, RF coupler, 

Nb cavity body, TE011 cavity, double choke joints, sample on top of the copper sample 

Figure 4.16: Schematic of the RF surface impedance characterization system at JLab, from 

Ref.  57. 
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holder, stainless steel sample clamp, G-10 washer, Aluminum bolt, upper and lower 

thermal insulators, ring heater, port for vacuum and wires, thermal sensor mounted on 

spring, thermal sensor, thermal sensor, coupling tuning mechanism, and gap tuning 

mechanism respectively [57].  

It is important to discuss the principle of the SIC system briefly. SIC system uses a 

sapphire rod to achieve 7.4 GHz resonant frequency, and the 2-inch diameter sample 

completes the RF cavity. However, the 2-inch sample, and Nb cavity body are thermally 

separated. The temperature of the Nb cavity body is kept at 2 K, in the superconducting 

state and the temperature of the sample can be changed. The RF dissipation occurs on the 

sample is calculated by using a power compensation technique [57]. RF power loss on the 

sample is given by the equation 4.1 [57]. 

 ╟╡╕╗▬▄╪▓ȟ╣▼╪□▬■▄ ╟▐▄╪◄▄►
╗ ȟ╣ ╣▼╪□▬■▄╟

▐▄╪◄▄►

╗ ╗▬▄╪▓ȟ╣ ╣▼╪□▬■▄
 (4.1) 

 Where ὖ Ὄ ȟὝ , ὖ
ȟ

 and ὖ
ȟ

 are RF power loss on 

the sample, heater power needed to maintain the temperature of the sample at T=Tsample 

when the RF power is turned off, and heater power needed to maintain the temperature of 

the sample at T=Tsample when the RF power is turned on with the H=Hpeak on the sample. 

Using the ὖ Ὄ ȟὝ  surface resistance of the sample [RRF (Hpeak, Tsample)] can be 

calculated using the equation below [57]. 

 ╡╡╕╗▬▄╪▓ȟ╣▼╪□▬■▄ 
╟╡╕╗▬▄╪▓ȟ╣▼╪□▬■▄

▓ ╗▬▄╪▓
 (4.2) 
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Where k is a constant depending on the shape, and the cavity size and it is given by 

5.84 x 10-5 m2 and peak magnetic field on the 2-inch sample is given by Hpeak. The details 

about the SIC system and measurement process can be found in reference [57]. 

 

Figure 4.17 (a) shows the Q vs. T measurements (b) shows Rs vs. T measurements 

carried out using the SIC system at JLab. These measurements were carried out on the 

initial batch of samples and these samples showed slightly lower Q and higher Rs compared 

to the Nb coated Cu reference samples. This can be due to the high residual resistance of 

these films due to the rough surface with pinholes exposing the non-superconducting Cu 

surface as observed in Fig. 4:6. However, it can be observed that the quality factor saturated 

around 35 K indicating a possible higher operational temperature without sacrificing Q for 

MgB2 SRF cavities. In Fig. 4.17 (b), it can be observed a transition in the MgB2-coated Nb 

buffered near 9 K, and this is due to the superconducting transition of the Nb buffer layer. 

Figure 4.17: (a) Quality factor vs. temperature curves and (b) Surface resistance vs. 

temperature curves of MgB2 coated on Nb buffered Cu discs with a reference Nb coated Cu 

disc. 
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4.4.3 RF measurements carried out at SLAC 

Due to the tight schedule and the long wait time at SIC system at JLab, the RF 

properties of the MgB2 films on 2-inch diameter Cu discs were measured at 11.4 GHz using 

two mushroom-shaped cryogenic RF cavities at SLAC national accelerator laboratory [59, 

60]. These measurements were carried out by Dr. Paul Welander and coworkers at SLAC. 

One of the cavities was made from Nb, and the other cavity was made from Cu. Energy 

loss in these cavities is due to the dissipation from the cavity body and the sample. 

Figure 4.18 shows the field distribution inside the hemispherical cavity [59]. From 

the image, it can be seen that the electric field is zero on the sample and the walls of the 

cavity dome. Magnetic field distribution is strongest on the surface of the 2-inch diameter 

sample. Quality factor can be experimentally measured, and the surface resistance of the 

sample is calculated using the measured quality factor. The total quality factor (Qtotal) is 

related to the total surface resistance (Rtotal) and the total geometric factor (Gtotal) as below 

[59, 60].  

Figure 4.18: Distribution of field inside the hemispherical cavity modelled using HFSS, 

from Ref. 59. 
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 (4.3) 

Rtotal is given by a linear combination of Rsample and Rdome [60]. Using simulation 

software, Gtotal, Ŭsample, and Ŭdome can be calculated where Ŭsample and Ŭdome are participation 

ratios for the sample and the dome [60].  
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(4.4) 

 

Using the simulation values and the experimentally measured Qtotal, the surface 

resistance of the sample was calculated.  

 Cu cavity was primarily used for the determination of the superconducting 

transition temperature of the 2-inch samples and it was not used 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 the 2-inch samples compared to the cavity 

body. Therefore, the data from the Nb cavity measurements were used for the surface 

resistance calculations. During the measurement process, no magnetic shielding was used, 

and therefore samples were exposed to the earthôs magnetic field. Any flux trappings 

occurred during the cool-down process remained throughout the measurement process. 

Figure 4.17 (a) shows the Q0 vs. T curve measured in the Cu cavity and the Tc of the film 

was 37 K, which agrees with the Tc measurements carried out with m-T curves. Q0 vs. T of 

MgB2-coated Cu, reference Nb, and Cu samples measured in the Nb cavity from 4 K to 10 
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K can be seen in Fig. 4:17 (b). Notice that all the samples showed a transition close to 9 K 

and this is due to the superconducting transition of the Nb cavity. The surface resistance of 

the Nb reference sample and the Nb cavity body is known, and it is 65 ɛɋ at 4 K and 11.4 

GHz. Using this reference value, the surface resistance of the MgB2-coated Cu sample was 

estimated to be about 130 ɛɋ while the surface resistance of the reference Cu sample was 

estimated to be about 8.1 mɋ at 4 K and 11.4 GHz. It should be noted that the Q0 of the 

MgB2 sample and the Nb reference sample crosses at 6.2 K [49].  

The Q0 cross-over between MgB2 and Nb has been reported previously. In the case 

of Nb coated MgB2, this cross-over has been observed around 5K [61], and these films 

coated on Nb were polycrystalline with no alloying. In epitaxial MgB2 films coated on 

Al 2O3 substrates, this cross-over was observed near 3 K [62]. These studies and our results 

indicate the residual resistances role in the Q. In the case of MgB2-coated on Al2O3 wafers, 

films were epitaxial with a smooth surface, and therefore one can expect a lower residual 

resistance. This is the reason for the lower cross-over temperature. However, in the Nb 

coated MgB2 case, films were clean as no alloying occur and the surface was much rougher 

Figure 4.19: Quality factor vs. temperature curves of an MgB2 coated Cu disc measured in: 

(a) a Cu cavity. (b) in a Nb cavity with reference Nb and a Cu samples, from Ref. 49.. 
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due to polycrystalline nature. Therefore, higher residual resistance can be expected, and it 

will translate to higher cross-over temperature. Finally, in the case of MgB2-coated on Cu, 

films can be mixed with alloy and surface is much rougher. Therefore, higher residual 

resistance is expected, and the higher cross-over temperature is expected.  

4.5 Summary 

MgB2 films were successfully grown by HPCVD on Cu discs with good 

superconducting properties. It was observed that the formation of Mg2Cu was helpful in 

growing MgB2 at low temperature. Both DC and RF data show that the MgB2 films perform 

well in terms of Jc and Q0. The MgB2 films show a uniform and conformal coating on the 

Cu surface, which is an important factor for SRF cavity applications. Combined with the 

previous results of coating test cavities using the HPCVD process, the results demonstrate 

that it is possible to coat Cu cavities with high-quality MgB2 films using HPCVD. Most 

importantly, the samples showed high Q0 values below their critical temperature and 

displayed similar Q0 values to those of an Nb bulk sample at 4 K, indicating a potential 

solution to replace Nb-based SRF cavities with MgB2-coated copper cavities without 

considerable degradation in the cavities Q0 values. 
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CHAPTER 5  

DEVELOPMENT OF MgB2-COATED Cu 3-GHz SRF CAVITIES  

 

In chapter 4, I have discussed the development of a modified MgB2 growth process 

on Cu and results of different characterizations. RF characterizations showed the 

possibility of MgB2 SRF cavities operating above 4.2 K. However, SRF cavities have a 

complex three-dimensional (3D) structure and coating the inner walls of such structure will 

be rather challenging compared to the coating of a flat 2-inch Cu discs. Figure 5.1 shows a 

technical drawing of a 3 GHz RF cavity received from SRF group at Cornell University, 

and test cavities with the same dimensions were used in this work.  

Figure 5.1: 3 GHz cavity design: (a) technical drawing (b) 3D drawing. 
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5.1 HPCVD2 system and 3 GHz stainless-steel and Nb cavity coating with MgB2 

In chapter 3, 6 GHz cavity coating work carried out by Wolak et al. [46] was 

discussed, and there I introduced the HPCVD1 system. Since the 3 GHz cavity was much 

larger than the 6 GHz cavity, a new larger HPCVD system was built to accommodate a 3 

GHz cavity, and this system is called ñHPCVD2ò. HPCVD2 has the same design and 

operation principle of the HPCVD1, which is described in chapter 3. Manipulator in the 

HPCVD2 system has 200 mm (~8-inch) maximum z-axis range. To avoid large Mg build 

up on the diborane gas line, ~3.5-inch gap between the Mg oven and the diborane gas line 

was maintained [63].  Figure 5.2 shows photographs of the HPCVD2 system and a 3 GHz 

Nb cavity.  

Figure 5.2: Photographs of (a) HPCVD2 system, (b) Manipulator mechanism, (c) inside 

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

growth process, stainless-steel test cavities were used. The temperature of the clam-shell 

heaters and the Mg oven was kept ~ 740 °C. In his work, he has used a stainless-steel test 

cavity like Wolakôs work with openings at different locations for samples. He has used Nb, 

SiC, Al2O3 and stainless-steel substrates. Figure 5.3 shows (a) a schematic of the deposition 

system, (b) a photo of the cavity area of a MgB2-coated stainless-steel test cavity, (c) an 

SEM image of a MgB2-coated stainless-steel sample from opening 3, and (d) an SEM 

image of a MgB2-coated SiC substrate from opening 3. These samples have shown Tc close 

to 38 K.  

Figure 5.3: Shows (a) a schematic of the deposition system, (b) a photo of the cavity area 

of a MgB2 coated stainless-steel test cavity, (c) a SEM image of a MgB2 coated stainless-

steel sample from opening 3, and (d) a SEM image of a MgB2 coated SiC substrate from 

opening 3, from 63. Copyright © 2017, IEEE. 
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Even though small samples showed good superconducting properties, the coating 

of the real 3 GHz Nb cavity was not successful, and the RF testing carried out at JLab did 

not show normal to superconducting transition. The main reasons for the issue with the 

coating of the Nb cavity can be accounted to, poor and non-uniform heating of the Nb 

cavity. Due to the large mass of the Nb cavity, it was difficult to heat the cavity to ~ 750 

°C. Even though thermocouple attached to the clam-shell heaters showed temperature ~ 

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

5.2 MgB2 coating of Cu tubes: Test for the feasibility of coating MgB2 on a 3 GHz 

Cu cavity  

 In the newly developed MgB2 growth process on Cu, the deposition is carried out 

~ 470 °C, and it is much lower (~300 °C) than the temperature required to coat an Nb 

cavity. In addition, it was observed that the Mg-Cu alloy promote the growth at low 

temperature. Because of these two reasons, coating MgB2 on the inner walls of a 3 GHz 

Cu cavity can be considered as a more feasible task. 

As a test case, the capability of coating a Cu tube was tested because of the simple 

structure of the tube. Tubes with dimensions similar to the dimensions of a 3GHz beam 

tube were used. Commercially available non-oxygen free Cu tubes with the inner diameter 

of 1.495ò, the outer diameter of 1.675ò and the ~ 8.5ò long Cu tubes were used. These tubes 

were not mechanically or electrochemically polished [64].  

Cu tubes were split into two halves before cleaning. First, the tube halves were 

degreased in an ultrasonic bath of micro-90 cleaning solution. After that, tube halves were 

cleaned in Citranox solution, and Citranox is a popular Cu cleaning solution. Then, tube 

halves were cleaned in de-ionized water. Finally, tube halves were dried with N2 gas. Two 
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tube halves were put together using stainless-steel clamps. 25 cleaned Mg pellets (0.25ò Ĭ 

0.25ò size) were loaded into the 8-inch long Mg oven. A special clamp was (custom made) 

used to attach the Cu tube to the manipulator. After attaching the tube into the manipulator, 

Mg oven was inserted into the HPCVD2 system. Next, the front clam-shell heater was 

inserted. After that chamber was pumped down to ~ 10-6 Torr background pressure [64]. 

 

 

Figure 5.4: (a) A photo of the HPCVD system for cavity coating is shown here. (b) The 

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

system with the Cu tube at the end position, from Ref. 64. 
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Figure 5.4 (a) shows a photograph of the HPCVD2 system with the Cu tube loaded 

into the system. At the beginning of the deposition, the Cu tube was moved to the bottom 

most position. During the deposition process, the tube was moved up while rotating and at 

the end of the deposition tube was moved to the topmost position. Figure 5.4 (b) and (c) 

show schematics of the starting and end positions of a deposition. It was important to start 

with the tube at the bottom most position, as it would prevent the boron coating on the tube 

first. If a boron layer gets coated on the tube wall first, that will prevent the Mg-Cu alloy 

formation on the tube wall, and it will lead to poor or no MgB2 coating at low temperatures. 

Due to motion the tube (or cavity), it was not possible to directly measure the 

temperature of the tube. Four thermocouples were used for the measurement of the 

temperature of the system. One thermocouple was connected to the bottom of the Mg oven, 

two thermocouples were connected to the inner (back) clam-shell heater and a 

thermocouple was connected to the front clam-shell heater. Since none of the 

thermocouples were directly measuring the temperature of the tube, it was important to 

calibrate the tube temperature with respect to the clam-shell heater, and it was found that 

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

 

Since Mg-Cu alloy plays a major role in the growth of MgB2 thin films on Cu, alloy 

growth on the tube walls was tested first. The range of alloy formation temperatures and 

pressures were tested. Figure 5.5 shows Mg-Cu alloy coated Cu tubes (a) coated at 15 Torr 

pressure and (b) 5 Torr pressure at ~660 °C clam-shell heater temperature and ~600 °C Mg 

oven temperature. Mg damage to the Cu tube was observed to increase with the increase 

in background pressure. Better control of the Mg vapor was the key to have a damage-free 

tube (cavity). To achieve slow controllable evaporation, deposition pressure was fixed to 

5 Torr. However, at 5 Torr background pressure, sparking in the electrical wiring inside 

the chamber was significantly increased. To avoid sparks, all exposed electrical 

connections were insulated using ceramic insulating tubes. During the alloy tests, it was 

observed that no alloy formed on the tube walls (topmost area in the tube) between the Mg 

Figure 5.5: Photographs of Mg-Cu alloy coated Cu tubes at different background pressures: 

(a) 15 Torr and (b) 5 Torr. 
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oven and the diborane line. This can be accounted to the downward gas flow (H2+B2H6) 

from the diborane line pushing the Mg vapor down the tube. This phenomenon can be 

observed in both Fig. 5:5 (a) and (b).  

5.2.2 MgB2 coating on the inner walls of Cu tubes 

After successfully coating Mg-Cu alloy on the inner walls of the Cu tubes, I moved 

onto coating MgB2 on the inner walls of Cu tubes. Tubes were prepared in the same way 

explained above. Deposition temperature and the pressure was kept at the same values 

found in the process of optimizing the alloy growth; ~660 °C for the clam-shell heater, 600 

°C for Mg oven and 5 Torr background pressure. 5% B2H6 in H2 gas mixture was used as 

the boron supply, and 20 sccm of B2H6 flow rate was used. The background hydrogen gas 

flow rate was reduced to 100 sccm (400 sccm in standard HPCVD system) to reduce the 

effect on Mg vapor from the gas flow dynamics. Once the heaters reached the deposition 

temperatures, B2H6 gas was introduced and that initiate the MgB2 deposition 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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Figure 5.6 (a) shows a photograph of a Cu tube coated with MgB2 and the tube was 

divided into 5 regions depending on the uniformity of the color of the coating. From region 

3 to 5, the purple color coating can be observed, and it is the characteristic color of MgB2. 

Figure 5.6: (a) A photo of Ḑ550 nm thick MgB2 coated Cu tube halves. (b)ï(e) SEM images 

of MgB2 film surface on Cu samples cut out from regions 1, 3, 4 and 5 respectively, from 

Ref. 64. 
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Figure 5.6 (b) ï (e) show SEM images of samples from 1, 3, 4 and 5 respectively. In region 

1 (top of the tube), no MgB2 coating was observed both visually and under SEM, and this 

is consistent with the alloy coating results (Fig. 5:5). From 3 to 5, it can be observed that 

the MgB2 grain size increase significantly and cracks appeared on the coating. The increase 

in the grain sizes can be accounted to the large temperature variation in the Cu tube (from 

top to bottom) which arises as a result of the top of the tube being close to the water-cooled 

diborane line (< 100 °C) while the bottom of the tube being close to the Mg oven (~600 

°C). The cracks observed in the coating can be as a result of a large mismatch between the 

thermal expansion coefficients of MgB2 (5.4 × 10-6/K near room temperature) and Cu (16.5 

× 10-6/K near room temperature) [64].  

Figure 5.7 shows the zero-field-cooled magnetic moment vs. temperature (m vs. T) 

curves of the samples from region 2 to 5. Form the figure it can be seen that all sample are 

superconducting, and the transition temperatures ranged between 35 K to 37.5 K from 

region 2 to region 5. This slight non-uniformity in the Tc is consistent with the grain 

structure variation observed in the SEM images [64]. 
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Photograph of a tube coated with ~850 nm thick MgB2 films can be seen in Fig. 

5:8(a) and no MgB2 coating was observed in region 1. This result is consistent with 

previous observations. Circular stripes perpendicular to the tube axis can be seen in Fig. 

5:8 (a). These circular stripes possibly due to the thickness variation as a result of 

misalignment between magnesium oven and the Cu tube. Such a misalignment can 

introduce a non-uniform deposition rate around the tube. This combined with the rotation 

and upward movement of the tubes can yield such circular stripes. These stripes were 

observed to merge (become closer) as we increase the speed of the z-axis movement.  From 

(b) ï (e), SEM images of samples from regions 2 to 5 of the ~850 nm thick MgB2-coated 

Cu tube can be seen. A similar change in the grain structure was observed. Grains became 

larger as we move from the top to the bottom and at the bottom of the tube (region 5), it 

can be observed that grains are competing for each other creating pinholes. However, no 

cracks were observed in these samples [64]. 

Figure 5.7: Magnetic moment vs. temperature curves of samples from region 2 to 5 of a ~ 

550 nm thick MgB2 film coated Cu tube, from Ref. 64. 
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Figure 5.8: (a) A photo of Ḑ850 nm thick MgB2 coated Cu tube halves. (b)ï(e) SEM 

images of MgB2 film surface on Cu samples cut out from regions 2, 3, 4 and 5 

respectively, from Ref. 64. 
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Cross-sectional studies of these samples were carried out by using focus ion beam 

ï scanning electron microscope (FIB-SEM) system at Drexel University. Figure 5.9 (a) to 

(c) shows the cross-sections of samples from region 2, region 3 and region 6 respectively. 

A zoomed in cross-section image from the region 3 is shown in Fig. 5:9 (d). In Fig. 5:9 (a), 

it can be seen the inclusion of bright flecks into the MgB2 layer. A similar inclusion of 

bright flecks was observed in cross-sections of samples from the center of 2-inch Cu discs 

Figure 5.9: (a)ï(c) Cross section images of samples cut out from regions 2, 3 and 6, 

respectively, of a Ḑ850 nm thick MgB2 coated tube. (d) Zoomed in cross section image 

from region 3, from Ref. 64. 
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[Fig.4:9 (d)]. From EDS studies, these flecks were identified as Mg-Cu alloy. In the case 

of the discs, Mg vapor pressure is lowest at the center of the disc, and 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. Therefore, this alloy inclusion into the MgB2 layer is mainly as a result 

of low Mg vapor pressure. Figure 5.9 (b) and (c) shows conformal growth of MgB2 on the 

Cu tube. However, voids near the MgB2/Cu surface can be seen occasionally. These voids 

can be as a result of two competing large grains or due to the rough, unpolished surface of 

the Cu tube. Figure 5.9 (d) shows a zoomed in SEM image near a void in the film. From 

the image, it can be seen that the void appeared as a result of a sharp edge on the Cu surface. 

However, we expect much smoother and conformal growth with fewer voids on polished 

Cu tubes and cavities [64]. 

Tc of these samples (~850 nm thick) were determined by measuring the ZFC 

magnetic moment vs. temperature curves, and these curves can be seen in Fig. 5:10. Even 

though 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 sample have Tc close to 

37 K. Since the samples were cut in irregular shapes, it is not possible to compare the values 

of magnetic moments. Tc of these samples was slightly reduced (~ 0.5 K) compared to the 

Tc of the MgB2 films grown on 2-inch Cu discs. One reason for this can be the use of non-

oxygen free Cu tubes in this work [64].  
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We have successfully coated MgB2 films on the inner wall of unpolished Cu tubes 

using the HPCVD method. The MgB2 coatings showed Tc around 37 K over a 7-inch 

length. A large portion of the coated tube showed dense and uniform coating free from 

cracks when the thickness of the film was around ~850 nm. The cracks, which were 

observed in the thinner ~550 nm film seems to be sealed by the top MgB2 layer. The results 

show the feasibility of using the HPCVD method to coat MgB2 on the inner wall of Cu 

cavities. 

 

 

 

 

 

Figure 5.10: Magnetic moment vs. temperature curves of samples from region 2 to 5 of a 

~ 850 nm thick MgB2 film coated Cu tube, from Ref. 64. 
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5.3 MgB2 coating of 3 GHz Cu cavities 

 After successful MgB2 coatings on the Cu tube, we were convinced that this process 

can be used to coat MgB2 on the inner walls of a 3 GHz cavity.  

5.3.1 Cu test cavity design 

 

 

Figure 5.11:(a) assembled Cu 3 GHz test cavity (b) Cu half-cells and beam tubes used in 

the test cavity. 
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For the initial process development, Cu test cavities were used. The copper test 

cavities were assembled using two Cu half cells and two Cu tubes. Cu half cells were 

pressed at JLab by Hanon et al. using a 3 GHz cavity die. Beam tubes were machined at 

Temple University machine shop. Then special stainless-steel structure was built to put all 

these parts together to create a modular cavity. Modular cavity design provided easy 

cleaning, electrochemical polishing and film characterizations. Figure 5.11 shows 

photographs of the (a) assembled cavity and (b) parts used to assemble the cavity. These 

half cells were reused, and electrochemical polishing was utilized to polish the cavity 

surface. Electrochemical polishing setup was a scaled-up version of the process explained 

in section 4.2.2. 

5.3.2 MgB2 coating of 3 GHz Cu test cavities 

 First coatings were carried out similar to the tube coating process where cavity was 

at the bottommost position at the beginning of the deposition, and once the temperature 

reached the deposition temperature, diborane gas was introduced and at the same time 

cavity was moved up while rotating. However, MgB2 coatings on the cavity were uneven, 

and the main reason for this was the complex structure of the cavity. Purple MgB2 color 

near the equator can be observed while the iris regions showed more boron-rich MgB2 

coating. Figure 5.12 (a) shows a photograph of a Cu cavity coated using the tube coating 

process and the (b) shows a photo of the Mg-Cu alloy distribution before the diborane 

introduction. From the Fig. 5:12 (b), it can be seen that the Mg-Cu alloy growth near the 

iris region is significantly lower compared to the equator region. This is the main reason 

for the boron-rich MgB2 coating observed in the iris regions.  
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Three small holes were drilled on each half-cell; one near the iris region, one near 

the equator and the other one in between. In Fig. 5:12 (a), these holes can be seen, and 

these holes were fitted with small Cu plugs machined with OFHC Cu. These plugs were 

designed so that they have a flushed surface with the cavity walls from the inside. These 

Figure 5.12: (a) MgB2 film deposited on Cu test cavity using the same growth process used 

in the Cu tube coating and (b) Mg-Cu alloy distribution just before the introduction of 

diborane gas. 
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plugs were taken out after the deposition and used for characterizations. Figure 5.13 shows 

SEM images from samples near (a) the iris region, and (b) the equator region of a cavity 

coated using the tube coating process. In the SEM images, no hexagonal grain structure 

was observed at that scale. The SEM images looked much different structure from the 

MgB2-coated Cu tube samples. These SEM images looked more similar to the MgB2/Mg-

Cu alloy mix. Visually, the color of the coated half-cells showed purple tint to them. 

However, appearance was much different from the MgB2-coated tubes and looked more  

boron-rich coating. 

After these initial depositions, deposition process was modified to achieve a thicker 

Mg-Cu alloy layer on the cavity before the diborane gas introduction. In the tube or the 

above cavity coating process, no Mg-Cu alloy was grown intentionally before the diborane 

growth. To achieve a thick even Mg-Cu alloy layer on the cavity walls, at the beginning of 

the heating process, the cavity was moved to the bottommost position similar to the tube 

process. Once the Mg oven and the clam-shell heaters reached the deposition temperatures 

(~600 °C and ~670 °C), the cavity was slowly moved to the topmost position and then back 

Figure 5.13: SEM images from samples of cavity coated using the tube coating process. 

(a) the iris region and (b) the equator region. 
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to the bottommost position while rotating. This process takes about 8 minutes. After this 

process, MgB2 coating process was carried out as explained above. Figure 5.14 shows 

schematics of the alloy layer deposition process (a) at the beginning, (b) at the halfway, 

and (c) end of the alloy deposition. 

Figure 5.15 shows a photograph of a cavity coated with an alloy layer using the 

above-discussed process, and it can be seen that the coating of the Mg-Cu alloy looks very 

uniform everywhere in the half-cell cavities. This is a significant improvement compared 

to the previous Mg-Cu alloy coating we observed [Fig. 5:12 (b)]. In this deposition, small 

plugs were not used, and as a result of that, no alloy was coated around the holes in half-

cells. 

 

 

 

 

Figure 5.14: Schematics of the alloy deposition process: (a) at the beginning, (b) at the 

halfway, and (c) at the end. 
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After achieving a uniform alloy coating throughout the cavity body, the MgB2 

coating was started. In the MgB2 coating process, first the alloy layer was coated, and at 

the end of the alloy coating process, the cavity was moved to the bottom most position. 

Once the cavity moved to the bottommost position, 20 sccm diborane gas was introduced 

to the system and at the same time cavity was moved up while rotating. Since the cavity 

body has a larger area, during the cavity body coating, the z-axis speed was slowed down 

by ~50%. The total deposition time for the MgB2 coating process was ~50 minutes. Figure 

5.16 shows a photograph of a cavity coated using this new process. Intense purple color 

can be seen throughout the cavity, and that indicates the thick MgB2 layer growth. In the 

iris regions, a dark purple color can be observed, and it is much different from the blueish 

dark color observed in previously coated cavities as seen in Fig. 5:12 (a). The intense purple 

color observed near the iris region can be as a result of much thicker MgB2 film growth 

near the iris region with respect to the equator region. In the bottom half-cell, two damages 

to cavity wall can be observed. This type of damages in the bottom cavity was very 

frequent.  

Figure 5.15: Photograph of an intentionally Mg-Cu alloy coated cavity using the process 

describe above. 
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Figure 5.17 (a) ï (f) shows SEM images of the samples from the top iris, top middle, 

top equator, bottom equator, bottom middle, and bottom iris regions of a MgB2-coated Cu 

cavity respectively. Grain structure is much different compared to the SEM images shown 

in Fig. 5:13 and similar to the MgB2 grain structure observed in the MgB2-coated Cu tubes 

(Fig. 5:6 and 5:8). However, MgB2 coating observed in the cavity is much smoother 

compared to the coating on the Cu tube. This may be due to the smooth electrochemical 

polished Cu cavity surface.  

 

 

 

 

 

Figure 5.16: Photograph of an MgB2 coated Cu 3 GHz cavity using the new cavity coating 

process. 
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The transition temperature of these samples was measured by measuring the ZFC 

magnetic moment vs. temperature measurements. Figure 5.18 shows the magnetic moment 

vs. temperature curves of samples from top iris region to the bottom iris region. All the 

samples from the top half-cell showed Tc ~36 K, and all the samples from the bottom half-

cell showed Tc ~35 K. This can be due to a temperature difference between the two half-

cells during the growth process as the two-cells are individual pieces put together 

mechanically. 

Figure 5.17: SEM images of the samples from different locations of a cavity coated with 

MgB2 using the new process. 












































































