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ABSTRACT  

Thanks to high Tc of 40 K, high Jc of > 107 A.cm-2
, and no weak link behavior across the grain 

boundary in MgB2 material. This highest Tc among all conventional BCS superconductors, and 

better material properties of MgB2 compared to high Tc cuprate superconductors makes this 

material attractive for many applications including, but not limited to, power cables, Josephson 

junction based electronic devices, SRF cavities, THz sensors and single photon counters. 

Ultrathin superconducting films are a key element in various detectors utilized in remote sensing 

over a large part of the entire electromagnetic spectrum. The superconducting hot electron 

bolometer (HEB) mixer is a crucial detector for high-resolution spectroscopy at THz frequencies. 

The state-of-the-art NbN phonon-cooled HEB mixers have a relatively narrow (IF) 

bandwidth ~ 3- 4 GHz as a direct result of the poor acoustic transparency of the film-substrate 

interface and low sound velocity in NbN reducing the phonon escape time in the film. 

Alternatively, MgB2 displays a very short τe-ph ~ ps. The phonon escape time is also short due to 

the high sound velocity in the material (~ 7 Km.s-2) thus giving rise to a broader IF bandwidth. 

Also, smaller magnetic penetration depth (λ ≈ 40 nm) of MgB2 makes material of choices for single 

photon detector application. The response time of an SNSPD is proportional to the square of its 

magnetic penetration depth λ. Therefore, MgB2 may potentially operate 10-fold faster than the 

NbN (λ =200 nm) based SNSPD.  

 

In this work, I present my effort to fabricate high quality ultrathin superconducting MgB2 films on 

6H-SiC (0001) substrates, and study their superconducting and electronic properties. C- epitaxial 

10 nm showed Tc of above 36 K, while residual resistivity of up to 26 μΩ.cm was achieved. Critical 

currents of more than 6 × 106 A · cm−2 at 20 K have been measured for the films with thicknesses 
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ranging from 10 to 100 nm. Fishtail structures have been observed in the magnetic field 

dependence of the critical current density for the thinnest of these films, indicating the presence of 

defects, which act as vortex pinning centers. From the magnetic field dependence, an average 

distance between adjacent pinning centers of 35 nm has been obtained for the thinnest films.  

Ultrathin film as thin as 1.8 nm (6 unit cells) can be achieved by Hybrid Physical-Chemical Vapor 

Deposition (HPCVD) followed by low angle Ar ion milling. These post processed films exhibit 

better superconducting properties compared to directly grown films. The 1.8 nm, showed Tc > 

28 K and Jc > 106 A/cm2 4 K. The surface roughness of the films was significantly improved and 

the suppression of Tc from the bulk value is much slower in milled films than in as-grown films. 

These results show the great potential of these ultrathin films for superconducting devices and 

present a possibility to explore superconductivity in MgB2 at the 2D limit.  

Finally, I measured the upper critical field of MgB2 films of various thickness and extracted their 

thickness dependent in-plane intraband diffusivities by using Gurevich model developed for two-

band MgB2 superconductor in dirty limit. Results showed that π band diffusivity (Dπ) decreases 

rapidly from 71.12 cm2/s for 100 nm film to 4.6 cm2/s for 5 nm film where as 𝜎 band diffusivity 

(𝐷𝜎) decreases much slower from 2.8 cm2/s for 100 nm film to 0.8 cm2/s for 5 nm film. This larger 

Dπ than 𝐷𝜎 indicates the cleaner π band.  

Keywords: MgB2, Superconductivity, Hot Electron Bolometer Mixer, Resistivity, Upper 

Critical Filed, Diffusivity
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CHAPTER 1                                                                                             

BACKGROUND: AN OVERVIEW 

1.1 Introduction and Motivation 

State-of–the-art superconducting NbN hot electron bolometer (HEB) mixers are widely 

used in terahertz (THz) radio astronomy. Compared to Superconducting- insulator-

superconducting (SIS) and Schottky diode mixers, HEB mixers have superior performance 

at frequency above 1 THz. A limited IF bandwidth is major drawback of SIS and Schottky 

diode mixers. Therefore, wider gain bandwidth mixers are required for higher frequencies 

detection. The gain bandwidth of a HEB mixers is determined by two consequent processes 

in the electron energy relaxation: the electron-phonon interaction time and the phonon 

escape time into the substrate. The electron-phonon interaction time is inversely 

proportional to the electron temperature of the thin film material near superconducting 

critical temperature. The escape time is proportional to the film thickness, speed of sound 

in material and lattice match between the film and substrate. A new material with higher 

critical temperature and shorter electron relaxation time is needed to enhance the IF 

bandwidth. Furthermore, superconducting nanowire single photon detectors (SNSPD) are 

currently employed highly effective devices in quantum communications. State-of-the-art 

current SNSPDs are mainly based on materials such as Nb, NbN and other low critical 

temperature (Tc) conventional superconductors. Due to their very low Tc, the operating 

temperature of such devices are limited to below 4 K. This cost a lot in cryocoolers. 

The discovery of superconductivity in the intermetallic compound magnesium diboride 
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(MgB2) has generated a great interest in this research field.  MgB2 has a high critical 

temperature (Tc) and a short electron phonon interaction time, which make it very attractive 

for high performance HEB mixers. Similarly, due to its short penetration depth compared 

to Nb and NbN this material has also attracted attention in the SNSPD community.  

The purpose of the research presented in this thesis is the growth and study of 

ultrathin MgB2 films for their feasibility in superconducting detectors. These 

detectors are THz phonon-cooled hot electron bolometer mixers and superconducting 

nanowire single photon detectors based on MgB2 ultrathin film. The main goal of this 

work was to produce highly uniform ultrathin films while keeping high Tc. Also, 

important physical properties of the MgB2 thin films relevant to HEB devices is 

studied in this work.  

In this thesis, the growth techniques and transport properties of high quality MgB2 ultrathin 

films for HEB mixers are presented. Besides demonstrating this new material’s competitive 

performances in HEB mixers, the other goal of this research was to get a reproducible and 

reliable fabrication process. This is necessary because MgB2 ultrathin films are extremely 

sensitive to the moisture and Oxygen. Due to characteristic island growth mode in HPCVD 

process, it is challenging to fabricate uniform ultrathin superconducting MgB2 films of less 

than 10 nm. Therefore, a new post processing technique was employed via ion-milling. 

The characterization of the MgB2 ultrathin films were mainly done from room temperature 

to cryogenic low temperature. To understand the superconducting properties of the films, 

various transport measurements were carried out both with and without exposing them to 

magnetic fields. Based on these characterizations it is demonstrated that MgB2 ultrathin 
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films appear very promising for low noise wide gain bandwidth (GBW) mixers for THz 

radio astronomy as well as in other applications such as SNSPDs.  

1.2 Superconductivity  

Superconductivity is a quantum mechanical effect which manifests in macroscopic scale 

and is characterized by zero electric resistance when certain materials are cooled below a 

critical temperature (Tc) commonly known as superconducting transition temperature. 

Since their discovery in 1911, superconductors have been widely applied in electric power 

applications, microwave/electronics devices, medical equipment and infrared radiation 

detection. Besides the downside of their cryogenic requirements, superconductors are 

revolutionizing the development of new technologies, the conventional ways of dealing 

physical phenomena. 

1.2.1 Discovery of superconductivity 

Superconductivity was discovered by Kamerlingh Onnes immediately after, when he 

successfully liquefied helium at 4.2 K at atmospheric pressure, and 1.8 K at low pressure. 

This liquefaction of helium gas added a great deal of excitement to Onnes and enabled him 

to conduct low temperature transport measurements of various materials. He measured the 

resistivity of pure mercury in 1911, and he found that the resistivity dropped beneath the 

lower limit of his measurement setup (see Fig.1)[1]. Soon after, perfect conductor behavior 
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was discovered in many other types of metal, including lead (7 K) and niobium (9.3 K).  

 

 

Figure 1.1: Onnen’s resistivity verses temperature measurement of mercury form 

reference[1] 

1.2.2 Meissner effect  

A superconductor can’t be simply defined as a type of conductor that doesn’t exhibit 

resistivity. It differs from normal conductors through two distinct features. One of these is 

the Meissner effect. In 1933, Walther Meissner and Robert Ochsenfeld [2] discovered that 

superconductors tended to expel all magnetic field from their interior. The Meissner effect 

cannot be explained by the perfect diamagnetism of a normal conductor with zero 
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resistance. Per Lentz’s law, a zero-resistance normal conductor will resist any change to 

the magnetic a field (B) within it. Any pre-existing magnetic field will be ‘locked’ inside. 

A superconductor, on the other hand, will expel the field and produce a magnetic-field-free 

space in the interior. A superconducting screening current will distribute along the 

superconductor’s surface in a thin shell with a thickness of , also called the penetration 

depth.  describes the depth to which the magnetic field can diffuse into the 

superconductor.  

 

 

 

 

 

 

Figure 1.2 schematics of expulsion of magnetic flux [2] 

1.2.3 Critical Field  

Although superconductors exhibit perfect diamagnetism in a weak magnetic Field, a strong 

enough field can destroy the superconductivity. In most superconductors, the perfect 

diamagnetism is destroyed abruptly at a magnetic field known as the critical field, (Hc). 
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When the magnetic field exceeds Hc, the superconductor becomes a normal metal. The 

applied external magnetic field increases the free energy of superconductor as,  

fs (𝐵𝑐 ) fs (0) 
𝐵𝑐
2

8𝜋


Since the free energy of the normal state is nearly independent of magnetic field, it follows 

that the free energy density of the superconductor is lower by an amount of Bc
2/8𝜋, which 

is known as the condensation energy 

1.2.4 London Equations 

In 1935, two English brothers, Fritz and Heinz London, proposed a theory to describe the 

Meissner effect and observed zero resistance in superconductor[3] [4]. The London 

equations are given by,  

𝝏𝒋𝒔

𝜕𝑡
= 

𝑒2𝑛𝑠 

𝑚
E          and          js 

𝑒2𝑛𝑠 

𝑚
𝑩      

The first equation describes the acceleration of electrons, rather than sustaining their 

velocity against resistance in the presence of an electric field. This. therefore represents the 

perfect conductivity of superconducting materials [3]. The second equation can be further 

written by combining it with Maxwell’s equation, B 0 J as: 


2
B

𝐵

𝜆𝐿
2where 𝜆𝐿 = √

𝑚

𝑛𝑠𝑒2𝜇0  
,        (1.3) 

 



7 
 

 

Figure 1.3: Variation of magnetic field at the boundary of a superconductor showing the 

exponential decay of magnetic field with characteristic length, 𝜆𝐿 inside the 

superconductor.  

 

Eq. (1.3) implies that there is a characteristic length 𝜆𝐿 known as London penetration depth, 

over which the magnetic field decays inside the superconductor, thus explaining the 

Meissner effect.  When a superconductor is placed in magnetic Field Ba = B (0) ẑ, then 

Eq. (1.3) yields,  

𝜕2𝐁(𝐱)  

∂x
2 = 

𝑩(𝒙)

𝜆𝐿
2

  ,         (1.4) 

       

Providing the solution,  

B(x) B (0) e
x/L          (1.5) 

This implies that inside the superconductor, the magnetic field decays exponentially with 

a characteristic length scale 𝜆𝐿. For a uniform magnetic field along z-direction, the current 

density as a function of x is given by,  
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𝐽𝑦 =
𝐵(0)

𝜆𝜇0  e
x/          

Therefore, the current flows at the surface of the superconductor and exponentially decays 

inside it. Despite being explained without using fundamental properties, the London 

equations successfully explain the zero resistance and Meissner effect in superconductors.  

1.2.5 Flux Quantization  

The second interesting feature of superconductors, which immediately follows from the 

London equation is magnetic flux quantization. The magnetic flux  is defined as:  

 =B×S = n0          (1.7) 

Where B is the inductance and S is the area of the loop S, n is an integer. The flux quantum 

0which is given by 0= h/(2e) ≈ 2.067833758(46) ×10-15 Wb or T-m2. This effect was 

first predicted in a phenomenal model with an error of factor 2 by F. London in 1948 [3] 

and independently proven experimentally in 1961 by two groups of scientists[5-6]. Flux 

quantization is a key idea behind the superconducting quantum interference devices 

(SQUID), which are the most sensitive magnetometers thus far. 

                                                       = B x S = n0   

   B 

              SC loop 

Figure 1.4: Overview of magnetic flux quantization adapted from [7] 
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1.2.6 Coherence Length  

Coherence length 
0 is the shortest length scale over which superconducting density can 

change. A.B. Piperd was the first to introduce the concept of coherence length when he 

proposed the non-local generalization of London equations [8]. According to him, the 

response of the super electron in the presence of a magnetic field at point r, depends on the 

surrounding superconducting wave functions within a volume of radius 
0 about the point. 

By using uncertainty relation, he estimated 
0 as,  


0 = a0 

ℏ𝜐𝐹

𝐾𝐵𝑇𝑐
           (1.8) 

where a0 is a constant of the order of unity, in the presence of disorder where electron mean 

free path, 𝑙 is smaller than 
0,  the effective coherence length is modified by the following 

equation [3],  

 
1

𝜉𝑒𝑓𝑓
=

1

𝜉𝜊
+
1

𝑙
         (1.9) 

1.2.7 Type I and Type II superconductors  

The magnetic response of a superconductor depends on whether <or >. Most of the 

elemental superconductors (except Nb) show perfect diamagnetism (Meissner effect) up to 

a critical magnetic field, H
c and above which it becomes a normal metal. These are the 

superconductors whose magnetic penetration depth, < and categorized as Type-I 

superconductors. However most of the superconducting alloys and compounds have 
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>  and are in Type-II category. In a Type-II superconductor [see Fig. 1.4. (b)], the 

response in magnetic field is much more complex. It shows perfect diamagnetism up to a 

very small characteristic field H
c1 known as  

  

Fig. 1.5 Schematic phase diagram of (a)Type-I superconductor showing the Meissner effect 

and normal state, (b) Type-II superconductor showing the Meissner state and normal state, 

superconducting state and mixed state (adapted from [9]). 

 

lower critical field. When the applied magnetic field exceeds H
c1

, magnetic flux starts to 

penetrate inside the superconductor and give rise to a vortex state. In the vortex state, 

superconducting regions coexist with normal regions and the magnetic flux lines pass 

through the normal region. Further increases in the magnetic field beyond a characteristic 

critical magnetic field Hc2 destroys the superconductivity, and gives rise to normal state. 

The second characteristic critical magnetic field, H
c2 is known as upper critical.  

1.2.8 BCS Theory of superconductivity  

To describe the novel phase of material’s superconductivity, Bardeen, Cooper and 

Schrieffer (BCS) proposed their most celebrated theory in condensed matter physics in 
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1957 [10-11]. According to their theory, even a weak net attractive interaction between 

two electrons caused by second order interaction mediated by a phonon gives rise to a 

bound pair known as Cooper pair. Thus, electrons in vicinity of the Fermi energy form 

bound Cooper pairs and subsequently condense into a phase coherent macroscopic 

quantum state and giving rise to superconductivity. In this section, I will give a brief 

overview of this elegant theory and its novelty to describe different properties of 

superconductors.  

1.2.8.1 Cooper pair 

In 1950 Frohlich [12] showed the possibility of a resultant attractive interaction between 

two electrons mediated by phonon. This was in contrary to the common belief that the 

interaction between two electrons is repulsive. The attractive interaction can be understood 

physically as follows: when an electron passes through the lattice, a positive charge 

imbalance is created by attracting positive ions toward it and this excess positive charge 

attracts another electron. If the attractive interaction is larger than the Coulomb repulsive 

force, that results in a net attractive interaction. In 1956, Cooper [11] showed that in the 

presence of net attractive interactions, no matter how small it is, two electrons with 

opposite momenta and spin can form a bound pair known as Cooper pair. Using the 

uncertainty principle, it can be shown that the size of a Cooper pair is of the order of BCS 

coherence length, 𝜉𝐵𝐶𝑆 =
ℏ𝜈𝐹

𝜋∆
 , much larger than the inter-particle distance. Thus, pairs are 

highly overlapping with each other and create a collective state.  



12 
 

1.2.8.2 BCS ground State 

It was shown by L. N. Cooper in the same work that the Fermi sea is unstable against the 

formation of bound pairs induced by net attractive interaction [11]. In this situation, the 

Cooper pairs are expected to condense until an equilibrium point is reached when the 

binding energy for additional pair goes to zero and gives rise to a macroscopic quantum 

state. To describe this state, in 1957 Bardeen, Cooper and Schrieffer proposed a ground 

state wave function of the form [13, 3]: 

|𝜓𝐵𝐶𝑆⟩ =∏ (|𝑢𝑘| + |𝑣𝑘|𝑒
𝑖𝜑

𝑘 𝑐𝑘↑
∗ 𝑐−𝑘↓

∗ )|𝜙0⟩      (1.10) 

where 𝑐𝑘↑
∗ 𝑐−𝑘↓

∗  is the creation operator which creates one electron (hole) of momentum k↑ 

and –k↓ and spin up (down). The coefficients uk and vk can be determined by minimizing 

the ground state energy E ⟨𝜓𝐵𝐶𝑆|𝐻|𝜓𝐵𝐶𝑆⟩ where H is the BCS pairing Hamiltonian given 

by,  

H=∑ 𝑛
𝑘𝜎
→ 𝑘 휀

𝑘
→ + ∑ 𝑉𝑘𝑙𝑘𝑙 𝑐𝑘↑

∗ 𝑐−𝑘↓
∗ 𝑐𝑙↑

∗ 𝑐−𝑙↓
∗       (1.11) 

The first term corresponds to the kinetic energy of no interacting electron gas and the 

second term is the pairing interaction via second order phonon scattering. Here, 𝑉𝑘𝑙 
is the 

electron- phonon scattering matrix element which is approximately constant and can be 

replaced by –V where V is a positive quantity. Now applying variation method [3], the 

ground state energy can be determined as follows,  

−휀𝑐𝑜𝑛𝑑 = 𝑓0(0) − 𝑓𝑛(0) =  −
1

2
𝑁(0)Δ2((0)      (1.12) 

where 𝑓 is the free energy per unit volume, N (0) is the normal state electronic density of 
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states (DOS) at the Fermi level and (0) is the Superconducting energy gap equivalent to 

the pairing energy given by:  

(0)2 ℏ𝜔𝐷e
1/N (0) V 

        (1.13) 

where 
D is the Debye frequency. Here 

cond is the condensation energy density of the 

superconductor at zero temperature, which is equivalent to the obtained condensation 

energy density,  휀𝑐𝑜𝑛𝑑 =
𝐻𝑐2
2 (0)

8𝜋
 in eqn. (1.1), from critical field.  

1.2.9 Ginzburgh-Landau theory 

The microscopic BCS theory provides excellent explanations for various properties of 

superconductors such as nuclear relaxation, energy gap, elementary excitations, and others, 

where energy gap is constant over space. However, in inhomogeneous superconductors 

where changes spatially and fluctuations are involved, BCS theory becomes very 

complicated. In such a situation, another exciting theoretical description proposed by 

Ginzburg and Landau (GL) in 1950 [3] [14] much before the development of BCS theory, 

provides an elegant description of superconductivity close to Tc. GL theory concentrates 

entirely on super electrons rather than excitations and is generalized to deal with spatially 

varying and time dependent order parameter. In their phenomenological theory, Ginzburg 

and Landau introduced a complex order parameter, 𝜓 = |𝜓|𝑒𝑖𝜃associated with the SC 

state. The amplitude of 𝜓 represents the local SC electron density: 

𝑛𝑠 = |𝜓(𝑟)|
2          (1.14) 
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In the presence of magnetic field, the energy of the SC ground state can be written as a 

series expansion of 𝜓 and it’s gradiant as follows [3], 

𝑓 =  𝑓0 + 𝛼|𝜓|
2 +

𝛽

2
|𝜓|4 +

1

2𝑚
|(
ℏ

𝑖
∇ −

𝑒∗

𝑐
𝐴)𝜓|2 +

𝐵2

8𝜋
    (1.15) 

where 𝛼 and 𝛽 represents the temperature dependent expansion coffieicnt. 𝛽 is positive 

throughout the transition and 𝛼 can change the sign to keep the energy of the system 

minimum, 

𝛼 = 𝛼𝜊𝜊 (
𝑇

𝑇𝑐
− 1) , (𝛼 > 0)        (1.16) 

The minimized free energy, 𝑓 with respect to 𝜓 leads to the GL equation, 

𝛼|𝜓| +
𝛽

2
|𝜓|2𝜓 +

1

2𝑚
(
ℏ

𝑖
∇ −

𝑒∗

𝑐
𝐴)2𝜓 = 0      (1.17) 

In the absence of the magnetic Field the above equation takes a reduced form as: 

𝛼|𝜓| +
𝛽

2
|𝜓|2𝜓 +

ℏ2

2𝑚
∇2𝜓 = 0       (1.18) 

Thus, it introduces a characteristic length scale for the spatial variation of 𝜓 given by 

𝜉𝐺𝐿 =
ℏ2ℏ

2𝑚|𝛼(𝑇)|
          (1.19) 

Physically, 𝜉𝐺𝐿 is the characteristic length scale over which the order parameter can vary 

without any cost of energy. In the mixed state for Type II superconductors, 𝜓 is zero at the 

center of the vortex core. Upper critical field Hc2 is the field at which the vortex density 

increases to a critical value such that vortices start to overlap with each other and destroy 
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the SC. Using above argument, 𝜉𝐺𝐿 can be correlated to Hc2 through the following relation: 

𝜉𝐺𝐿(𝑇) = √
𝜙0

2𝜋𝐻𝑐2(𝑇)
         (1.20) 

Near Tc, 𝜉𝐺𝐿 behaves differently in pure and dirty limits as, 

𝜉𝐺𝐿 = 0.74 
𝜉0

√(1−𝑡)
  (pure, 𝜉0 ≪ 𝑙)       (1.21) 

𝜉𝐺𝐿 = 0.855 
√𝜉0𝑙

√(1−𝑡)
   (dirty, 𝜉0 ≫ 𝑙)       (1.22) 

In a clean superconductor, well below Tc, 𝜉𝐺𝐿 is of the order of Pipard coherence length, 

𝜉0. 𝜉𝐺𝐿 can be obtained experimentally by measuring the upper critical field of 

superconducting sample. The zero-temperature upper critical field can be determined from 

the measured Hc2(T) at temperature close to Tc using the following relation: 

𝐻𝑐2 = 0.693𝑇𝑐  
𝑑𝐻𝑐2

𝑑𝑇
|𝑇=𝑇𝑐 (for 𝑙 ≪ 𝜉0, dirty)      (1.23) 

Although, GL theory is a phenomenological theory, it represents the nature of the 

macroscopic quantum mechanical properties of the SC state in very simple way. Later, L. 

P. Grokov [15] showed that GL theory is a limiting form of BCS model where 𝜓(𝑟)is 

proportional to ∆(𝑟) near Tc. The equation (1.23) is only valid for dirty one band 

superconductor. In the case of MgB2, a careful two-band model treatment is needed to 

address the upper critical field of MgB2. I will discuss theory provided by Alex Gurevich 

and its application to the experimental observation of upper critical field of MgB2 films in 

the chapter 6. 
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1.3 Magnesium Diboride (MgB2) 

Magnesium diboride is a simple binary compound first synthesized in 1954 [16]. This 

material has applications in rocket fuels before its discovery as a superconductor. MgB2 is 

a simple compound among metallic boride family therefore it was not in the interest of 

superconductor searcher even though rare earth TM2B2C, where TM = Ni or Pd were center 

of interest. MgB2 was discovered as a superconductor, at a Tc of 39 K,  in 2001 by a 

Japanese group [17]. 

1.3.1 Structure of MgB2  

MgB2 has an AlB2-type structure in the space group (P6/mmm) with a crystal structure 

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

each hexagon. The lattice constants a=3.086Å and c=3.524Å [18] and the atomic 

coordinates are Mg: (0, 0, 0), B (1/3, 2/3, 1/2), and B (2/3, 1/3, 1/2).  

   

 

Figure 1.6: Crystal structure of MgB2, (a) unit cell of MgB2, (b) layered structure of MgB2, 

the solid line indicating a unit cell. Adapted from [19][7]. 
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1.3.2 MgB2 as a superconductor  

So far, it is well established that superconductivity in MgB2 with the unexpectedly high 

critical temperature Tc ~ 40 K is due to the strong electron- phonon interaction within the 

in-plane boron vibrations modes. Extensive first principle calculations [20] and many 

experimental evidences from  scanning tunneling microscopy (STM) [21], point contact 

[22], and  Raman spectroscopy [23] and heat capacity [24], unambiguously indicate that 

MgB2 is a two-gap s-wave superconductor.  Band calculations performed by Kortus in 2001 

[20] provided the first indication that the superconductivity of MgB2 originates from the 

metallic behavior of the boron atoms. Fig. 1.6 (a) shows the band structure of MgB2. The 

black dots correspond to the band and the red dots to the bands. Both bands intersect 

with the Fermi level and the band produces a larger portion of the density of states near 

the Fermi surface.  Fig. 1.6 (b) shows the 3-D plot of the Fermi surfaces of MgB2. The 

corner pillars represent the band, which is quasi 2-dimensional, while the mesh-like 

Fermi surfaces in the center represent the three dimensional bands of MgB2.  

  

 

 

 

 

Figure 1.7: (a) band structure of MgB2,  (b) Fermi surface of MgB2, adapted from [20] 
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The superconductivity originates in both the σ and π bands of the boron electronic structure. 

This leads to two distinct energy gaps with values of about 7.1 meV and 2.1 meV 

respectively. The 𝜋 band gap, which resides on the 2D cylindrical part of the fermi surface 

formed by in-plane 𝜎 anti bonding Pxy orbitals of boron. The smaller 𝜎 gap on the 3D tublar 

part of the fermi surface formed by out-of-plane 𝜋 bonding and anti bonding of Pz orbitals 

of boron.  Fig. (1.7) shows a clear picture of the density of states of MgB
2 from a Scanning 

Tunneling Microscope experiment [21]. The high Tc of about 39 K and the fact that 

superconductivity in MgB
2 is mediated by electron-phonon coupling, make it very 

desirable for superconducting applications. Though the properties of MgB
2 still seem well 

described by the BCS theory [25][21], the two gaps and the interactions between them [26], 

make pinpointing the exact parameters such as the superconducting gaps, Δσ and Δπ, the 

coherence length, ξ
0
, and the magnetic penetration depth, λ, controversial. Much the 

controversy arises from a variance of MgB
2 samples used in early measurements, but there 

is still difficulty in determining how each band gap contributes to the overall picture. A 

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

the energy gaps as opposed to the single value associated with classical superconductors. 

An experimental study using tunnel junctions has further verified this idea [27]. Fig. 1.8 

shows the comparison between the numerical calculations of the gap conducted by Choi, 

et. al., and the experimental results from Chen, et. al. [27].  
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Figure 1.8: Demonstration of two band structure from theory (top) and tunneling spectra 

(bottom). Adapted from reference [27].   

1.3.3 Applications of MgB2  

Due to its higher critical temperature among all conventional BCS superconductors, 

shorter penetration depth, availability of high quality HPCVD films, cheaper than 

Nb and NbN, almost no weak link behavior in thin films, order of magnitude higher 

carrier density of 1x 10 7 A/cm2 compared to Nb based superconductors [28] makes 

MgB2 an attractive candidate for various applications. Most of the superconducting 

cables and devices currently used are based on Nb or Nb alloys. These devices 

based on Nb requires liquid helium operating temperature. Those applications are 

expensive in terms of materials cost and cryogenic cost. The very short coherence 

length (  =1-3 nm), low carrier densities, complex chemical compositions and 

sensitivity of superconductivity to local nonstoichiometric are responsible for the 

current limiting grain boundaries and thermal fluctuation in the high Tc 

superconductor. Therefore, these factors limits the various applications of high Tc 
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superconductors even though their critical temperature is well above liquid nitrogen 

[29]  

 

a) Superconducting Radio Frequency (SRF) cavity: 

SRF cavities are the key technology for modern particle accelerators. The cavities 

are used to accelerate particles from low speed (  = v/c ~0) to nearly close to the 

speed of light by applying a continuous wave or long pulse RF power [30].  

 Currently, such SRF cavities are used to build the various particle accelerators, 

including FIRB and ERL in the USA, EU-XFEL and LHC in Europe, ADS in 

China, IUAC in India and RISP in South Korea. To obtained an accelerating field 

in a SRF cavity, RF power a specific resonant frequency is injected into the cavity 

to promote the resonant TM 01 mode. In such model, an electric field exists parallel 

to the designated beam path and accelerates the charge particles.  

b) Superconducting cables 

Even though, MgB2 has comparatively high Tc, its upper critical field in single 

cystal and clean epitaxial films is rather low and anisotropic with Hc2||c (0) ~ 3-5 

Tesla and Hc2|| ab (0) ~ 15-19 Tesla. These Hc2 values are significantly smaller than 

the Hc2(0) ~ 30 Tesla of Nb3Sn [31] [32]. Therefore, initially there has been some 

skepticism about the application of MgB2 as a high field superconducting cable. 

However, several research groups have taken the well-established procedure of Hc2 

enhancement by allowing the MgB2 with non-magnetic impurities such as carbon 

doping. The high field measurement of dirty MgB2 samples has shown almost ten 

times increase in the upper critical field compared to single crystal and pure thin 
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films. Particularly, carbon doped thin film samples made by HPCVD process have 

shown largest enhancement [33]. This unexpectedly enhancement of Hc2 results 

from the its anomalous upward curvature which is rather different from the Hc2(T) 

of single band dirty superconductors. The Hc2 of the c-doped MgB2 samples already 

surpassed that of Nb3Sn that makes cheaper, ductile MgB2  the most attractive 

material for high field applications [34]. 

c)  Superconducting Electronics: 

Superconducting integrated circuits (SICs) outperform their semiconductor 

counterparts in maximum operating frequencies. In applications where high-

performance is most desired, the benefit of increasing speed and decreasing power 

consumption may outweigh the cost of operating at cryogenic temperatures, 

especially as cooling technology improves and better superconductors with higher 

superconducting transition temperature, T
c
, are developed. Nb currently sets the 

standard for SIC [35] for established fabrication technique but has its drawbacks in 

its low critical temperature and relatively small superconducting gap parameter 

compared to YBCO, MgB
2
, and other superconductors developed later. YBCO, a 

high temperature superconductor has also shown promise [36][37], but could not 

establish of a reliable fabrication process. In addition, their strong anisotropic 

properties and d-wave superconducting pairing symmetry also restrict the quality 

of Josephson junctions (JJs), an essential part of SICs [38]  MgB
2
, a simple metallic 

compound and s-wave BCS superconductor with a critical temperature over 39 K 

and superconducting gaps larger than 2 meV at 4 K could prove to be a material 

superior than Nb for the future of SICs. All MgB2, MgB2 –Pb Josephson junctions, 



22 
 

SQUIDs, SQIF’s and toggle filip-flop circuits have already demonstrated by 

Temple research group and as well others [39-43]. 

1.4 Superconducting THz Mixers   

THz (electromagnetic spectrum between the microwave (0.1THz; λ ∼ 3mm) and the 

Infrared frequencies (10 THz; λ ∼ 30 μm)) technology has numerous applications. These 

applications include medical and biological imaging, high- resolution radar system [44], 

security and communication, and radio astronomy. It is known that, the Far-Infrared (FIR) 

and submillimeter range covers the 98% of emitted photons since Big-Bang and almost 

one-half of the total luminosity of the universe [45].  Due to high output power source 

requirements, FIR region of the electromagnetic spectrum is not fully explored. The 

exploration of the submillimeter wave range leads to important information about 

development of galaxies, star formation and origin of the chemical elements in Space.  

There are different class of detectors for THz frequencies such as Schottky diodes (SD), 

superconductor-insulator-superconductor (SIS) tunnel junctions, superconducting hot 

electron bolometer (HEB), Golay cells, field effect transistor (FET) and semiconductor 

bolometer. Schottky diodes are the most sensitive room temperature THz mixers. However, 

these receivers require a large amount of local oscillator power (LO) (∼mW) at f >1THz 

[46].  

For frequencies below 1 THz, the most sensitive mixers are niobium (Nb) based 

superconductor insulator superconductor (SIS) tunnel junctions. Modest LO power 

requirement (order of microwatts) is their main advantage. In SIS mixers, the upper 
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operating frequency is limited due to the superconducting gap frequency (700 GHz for Nb 

and about 1400 GHz for NbTiN) [47] . At frequencies beyond the gap frequency (f=2∆/h) 

the photon assisted tunneling is limited.  

Superconducting hot electron bolometer (HEB) mixer has received great interest in the 

research area due to low power requirements (<1μW) [48], and high sensitivity This makes 

them more practical detectors for several ground and Space based observatories.  

1.4.1 Hot Electron Bolometer Mixers:  

In 1990, Gershenzon et. al. [49] introduced the superconductive phonon-cooled 

hot- electron bolometer mixer. In this scheme, the bolometric element was chosen with the 

right set of parameters to make it very fast and therefore useful as a mixer with a significant 

IF bandwidth. In conventional mixers, such as superconducting tunnel junction and 

Schottky diode mixers, the electrical non-linearity of the device at the signal frequency 

provides the down-conversion. In a bolometer mixer, the picture is slightly different: the 

power dissipated by the combination of the rf and local oscillator causes a modulation of 

the temperature of the bolometer at three frequencies: 2𝑣𝑅𝐹, 2𝑣𝐿𝑂 , 𝑎𝑛𝑑 |𝑣𝑅𝐹 − 𝑣𝐿𝑂|, 

because a bolometer simply measures power, proportional to the square of the applied 

voltage. Any modulation with a period shorter than the thermal time constant is filtered 

out, leaving only the difference frequency. An important property of a bolometer mixer, 

then, is the thermal time constant, as this determines the intermediate frequency bandwidth.  

To realize a bolometer suitable for operation as a mixer, the time constant must be made 

extremely small. This is made possible by exploiting several important effects in very thin 
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superconducting films. When a piece of superconductor in the resistive state (or a piece of 

normal metal) absorbs radiation, a photoelectron quickly shares its energy with the electron 

subsystem in an elastic scattering time, 𝜏𝑒−𝑒. The energy cascades into the lattice given by 

the inelastic scattering time, 𝜏𝑒−𝑒ℎ. The electrons and lattice will quickly thermalize as the 

phonons backscatter in a time constant given by 𝜏𝑝. In a very thin film, the hot, non- 

equilibrium phonons can escape ballistically from the film and into the substrate before 

they have a chance to backscatter their energy to the electrons. When the time for the hot 

phonons to escape, 𝜏𝑒𝑠 , is much shorter than the time for the phonons to backscatter with 

the electrons, 𝜏𝑝, there will be an effective de-coupling of the electron and lattice 

temperatures. The thermal response time of the electron subsystem will be given by the 

inelastic scattering time; a mixer operating in this mode is called a “phonon-cooled mixer”.  

Since the cooling is a volume effect, the speed of the mixer does not depend on the size of 

the mixer, although the thickness must be small enough to ensure ballistic escape of hot 

phonons. An ideal bolometer with material that has the fastest 𝜏𝑒−𝑒ℎ, but thin enough so 

that the ballistic escape time does not become a bottleneck in the cooling process. In 

practice, this has meant trying to make the thinnest device possible without seriously 

degrading Tc, since 𝜏𝑒−𝑒ℎ~ T-n (n is the material constant, and it is between 1 and 4 for 

various materials). In the low-temperature limit, when the electron specific heat, ce is much 

larger than the phonon specific heat, cph, the electron temperature relaxation time is 

governed by a single time constant, 𝜏𝜃 [50]. The total electron relaxation time which 

determines the speed of the bolometer is given by: 

   𝜏𝜃 = 𝜏𝑒−𝑝ℎ + 𝜏𝑒𝑠𝑐𝑐𝑒/𝑐𝑝ℎ        (1.24) 
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Similarly, τesc- the escape time of the phonons in the substrate is dependent on the thickness 

of the film d, the speed of the sound u and the film/substrate acoustic phonon transmission 

coefficient β.  

τesc  = 
4𝑑

βu
                    (1.25) 

       

Eq. (1.25) indicates that, thinner the film allows faster phonon escape time and hence larger 

the IF bandwidth.  

In the alternative scheme pioneered by Prober [51], the mixer element is a nano-bridge and 

in this configuration, the dominant cooling mechanism for the non-equilibrium electrons is 

out- diffusion through normal metal contact pads. This enables a very fast response time, 

or an intermediate frequency bandwidth of many GHz. Though it has in the laboratory 

proven to have a wide intermediate frequency bandwidth ~ 9 GHz [52], it has proved 

difficult to realize a practical mixer with the same level of performance as phonon-cooled 

mixers. The likely causes are that the temperature distribution in the 0.1-μm-long nano-

bridge does not allow a stable bias where the device is most sensitive, and, being so small, 

they are much more susceptible to direct detection effects. For these reasons, most groups 

have favored using phonon-cooled devices.  

If the length of the micro-bridge is shorter than the thermal diffusion length 

Lth=  (Dτe- ph)
1/2 of the superconducting material, the cooling mechanism occurs by out 

diffusion of the electrons in the contact pads within a time, τdiff = (L
2

/π2 D) [51]. Where D 

is diffusion constant of thin film material and L is device length. If the length of the micro-
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bridge, L is larger of the thermal diffusion length, Lth cooling by phonons dominates, which 

is the case of phonon cooled HEB. Fig.1.9 shows a picture of an HEB with a representation 

of the phonon and diffusion cooling mechanism.  

 

 

 

 

 

 

Figure 1.9: A simplified picture of a superconducting Hot Electron Bolometer with phonon 

and diffusion cooling mechanism. The SEM image shows a phonon-cooled HEB integrated 

with spiral antenna. Adapted from [53] 

 

1.5 Current status of MgB2 based HEB 

Despite currently available NbN, and NbTiN HEBs are state-of-the-art, they suffers from 

a relatively narrow intermediate frequency (IF) bandwidth ΔfIF  ~  2-4 GHz which is 

insufficient for the spectroscopy of the Galactic center and for extragalactic line 

observations [54]. The reason for not meeting the expectations of higher bandwidth in the 

devices made form NbN is because these materials has longer electron- phonon relaxation 

time and there is no perfect acoustic match between film and substrates [55]. Both these 
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factors are critical for realization of the fast-thermal relaxation in a mixture device that 

defines the IF bandwidth 

Development of the novel HEB mixer involves addressing several technological aspects. 

The first of these is the availability of thin superconducting films with suitable parameters 

(thickness, critical temperature, normal state resistivity ρ). Also, the energy relaxation 

processes in the film substrate system must be carefully analyzed, especially the role of the 

phonon escape which was the critical factor in enabling the GHz IF bandwidth in thin-film 

HEBs. For developing HEB mixers, the MgB2 material falls in the same intermediate 

temperature range category as NbN. So, ultrathin films on good lattice matched and 

acoustic impedance matched are required to minimize the phonon escape time [55]. 

Also, the interface between film and substrate must be as smooth as possible to avoid the 

multiple reflections from the grains leading to rejection of phonons back to the film. For 

the better performance of the HEB mixers the acoustic transparency between 

superconducting film and substrate should be very close to unity, which is the case of MgB2 

/SiC or MgB2/MgO. Table 1.1 shows the comparison of various materials parameters of 

NbN and MgB2 for HEB application. IF and range represents the optimum ranges for an 

ideal device. 

 

Table 1.1: Comparison of various properties of NbN and MgB2 [from various sources] 

Materials Tc(K) 𝜆(nm) 𝑣𝑠(km/s) 𝜏𝑒(ps) IF(GHz) Range(THZ) 

NbN 16 200 2.5 60 (10 K) 2-4 1-2.5 

MgB2 40 40 7.8 2   (25 K) 20 >2.5 
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Molecular beam epitaxy (MBE) grown MgB2 (20 nm thick) based HEB mixer was first 

reported by Cherdenchinko in 2008 [56]. With the progress in ultrathin films fabrication 

techniques by both HPCVD [57-58] and MBE [59], many attempts has been made to 

improve the performance of HEB mixers. Stella et.al. reported HEBs integrated with spiral 

antenna based on MBE grown 30, 15 and 10 nm MgB2 films [60]. In their HEB mixers, a 

gain bandwidth of 1.3 GHz, 2.3 GHz and 3.4 GHz corresponding to a mixer time constant 

of 130 ps, 70 ps and 47 ps was measured in 30 nm, 15 nm and 10 nm films, respectively. 

For HEB mixers made from 10 nm MgB2 film the lowest mixer noise temperature was 600 

K measured at 2K bath temperature and 600 GHz local oscillator (LO) frequency [53]. 

Despite their impressive noise temperature, the operational temperature of HEB mixers 

based on MBE grown films is limited to < 5 K due to the large suppression in Tc (~ 8 K for 

10 nm film) in ultrathin limit.  

In recent attempts, HEB mixers based on HPCVD grown MgB2 films have shown some 

improvement in their operational temperature however the noise temperature in elevated 

temperature is still poor. For instance, JPL group has shown that spiral antenna coupled 

HEB device fabricated in 15 nm thick MgB2 film exhibits 8 GHz bandwidth at 25 K with 

device noise temperature ~4000 K at 9 K using 6 GHz source[61]. Similarly, Chalmers 

group has reported that HEB mixer fabricated in 8 nm thick MgB2 film exhibits 11 GHz 

bandwidth with receiver noise temperature 930 K at 1.63 THz local oscillator and a 5 K 

bath temperature [62]. At 15 K and 20 K their device shows noise temperatures of 1100 K 

and 1600 K respectively [62].  The small Tc suppression in HPCVD grown ultrathin MgB2 

films allows for such higher operating temperature in these recent HEB mixers compared 

to devices based on MBE grown films.  
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Indeed, the MgB2 material possesses all the necessary properties to allow for the ultrafast 

cooling of the electron subsystem and hence 20 GHz IF bandwidth, 20 K operating 

temperature and a mixer device greater than 2 THZ sensor are expected outcomes of MgB2 

ultrathin films. 

1.6 Superconducting nanowires single photon detectors (SNSPDs)  

Single-photon detectors are the key elements of experiments in quantum optics, and they 

have many applications, such as optical quantum computing, quantum communications, 

single-photon sources characterization, and free-space optical communications [63]. 

Superconducting nanowire single-photon detectors (SNSPDs) are highly efficient  

detectors in the near-infrared region due to their fast reset times, low jitter, and low dark 

count rates [64]. A single-photon detection mechanism in superconducting nanowires was 

first proposed by Kadin et al. [65][66]. Since then, there has been significant development 

in this field about the microscopic mechanism(s) responsible for photo detection in 

SNSPDs. A schematic of the detection mechanism in an SNSPD is shown in the Figure 

1.10 (i), and an example of readout circuit is shown in Figure 1.10 (ii). An SNSPD is 

usually patterned in a meander to form a pixel with an area Ad > λp 2 where λp is the 

wavelength of the photons that are to be detected. For a specific device, the kinetic 

inductance Lk, is assumed to be constant and proportional to the device length Ld (and 

therefore also to the detection area, Ad) and the resistance, Rd(t). 
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    (i)                (ii) 

Figure 1.10: (i) A schematic of photon detection in an SNSPD. (a) equilibrium, just after 

the photon is absorbed (R
d = 0); (b) resistive state due to the absorption of a photon and the 

spreading of the hotspot, which reduces Ic to a value below I
b
, after which R

d quickly 

increases to a large value; (c) the hotspot resistance has returned to nearly zero and 

temperature is returning to equilibrium. Adapted from [67] (ii) An overview of the readout 

circuit for an SNSPD. The meandered strip represents a device with a resistive hotspot, an 

inductively-coupled dc bias. A capacitively-coupled high frequency amplifier with an input 

resistance, R
L
=50 Ω is used to measure the output voltage. This readout circuit is adapted 

from [67]. 

 

The detection process can be explained as follows: (a) First, a meandered nano- strip of 

superconducting material of width wd (~100 nm) and typical thickness dd (~5 nm) is biased 

with a current, Ib, just below the critical current near Tc0. In this state, Ic is suppressed to a 

value less than Ib, creating a finite voltage. Thus, a single photon can induce a localized 

resistive hotspot. (b) This hotspot will expand quickly (~ pico second) to accross the width 
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of the wire, at this point the device will develop a series resistance, Rd, that causes Joule 

heating from the bias current. This Joule heating leads to substantial amplification of the 

hotspot size leading to a multiplication of the initial photon energy. Since Rd, max >> RL, 

most of the bias current will transfer to the load and the peak signal will simply be VL, max 

= Ib·RL. The time scale of the transfer is τ = Lk/(RL+Rd) where Rd is a function of time. (c) 

Finally, as Rd becomes large, the shunted current into the load reduces the Joule heating 

within the device, allowing the hotspot to cool and the device goes back to the the zero-

resistance on a time scale set by thermal relaxation. The current slowly begins to transfer 

back into the device with a return time constant τr = Lk/RL, once the hotspot returns near to 

zero-resistance. The device is reset and ready to detect another photon in this situation.  

Currently employed SNSPDs are mainly based on low Tc conventional BCS 

superconducting materials such as Nb, NbN, NbTiN and WSi. Even though SNSPDs 

technology based on these materials is state-of-the-art they suffer from low operating 

temperature requiring more advanced cooling techniques. Nb based SNSPDs suffer from 

latching due to their slower energy relaxation process. There have been attempts to 

fabricate ultrathin nanowires based on high Tc superconductors, particularly YBa2Cu3O7-∂ 

but single photon sensitivity is yet to be demonstrate at visible or infrared wavelengths. 

Despite their high critical temperature, cuprate superconductors are not attractive for 

SNSPDs application. Nanowire fabrication is difficult due to their brittle nature and it is 

difficult to realize large active area due to large number of weak links. Also, crystal grain 

boundaries limit their Jc. Due to their large superconducting gap energy compared to NbN, 

the sensitivity of photons of given energy is reduced.  

To solve these issues, replacing currently employed superconductors with MgB2 may 
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provide ultrafast single-photon detectors with a higher operating temperature, since the Tc 

of MgB2 (39 K) is much higher than that of conventional superconductors. The response 

time of a SNSPD is limited by the kinetic inductance Lk of the nanowire [68-69],
 
which is 

proportional to the square of its magnetic penetration depth 𝜆 . 

𝐿𝑘 = 𝜇𝜊𝜆
2 𝐿𝑑

𝐴
          (1.26) 

where µ0 is the permeability of free space. Indeed, 𝜆 depends on critical temperature Tc and 

normal state resistivity 𝜌𝑛. Therefor the choice or material and operating temperature is 

important for an SNSPD. 

It has been reported that the penetration depth of MgB2 is about 40 nm (thick films) [70-

71] and that of NbN is about 200nm [72].Therefore, MgB2 based SNSPD will ideally 

operate more than ten times faster than a NbN-SNSPD[73]. Even though, MgB2 seems very 

attractive for SNPDs application compared to other superconductors, there are challenges 

to realize defects free ultrathin films required to increase the active area in the nanowires. 

There has been few attempts to realize SNSPDS based on MBE MgB2 ultrathin films 

however the operating temperature of such SNSPDS are well below 20 K [73-75]. The 

main reason for such low operating temperature of these devices is that MgB2 ultrathin 

films grown by MBE technique suffer from lower critical temperature due to oxygen 

contamination during the deposition.  The JPL group reported on  SNSPDs based on  

HPCVD grown MgB2 films, but they only achieved 3 photon detection at 4 K but no single 

photon [76]. The main problem with HPCVD grown film is that due to characteristic island 

growth mode, the surface roughness of the film is higher compared to MBE grown films 

that makes fabrication process difficult. Weak grain connectivity is another issue 
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associated with HCVD grown ultrathin films which reduces the effective hot spot area in 

the nanowire. The development of MgB2 based SNSPD is still in infancy. Therefore, more 

work is needed in the improvement of ultrathin film quality, and nanowire fabrication.  

1.7 Thesis Overview  

This thesis is focused on growth and study of high quality ultrathin MgB2 films for the 

feasibility of HEB and SNSPD applications.  

Chapter 1 contains the literature review related to the project while the accomplishments 

in the project during my doctoral thesis is presented starting chapter 3.  

Chapter 2 represents the details of main experimental techniques employed in this project. 

In the chapter 3 detail discussion about the ultrathin MgB2 film growth techniques, thin 

film surface and structural study, and transport measurements results are presented. 

Chapter 4 presents the comparison of as-grown and milled films for the feasibility of HEB 

device applications. In chapter 5, I discuss about various approaches that I tried to realize 

MgB2 ultrathin films with higher resistivity. 

Chapter 6 discusses the theory for upper critical field and electron diffusivity calculations 

for two-band dirty MgB2 superconductor.  I apply this model to fit with experimental data 

and extract the thickness dependent intraband electronic diffusivity of MgB2 films. 

Chapter 7 concludes the thesis, summarizes the performed work and obtained results, and 

future work are discussed. 
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CHAPTER 2                                                                                                               

EXPERIMENTAL TECHNIQUES  

2.1 Introduction 

MgB2 was commercially available long before its superconductivity was discovered in 2001. This 

material is used in various industrial applications, such as rocket fuels. Commercially available 

MgB2 powder has very poor critical temperature compared to clean MgB2 single crystals, bulk, or 

thin films synthesized in lab. This material is chemically active. In the powder form, it oxidizes 

easily and degrades in quality. The degradation is invigorated when exposed to moisture [77]. Due 

to its instability, it is necessary to develop better synthesizing techniques for MgB2 to study its 

physical properties as well using it for various applications. In the past two decades, numerous 

methods have been developed to produce MgB2 in a bulk, single crystal, tapes, wires, and thin 

films form. Among all techniques, HPCVD process provides the best epitaxial MgB2 films in the 

world. Films fabricated by HPCVD process have the highest Tc,  Jc, lowest resistivity and highest 

residual resistivity ratio (RRR) [78]. Details about HPCVD process at Temple University will be 

explained in chapter 3. A brief description about various other techniques will also be presented 

in the following section.  

2.2 Other MgB2 thin film deposition techniques 

Two classes of deposition techniques, post annealing and in-situ deposition, were implemented in 

the earlier approach [78]. Post annealing starts with an annealing of boron film at high temperature 

in the presence of magnesium vapor in a sealed container. In 2001, Kang reported the first MgB2 
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thin films fabricated by this approach [79]. Various type of boron films were used to test the 

deposition which including, boron film form by Pulsed laser deposition(PLD) [80] , Magnetron 

sputtering [81], and electron beam evaporation [82]. 

So far, the best reported MgB2 films using post annealing approach showed a Tc of 39 K, and zero 

field Jc of 4x107 A/cm2 at 4.2 K [41]. Even though thicker MgB2 films possess good 

superconducting properties when fabricated using this approach, the suppression in Tc and Jc drop 

rapidly as film thickness drops due to the oxygen contamination. This is the weakness of this 

approach.  

In-situ deposition techniques include molecular beam epitaxy (MBE) PLD, magnetron sputtering, 

and HPCVD. Due to the lack of excess Mg vapor pressure first three methods cannot provide 

stable MgB2 phase. In these first three methods, deposition temperature is low therefore cleanness 

of films is compromised. However, film surface roughness is significantly lower in the films 

deposited using MBE method, even compare to HPCVD process. This low roughness comes from 

the fact that grains in MBE grown MgB2 films are significantly smaller. Smoother film surface is 

very important in device fabrication process in ultrathin limit.    

2.2.1 Thermodynamics of MgB2 

Fig. (2.1) shows the magnesium vapor pressure versus temperature diagram for the ratio of Mg/B 

atoms calculated by Z. K. Liu [83]. To achieve phase stability there should be sufficient Mg vapor 

pressure in the chamber. This condition makes the HPCVD process superior to any other methods 

in developing high quality MgB2 films. The suitable reaction condition is Gas+ MgB2 (marked in 

yellow color in Fig.2.1) for the MgB2 films which are free of contamination. The upper two zones 
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(liquid +MgB2 and solid +MgB2) should be avoided since the unreacted magnesium will stick to 

the surface of the substrate and contaminates the film. 

  

 

 

 

 

 

 

 

Figure 2.1: Thermodynamics phase diagram of MgB2. Adapted from Ref [84] and color added. 

Conventionally, the desired growth temperature for a single crystal is usually considered to be half 

of its melting temperature.  The ideal growth parameters from MgB2 are assumed to be ~ 1100 C 

temperature and 11-500 Torr Mg vapor pressure since MgB2 –has a melting point of 2700 K. These 

high temperature conditions are difficult to realize. In practice, 600-800 C is used to reduce the 

requirement of high Mg vapor pressure with little compromise in film quality. For the single crystal 

growth, the temperature must be high enough to allow for surface diffusion of deposited atoms.  
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2.4 Magnetron sputtering system 

Even though, MgB2 films grown by HPCVD process are clean, they easily degrade in ambient 

conditions. The degradation arises mainly due to the moisture [77] and oxygen exposure. When it 

comes to the ultrathin limit the degradation is much serious compared to that of thick films. For 

that reason, MgB2 films must be passivated with stable materials for ex situ measurements or 

during the storage. The most commonly used passivation materials are magnesium oxide (MgO), 

aluminum nitride (AlN), silicon dioxide (SiO2), and gold (Au). A thin layer of Au is used during 

the patterning for the devices. This protects the film from photoresists and other chemicals during 

the lithography process and it also serves as an electrode. MgO and SiO2 are inferior to AlN when 

devices need to be stored for a long time. This is because oxygen from these materials slowly 

interdiffuses in the interface of the film and degrades the film quality over time.  

Sputtering is a physical vapor deposition (PVD) technique. A high electric field is used to ignite 

the plasma in a noble gas atmosphere inside the chamber. Ar is commonly used in sputtering 

process. In the sputtering process, ionized Ar+ atoms are driven by the electric fields and bombard 

the sputtering target, removing the atoms from the surface of the target. These ejected materials 

are deposited as a thin film on the surface of the substrate. Practically, very high voltage (~ kV) is 

essential to ignite such plasma. This high voltage requirements can be reduced by using a strong 

magnet that confines the electrons in a helical magnetic path. This confinement increases the 

sputtering yields.  

I used DC magnetron sputtering for the Au deposition to fabricate micro-bridges. An in-situ RF 

sputtering system was used to passivate the ultrathin films after removing native oxide layer in the 

ion milling system. The DC sputtering system used was a Kurt J. Lesker multisource system 
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equipped with a cryopump on the main chamber and a trubo pump on a load lock chamber. Fig. 

(2.2) shows the photograph of the system. A base pressure of 7 x 10-7
 torr was achieved before 

sputtering. A typical sputtering process pressure was 1.0 x 10-2 torr. To passivate the patterned 

devices, I used in situ RF sputtering installed in the Inveltech ion milling system.  

  

 

 

 

 

 

 

 

Figure 2.2: KJL DC magnetron sputtering system used to sputter Au on micro bridges.  

2.5 Ion milling system 

Ion milling is a physical plasma etching technique where the ions of an inert gas are accelerated 

from a beam ion source into the surface of the film (or substrate) in vacuum to etch the material to 

the desired depth. It can be visualized as “atomic sandblasting.” The most widely used inert gas 

for ion milling is Ar. The processing vacuum levels are typically at the lower end of 10-4 torr range 
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whereas mean free path of the ion is longer than the distance between the ion source and the 

material to be etched. The mean free path is the average distance an ion can travel in a vacuum 

chamber before it collides with another particle thereby digressing its direction to some degree. 

The 10-4 pressure range also equates with the narrow range of processing pressure for typical wide 

beam ion sources. Below this pressure range the ion beam cannot sustain a plasma.  The continuous 

bombardment of the film by ions results in transfer of kinetic to heat energy and subsequent heating 

of the sample. To prevent the sample from over heating, cooling is required. Also, in order to 

control the etching process, it is important to provide the cooling mechanism since heating the 

sample can accelerate the etch rate as substrate heating adds energy to the surface particles 

allowing them to eject easily with less kinetic energy.  

In this work, I used an InvelTech ion milling system equipped with Kaufmann ion source and a 

Maglev turbo pump capable of pumping large cylindrical chamber well below 1 x 10- 6 torr in 

about 15 minutes. The Kaufman ion source is a gridded broad beam ion source of permanent 

magnetic design, with thermionic cathode filament to provide a source of electrode to support a 

magnetically confined ion beams. An additional source of electrons is provided by the tungsten 

filament for ion beam neutralization. The typical operating range of ion energy is from 1000 eV to 

1.5 kV with an ion beam current up to a few hundreds of mA. The system has a sample stage at 

the center of the cylindrical chamber which can tilt in the plane of the sample stage. This provides 

a glancing angle (the angle between the plane of the ion beam and the plane of the sample surface) 

between 0  and 360.  Stage can also rotate about its center axis at various angular speeds. Rotating 

the sample stage makes etching process uniform. Chilling water is circulated underneath the 

sample to prevent from heating. Fig. (2.3) shows the image of the ion milling system at Temple 

University. Details of the milling process parameters will be discussed in Chapter 4. 
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Figure 2.3: Photograph of ion-milling system at Temple University. Right side of image shows the 

sample stage. 

2.6 Structural and surface morphology characterization 

Practically, the ultrathin MgB2 film with very smooth roughness are suitable for submicron-sized 

HEB devices fabrication. Well interconnected grains and the removal of large island structures can 

promote the uniform phonon cooling mechanism in HEB devices. Therefore, it is very important 

to optimize the surface roughness and grain connectivity of MgB2 ultrathin films, besides their 

superconducting properties. Various metrology tools were used to characterize the MgB2 ultrathin 

films. X-Ray diffractometry (XRD), Atomic force microscopy (AFM), scanning tunneling 

microscopy (SEM) were used at Temple University. Samples were also characterized by using 

transmission electron microscopy (TEM) at Drexel University. 
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2.6.1 X-ray Diffractometry (XRD)  

A Bruker D8 X-ray diffractometer was routinely used to conform the epitaxial nature MgB2 films 

on 6H-SiC (0001) substrate and other substrates. The peaks of a copper K X-ray by the thin films 

were measured by a diffractometer. The position of the diffraction peaks provides the information 

about the structure of the thin films. The X-Ray generator in our diffractometer can operate at a 

maximum voltage of 40 kV and current of 40 mA. The image of the diffractometer indicating 

various rotation and tilting directions is shown in the Fig. (2.4). 

  

Figure 2.4: Bruker X-ray diffractometer at Temple  

For -2 scan, the detector and the sample stage are moved in the same direction. In such scan 

sample tilting speed is maintained at half of the rotational speed of the detector. The position of 

the observed diffraction peak () is determined by using Bragg’s law, 

n = 2dhkl sinn              (2.1) 

In the above equation, n denotes the diffraction order,  is the wavelength of the X-rays, and dhkl 

is the distance between the (hkl) planes. Where hkl are miller indices of the lattice. For example, a 
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c-epitaxial MgB2 film undergoing symmetric -2 scan will show a (0001) and (0002) peaks at 

25 and 52 respectively.  

2.6.2 Atomic force microscopy (AFM) and scanning electron microscopy (SEM)  

Other routinely used instruments to characterize the surface morphology and measure the MgB2 

thin film thickness are AFM and SEM. While AFM was used to constantly to ensure the good film 

roughness, surface morphology, and film thickness. For the further detailed grain size and 

connectivity analysis SEM was used. Occasionally, SEM was also used to check the film 

uniformity by cross-section scan. 

AFM measures the force interaction between a vibrating tip and the sample’s surface. This force 

of interaction can be explained by Hook’s law. It uses a cantilever with a very sharp tip to scan 

over the sample’s surface. As the tip approaches the surface, a close range attractive force between 

the surface and the tip causes the cantilever to deflect towards the surface of the film. When the 

cantilever is sufficiently close to the surface, the repulsive force overcomes the attractive force and 

deflects it away from the surface. A laser beam is used to sense the cantilever deflection away from 

and towards the surface. The raised and lowered surface feature influences the deflection of the 

cantilever which is monitored by a position sensitive photo diode (PSD). By using the feedback 

loop to control the height of the tip above the surface and maintaining the constant laser position 

the AFM can generate an accurate topographic map of the surface feature.  

In this work, I used a Dimension Icon AFM from Bruker. The maximum scan range of our AFM 

is 85 µm x 85µm in X-Y direction and 9.5 µm along Z direction. The sensitivity is of 0.15 nm in 

X-Y direction and 50 pm along Z direction.  There are two different modes on this AFM namely, 
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‘contact mode’ and ‘tapping mode.’ In my measurements, I used tapping mode in which the tip 

contacts the sample surface once during each vibration cycles. Fig.2.5 shows the photograph of 

the AFM in our lab.  

  

                      

Figure 2.5 A photograph of Veco AFM at Temple University. 

An SEM can acquire a very clear image of the sample surface. Therefore, SEM is one of the best 

tools to study the connectivity and granularity of the film. SEM uses an electron beam as a probe 

to “look at’ the sample surface. Electrons are first ejected from the tip by heating or field emission 

and they get accelerated with high voltage. The accelerated electron beam is focused by magnetic 

lenses and interact with the surface layer of the sample. Depending on the acceleration rate, this 

interaction can be as deep as 1µm. Finally, these interacted electrons cause an emission of various 

signals from sample surface, including secondary electron (SE), background scattered electrons 

(BSE), Auger electrons (AE), X-rays, and characteristic fluorescence. Different detectors can 

collect the various signals providing various surface morphology information. SEM requires the 

sample to be electrically conductive, otherwise electrons will accumulate on the sample surface 
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resulting strong electric field which shifts the probing electron beam. MgB2 has very good electric 

conductivity therefore it is easy to acquire clear images. However, when MgB2 film in ultrathin 

limit are difficult to get clear image due to large resistance and a natural oxide formation on the 

surface of the films.   

The SEM used in this work is a FEI Quanta 450FEG.[84] The maximum possible acceleration 

voltage is 30 kV and the electron beam resolution of SE detector in high vacuum (~1X10- 7 torr) 

is 1 nm. The sample stage can move in all three direction that allows to look at the sample cross 

section. In my work, all SEM images are obtained with SE detector.  

2.6.3 Step profilometer 

To conform the thickness of the MgB2 films, I routinely used Veco, DekTak 150 stylus 

profilometer. The DekTak 150 from Veeco is a surface profilometer that takes surface 

measurements using contact profilometry techniques. The Dektak 150 uses stylus profilometry 

technology, which is the accepted standard for surface topography measurements, roughness and 

step size. The Dektak 150 is an accurate, reliable, repeatable, inexpensive device, which measures 

properties such as surface roughness, topography and step heights. This instrument has a 640X480 

pixel camera, 100x to 644x magnification, 0.67 to 4.92 mm high field of view (HFOV), and low 

inertia sensor. The stylus force of this profilometer ranges from 1 mg to 15 mg. The sample stage 

is isolated from vibration. The scan rang of this instrument is from 55mm to 200mm and can 

measure sample thickness up to 90mm. It has a step height receptibility ≤ 6Å with vertical 

resolution of 1Å and lateral accuracy < 0.1%. Fig.2.6 shows the image of the Daktak 150 

profilometer at Temple University.  
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Figure 2.6. Veco DakTak 150 stylus profilometer at Temple University.  

2.7 Low temperature measurements 

The measurement systems involved in this work were a dipping probe system, a physical property 

measurement system (PPMS), and a magnetic property measurement system (MPMS). The 

dipping probe system was used to carry out temperature dependent transport properties. These 

include resistivity vs temperature measurement, current-voltage (IV) measurements to extract the 

critical current density of ultrathin MgB2 films, and critical temperature (Tc) of MgB2 films. PPMS 

was used to measure resistivity and Hall measurements. MPMS was used to extract the upper 

critical field, and magnetic moment measurement to extract diffusivities and critical current 

density using the Bean model.  
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2.7.1 Dipping Probe System 

The dipping probe system I used was a home-build system as shown in Fig.2.7.  It consists of a 

sample stage made up of an oxygen free copper half solid cylinder, four twisted pairs of cryogenic 

wires connected to eight pins and the Ketheily source meters through a vacuum and 

electrostatically-sealed five-foot-long stainless steel hollow tube. Two concentric current carrying 

coils were mounted on the edge of the sample stage to carry out the susceptibility measurement. 

A Stanford system EG&G 7260 Lock-in amplifier was used to perform susceptibility measurement 

where a Ketheily 2400 source meter was used to apply the current in coils to generate magnetic 

field. Temperature reading were taken by a Lakeshore 330 temperature controller with silicon 

diode sensor. To apply the bias current to the sample in four point vander-pauw geometry a 

Ketheily 2400 source meter was used. Similarly, a Ketheily 182 nano-voltmeter and/or Ketheily 

2400 source meter was used to sense the voltage in the sample. Room temperature to 4.2 K was 

achieved by dipping the probe in 100 L liquid helium Dewar. The desired temperature (between 

100 K and 4.2 K) can easily be achieved by changing the position of probe inside the Dewar. Fig. 

2.6 shows the photograph of the entire set up including a Lakeshore 330 temperature controller, 

Ketheily source meter and voltmeter and an EG&G 72060 lock-in amplifier.  
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Figure 2.7: A photograph of dipping probe system. (a) Probe head. (b) Source meters, electric 

connections, and liquid helium Dewar. 

2.7.2 Physical property measurement system (PPMS) and magnetic measurement system 

(MPMS) 

The PPMS system used is a Quantum Design manufactured commercial low temperature 

measurement system [83T]. The system consists of a liquid helium Dewar surrounded by a liquid 

nitrogen jacket. The Dewar also provides magnetic shielding from the powerful superconducting 

magnet coil made from niobium tin (NbTi) wire, which can produce 9 T magnetic field along the 

z direction of axis of circular coil. The resolution of the magnetic field generated by the system is 

0.5 Oe. This system can precisely control temperatures from 400 K to 1.8 K.  
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The system is compatible with various measurement modules that include resistivity mode, ACMS 

mode and magnetic moment mode via an extraction method. Samples for resistivity, 

magnetoresistance and Hall Effect measurements were mounted in a resistivity sample puck with 

electric contacts at the bottom of the probe. To apply the magnetic field along different direction 

of the ab plane of MgB2 films, a horizontal rotator capable of rotating from 0°to 360° was used. 

In a resistivity puck, three samples at a time can be measured, and in horizontal rotator two samples 

can measured at a time.  For magnetic moment measurements samples were mounted in a polyester 

straw which can fitted to the ACMS sample probe. In either sample probe, a uniform magnetic 

field can be realized with a precise temperature control.  Fig.1.18 shows the actual photograph of 

PPMS system.  

  

Figure 2.8: Photograph of PPMS measurement system  

 

The hardware of our MPMS system is similar the PPMS system from by Quantum Design. It has 

temperature range from 1.8 -300 K and magnetic field up to 0-7 T. Unlike PPMS system it lacks 
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the versatility of sample movement since sample probe can move only one direction from edge to 

the center. However, it obtains better resolution and sensitivity in the magnetic moment 

measurements. MPMS can pick up magnetic measurement down to 5 x 10-8 emu. 

2.8 Micro fabrication techniques 

A standard ultraviolet photolithography technique followed by an Ar ion milling etch was used in 

order to pattern the micro bridges in the MgB2 films. For micro bridges, and Hall bar patterns three 

different types of masks were used. The photolithography recipe, mask patterns and fabrication 

steps are described in detail in Appendix A. The Karl Suss MJB-4 mask aligner was used to transfer 

the patterns into the samples form a quartz mask with chromium patterns. During lithography, the 

entire room was lit with yellow tinted light to avoid exposing the photoresist. Fig. 2.8 shows the 

photograph of the mask aligner in our lab.  

 

                 Figure 2.9: Photograph of the Karl Suss MJB-4 Mask Aligner.  
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CHAPTER 3                                                                                                               

        GROWTH AND CHARACTERIZATION OF ULTRATHIN MgB2 FILMS AT 

TEMPLE UNIVERSITY  

3.1 Introduction 

Ultrathin MgB2 films which are the main elements of a new generation HEB and SNSPD devices 

can be synthesized by using various techniques as explained in the previous chapter. HPCVD 

grown films have proven to be the cleanest with a highest recorded Tc (41 K in 6H-SiC substrate). 

Even though, HPCVD grown films are superior in quality, when it comes to the ultrathin limit, 

there are many difficulties in achieving MgB2 films with well-interconnected grains while 

maintaining Tc, and Jc close to the bulk values. In this chapter, I present as-grown ultrathin MgB2 

films and their transport studies. 

3.2 HPCVD system  

First prototype of HPCVD system was invented in 2002. Later in 2007, the original system with a 

stainless-steel reaction chamber was replaced by adding a quartz reactor by C. Zhaung and Q. Feng 

at Penn State. The HPCVD system at Temple University was built with few other modifications 

in the system developed at Penn State.  

3.2.1 System overview  

The HPCVD chamber has a stainless-steel reactor chamber enclosed by chilling water circulation 

line. The inner wall of the chamber is protected from the accumulation of condensed magnesium 
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(Mg) dust by inserting a quartz tube. The quartz tube can be taken out after each deposition, and 

be cleaned by hydrochloric acid (5% conc. HCl) to remove the accumulated Mg dust. The clean 

tube can be re-insert for the next depositions. The gas inlet of the system is located at the top of 

the chamber. A camera is kept just above the chamber to monitor the deposition process.  At the 

bottom of the reaction chamber, a stainless-steel substrate holder is placed. In the edge of the 

substrate holder there is a deep grove where clean Mg pellets are kept. The substrate holder is 

wrapped around a heating coil and it is heated resistively from the underside of the chamber. A 

temperature sensor is placed beneath the center of the substrate holder. Once the Mg pellets melt, 

a sufficient Mg vapor pressure is established and this Mg vapor reacts with diborane gas to form 

MgB2 above the substrate to form MgB2 films. Residual gases vented via building exhaust system 

after trapping Mg dust by a copper mesh dost trapper, and residual diborane gas by a scrubber 

filled with potassium paramagnet (KMNO4) solution. The whole system is kept within a well-

ventilated cabinet. The schematic and actual photograph of HPCVD system along with substrate 

holder is shown is figure 3.1. The ultra-high-pure (UHP) process gases (B2H6, H2, and/or N2) are 

supplied by high pressure cylinder located at a separate ventilating cabinet near reaction chamber. 

5% and 1% diborane (B2H6) diluted with UHP hydrogen was used for MgB2 thin film deposition 

purpose. The process gases were supplied to the reaction chamber through ¼ inch stainless steel 

tubing. For safety reason, B2H6 was enclosed by additional stainless-steel tubing. To avoid any 

sparks during the operation, all the valves used were pneumatic since diborane and hydrogen gases 

are flammable. 
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Figure 3.1:  HPCVD system at Temple University, (a) Schematic of reaction chamber, (b) 

Photograph of the HPCVD cabinet (c) stainless steel substrate holder with four Mg pallets 

and a double side polished 15x15 mm2 6H-SiC (0001) substrate, and (d) schematic of whole 

HPCVD system.  

 

 Mass flow controllers were used to obtain a precise flow rate of the process gases. After trapping 

the magnesium dust and toxic diborane gas, left over gases were mixed with excess nitrogen to 

maintain the hydrogen gas below its flash point.  

HPCVD uses various toxic and hazardous chemicals. The main toxic material used in the HPCVD 

process is diborane gas. The lethal concentration (LC50) of diborane gas is 80 ppm. Exposure to 

lower levels of diborane gas can cause burns, difficulty breathing, dizziness, liver damage, 

headache, skin and eye irritation, kidney problems and vison disparity. Hydrogen gas is highly 

flammable gas therefore any spark can easily ignite it and can cause a violent fire. Its auto ignition 

temperature is 570 °C and flammability limit is between 4% - 74.5%. Any leakage of diborane and 

17

(C)

(d)
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hydrogen gases are continuously monitored inside and outside of the cabinets by Midas gas 

detectors. The standard operation procedures of HPCVD system is presented in Appendix A.  

3.3 As grown ultrathin MgB2 epitaxial films on 6H-SiC (0001)  

MgB2 can successfully be grown on a variety of substrates [85]. In order to achieve high quality 

c- axis oriented epitaxial films, however, the choice of substrates is limited to single crystal 

(0001) Al2O3, (111) MgO, and (0001) SiC. Al2O3 has a low transmission in the THz region and 

additionally an intermediate layer forms at the substrate/film interface due to the high deposition 

temperatures and interaction between Mg and O in the substrate [70]. MgO offers a better THz 

transmission, which is advantageous for the employment in HEB mixers. Like Al2O3 substrate, 

interfacial issues can arise in MgO substrate. The most favorable substrate for HPCVD MgB2 films 

is (0001) SiC. It has been shown recently that SiC also exhibits THz transmission up to 2.5  THz 

[86]. Also, critical temperature of epitaxial MgB2 films on 6H-SiC(0001) substrate surpasses the 

bulk value by 1 to 2 K  due to the biaxial tensile strain[87]. I therefore chose semi-insulating SiC 

substrates for this study. The lattice constants of various single crystal substrates are shown in 

table 3.1. Fig. 3.2 shows the AFM image of 6H-SiC (0001) substrate surface. These flat features 

show the surface roughness of 0.35 nm. Usually, roughness of substrate varies between 0.3 to 1 

nm.  
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Figure 3.2: AFM image of 6H-SiC (0001) substrate used to grow MgB2 ultrathin films. 

 

 TABLE 3.1: SINGLE CRYSTAL SUBSTRATES LATTICE PARAMETERS  

Material MgB2 6H-SiC Sapphire MgO 

Lattice Hexagonal Hexgonal Hexagonal 

Face Centered 

Cubic 

Lattice 

const./Å 

a = 3.086 

c = 3.524 

a = 3.073 

c = 15.11 

a = 4.77 

c = 13.04 

a = 4.213 

 

In HPCVD system, MgB2 thin film deposition process is based on a combination of physical vapor 

deposition of Mg and chemical vapor deposition of B, in which vapors of  Mg and B react at high 
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temperatures in a clean environment, resulting in the deposition of high quality MgB2 thin films 

[78][88][89]. To achieve thermodynamic stability of MgB2, a high Mg vapor pressure is necessary, 

which is realized through the evaporation of solid Mg pieces. B2H6 (diluted to 5% in H2) gas acts 

as the pure boron source through the decomposition at high temperature. The presence of a H2 

atmosphere during deposition prevents oxygen contamination.  

For a MgB2 thin film deposition, four pieces of clean Mg are placed on the edge of a stainless-

steel substrate holder while 10x10 mm2 substrates are placed at its center. The system is 

subsequently pumped down and flushed with hydrogen gas to remove any contaminants. After 

flushing, the chamber is pumped down once again to approximately 2 mTorr, at which point 

hydrogen gas is introduced into the chamber once again and the chamber pressure is set to 40 Torr, 

as controlled by a throttle valve. The temperature is then slowly raised until the Mg pieces begin 

to melt and is kept at a stable value during deposition. MgB2 deposition is initiated by the 

introduction of the B2H6 gas mixture into the chamber. The deposition ends once the B2H6 flow is 

shut down. 

The MgB2 deposition rate is highly dependent on the B2H6 flow rate and the flow rate has 

therefore been chosen to be 20 sccm for films with thicknesses of above 30 nm, while films below 

30 nm were grown at a flow rate of 2 sccm. The hydrogen flow rate was kept at 400 sccm during 

all depositions. Usually, the deposition temperature is fixed at around 15°C above the melting 

point of the Mg pieces. However, in the case of the ultrathin films, I chose to deposit MgB2 at just 

above the melting temperature, to keep particle diffusion and island formation to a minimum, since 

MgB2 is known to grow in the Volmer-Weber mode. Table 3.2 shows the process parameters 

which have been employed for the growth of the various MgB2 films. 
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TABLE 3.2:  MGB2 THIN FILM DEPOSITION PARAMETERS  

B2H6 Flow rate  

     (sccm) 

Deposition Time  

    (seconds) 

Deposition Temperature 

                 (°C) 

MgB2 film thickness 

            (nm) 

       2         30                  725               10 

       2         45                  725               15 

       2         60                  725               20 

       20         30                  750               30 

       20         45                  750               45 

       20         65                  750               60 

       20         100                  750              100 

 

3.3.1 Surface Morphology of as-grown ultrathin MgB2 films  

Fig 3.3 shows the SEM images of MgB2 films from 100 nm to 10 nm. The 10-nm film displays a 

more granular structure, while the films ≥ 30 nm clearly contain larger, interconnected islands. 

The difference in surface morphology is most likely a result of the lower deposition temperature 

used for films below 20 nm, limiting particle diffusion at the surface. Furthermore, the slowed 

down growth due to a lower diborane gas flow rate is also expected to significantly impact the film 

structure. AFM analysis of the ultrathin films showed a root-mean-squared roughness Rq of 3-4 nm 

for thicknesses below 20 nm, while an Rq of below 2 nm is common for much thicker films. This 

could also be most likely a result of the higher deposition temperature, thus stronger surface 

diffusion and larger hexagonal grains. 
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Figure 3.3 SEM images of as-grown (a) 100 nm, (b) 40 nm, (c) 30 nm, and (d) 10 nm MgB2 films 

on 6H-SiC (0001) substrates. Inset in Fig. 3.2 (d) shows the SEM image of assumed to be 3 nm 

film by deposition rate.  

3.3.2 Transport properties  

The critical temperature, resistivity, critical current density and film grain connectivity were 

characterized for the feasibility on the employment in HEB mixers. Fig. 3.2 shows the resistivity 

curves for films of various thicknesses. A drop in Tc is noticeable with decreasing film thickness, 

while the residual resistivity steadily increases. This occurrence suggests a disorder-induced 

suppression of the superconductivity and a similar outcome has been reported elsewhere[90]. The 
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Tc of above 36 K for the thinnest film (10 nm) is relatively close to the bulk value and surpasses 

results achieved by other deposition methods [91][82]. A recent theoretical study showed that 

ultrathin MgB2 films could even retain their superconductivity down to thicknesses as low as 

approximately 1.5 nm [92]. It should be noted that film degradation cannot be fully excluded as  

 

 

Figure: 3.4 Thickness dependent resistivity of MgB2 ultrathin films. Inset shows the normal state 

resistivity from 40-300 K. 

 

being one of the causes for the decrease of Tc at lower thicknesses. HPCVD MgB2 films tend to 

degrade in moisture over time if not capped with a passivation layer [77]. The degradation 

accelerates with thinner films, coinciding with the trend seen for the critical temperature of the 

ultrathin films. 

The significant change in resistivity could be a result of a lower film quality in the ultrathin films 

due to the presence of pinholes and a predominantly granular structure, introducing more grain 

boundaries in the film. This would result in increased scattering of electrons in the ultrathin MgB2 

films in comparison to films grown at higher temperatures. One should also consider scattering of 

electrons off the film surface and substrate interface in this case, as the film thickness for the 
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ultrathin films becomes the limiting factor of the mean free path of the electrons. 

 

From the measured room temperature and residual resistivities, the grain connectivity of the films 

can be determined and compared. According to Rowell[93], the change in resistivity from room 

temperature to the transition edge is an indicator of how well the MgB2 film is connected. A low 

resistivity difference corresponds to a well-connected film, while higher resistivities can be 

explained through an increased presence of grain boundaries and therefore reduced connectivity. 

The difference in resistivities (Δρ) between 300 K and 50 K can be described by, 

 

∆𝜌 = 𝐹[∆𝜌(ℎ𝑞)].               (3.1) 

          

here Δρ(hq) stands for the change in resistivity of a perfectly-connected film, which is taken to be 

the lowest value measured in these films, 8.24 µΩcm. This value is within the range I have 

observed in high quality HPCVD films [78]. The fractional area of the film that carries the current 

is symbolized by 1/F. Table 4.3 shows the calculated connectivity values for all the measured 

films. The films above 20 nm show well connected grains, as the connectivity is near 100%. Films 

of 20 nm and less exhibit a worse grain connectivity which does not surpass 64%. 
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The granular structure of the ultrathin films is therefore not only visible in the SEM images, but is 

also reflected in the resistivity values. It should again be noted, however, that the increase in 

resistivity with decreasing film thickness could also be the result of strong electron scattering due 

to the low film thickness.  

 

3.3.3 Critical current density and vortex pinning  

Using PPMS system, several magnetization loop measurements were taken in MgB2 films. To 

obtain the hysteresis loops, consecutive magnetization measurements were made over a wide range 

of magnetic fields, first while ramping up the Field in steps, and then while ramping down. For all 

measurements samples were aligned c-axis parallel to field direction and cooled with zero Field 

applied. A typical hysteresis loop of a 20 nm film can be seen in Fig.3.4.  

 

TABLE 3.3 

MGB2 FILM CHARACTERISTICS 
Film thickness 

(nm) Δρ(ρ300-ρ50) 
1/F Tc (K) 

100 8.46 0.97 41.2 

60 8.41 0.98 40.5 

45 8.24 1.00 40.6 

30 8.39 0.98 39.8 

20 13.39 0.62 39.8 

15 13.73 0.60 37.6 

10 12.92 0.64 36.1 
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Figure 3.5: (a) Magnetization curves of 20 nm MgB2 film, (b) difference between magnetization 

in positive and negative field direction. Measurements were done in PPMS system. 

 

The zero Field and field dependent critical current density  of series of MgB2  films were extracted 

by applying Bean Model [94]. According to this model, the relation of magnetic hysteresis to the 

to the critical current density in type II superconductor at a given applied field is given by, 

 

𝐽𝑐(𝐻) =
20 ∆𝑚(𝐻)

𝑉[𝑎((1−𝑎)/3𝑏)]
             (3.2) 

 

where, Δ𝑚( H) is the difference of magnetization in increasing and decreasing field, v, a, and b 

are volume, width and length of thin film slab respectively. Fig. 3.5 shows the thickness 

dependence of Jc at 0 Oe at 10 and 20 K. The 100 nm thick films exhibit a critical current density 

of close to 1x108 Acm-2, 
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Figure 3.6: Critical current density of ultrathin MgB2 films extracted from magnetization   

measurements [57]. 

 

which is commonly obtained in high quality HPCVD MgB2 films [95]. With lower film thickness, 

Jc steadily decreases until it reaches approximately 6x106 Acm-2 for the 10 nm thin films. This 

value is similar to what has been reported for ultrathin films deposited through molecular beam 

epitaxy [59].  

 

Figure 3.7: Field dependence critical current density of 10, 15 and 20 nm MgB2 films at, (a) 10 

K, and (b) 20 K [57]. 
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The Jc(H) curves for the 10, 15, and 20 nm thin films obtained through the magnetization 

measurements are displayed in Fig.3.6 for (a) 10 K and (b) 20 K. The zero-field Jc values of 

approximately 1x107 Acm-2 for all three films at both temperatures are still considerably high, but 

they drop quickly with increasing magnetic field strength due to vortex motion. A clear onset for 

a second peak can be observed for the 10nm film at 10 K at above 10000 Oe, while the 15 nm film 

displays a similar, yet noisier feature at 20 K. This structure is commonly referred to as a ‘fishtail’ 

and has previously only been observed for irradiated MgB2 single crystals [96-97] or MgB2 thin 

films containing carbon nanotubes [98].  

The fishtail can be explained by an order-disorder transition of the vortex system at certain field 

strength. The irradiation or carbon nanotubes incorporate defects into the film, which act as 

pinning centers for vortices. At low fields the vortex positions are mainly determined by vortex-

vortex repulsions. As a result, the vortex lattice is highly ordered, but does not overlap with the 

defect locations, leading to a drop in Jc at increasing fields due to vortex motion. The vortices 

relocate to pinning sites at greater fields due to an increased pinning energy in comparison to the 

energy of the vortex lattice itself. In this case Jc increases again and the vortex lattice exhibits 

disorder. In our ultrathin films, the pinning centers are most likely defects formed by pinholes and 

reduced grain sizes and therefore an increased amount of grain boundaries. A decrease in Tc with 

increasing defect density has also been observed for irradiated MgB2 films [97], which is consistent 

with our observations. 

By normalizing the fishtail to its maximum Jc,max and fitting the resulting curve to the model 

described by Jirsa et al.[99], one can obtain valuable information about the pinning mechanism 

leading to the order-disorder transition. For this purpose, I utilized 
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𝑗𝑐𝑐(𝑏) = 𝑏
𝑚𝑒𝑥𝑝 [

𝑚

𝑛
(1 − 𝑏𝑛)]            (3.3) 

 

where jcc = Jc/Jc,max is the normalized critical current density, b = B/Bmax = H/Hmax is the normalized 

magnetic field (H is directly proportional to B) and m and n are related to the intercept and gradient 

of the logarithmic susceptibility as a function of the normalized creep rate [100]. In the following 

analysis, I will only focus on the fishtail structure observed for the 10 nm film at 10 K, as the 

fishtail structures at higher temperatures contain significant noise. The normalized fishtail of the 

10 nm film and the corresponding fitted curve is displayed in Fig. 3.7. The m and n values 

determined from the fit were 1.22 and 5.85, respectively. Both values depend on the sample 

quality, where m is defined by the anisotropy, impurities, and grain size [101], while n is 

determined by the sample composition and porosity [102]. With m being close to unity, I can 

assume that the vortex pinning mechanism is affected by the sample porosity rather than anisotropy 

or impurities. 

The relation between m and n can indicate the type of pinning that dominates the disordered state 

[102]. Depending on the particular type of pinning, n/m can result in values of 3/2, 1/2, 0, -1/2, or 

-1. The highest value (3/2) corresponds to the case of pinning of small bundles at defect sites, as 

observed for various high-Tc superconducting cuprate compounds[102]. In our case, n/m = 4.8, 

which is rather high and does not ultimately reveal the type of pinning mechanism responsible for 

the disordered state. A similar result has been obtained for MgB2 thin films containing carbon 

nanotubes [98], demonstrating the universality of this phenomenon for MgB2. The maximum of 

the fishtail in the Jc(H) curve indicates the matching magnetic field where every vortex is pinned 

by a pinning center. The result shows a matching field of 22000 Oe, corresponding to an average 
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distance between two adjacent pinning centers of 35 nm. 

 

 

Figure 3.8: Fit of the normalized experimental jcc for a 10 nm thick MgB2 film at 10 K. The 

fitting parameters m and n are indicated in the figure. 

 

The broad fishtail further suggests that no perfectly periodic arrangement of pinning centers has 

been achieved. The distance between pinning centers corresponds extremely well to the size of the 

MgB2 grains of the 10 nm film, which have been estimated from the SEM images to be between 

25-45 nm. The calculated distance between pinning centers further translates to a defect density of 

8x1010 defects/cm2. 

3.4 Conclusion  

In conclusion, ultrathin MgB2 films grown by HPCVD where characterized and analyzed for 

their feasibility for HEB mixers. The films showed high Tc of above 36 K down to thicknesses of 

10 nm and zero-field critical current density values of approximately 1x107 Acm-2 at 10 K. Fishtail 

structures were observed at fields above 10000 Oe due to vortex pinning at most likely grain-

boundary sites in the predominantly granular films. 
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CHAPTER 4  

    ULTRATHIN MgB2 FILMS BY HPCVD AND SUBSEQUENT ION-MILLING  

4.1 Introduction  

In this chapter, I discuss about the structural and transport measurements of ultrathin MgB2 films 

grown by Hybrid Physical-Chemical Vapor Deposition (HPCVD) followed by low incident angle 

Ar ion milling. The ultrathin films as thin as 1.8 nm, or 6 unit cells, exhibit excellent 

superconducting properties such as high critical temperature (Tc) and high critical current density 

(Jc). The results show the great potential of these ultrathin films for superconducting devices and 

present a possibility to explore superconductivity in MgB2 at the 2D limit [103]. Also, this 

experimental demonstration may allow to design hyperbolic metamaterial multilayer stacks that 

has central role in nano-photonic, due to their ability to manipulate the nearfield light emitter or 

scattered [104]. This chapter summarizes the results of references [103][105]. 

MgB2 films grown by methods such as the co-evaporation process [82] and molecular beam 

epitaxy[75] [91][106-108] suffer from a significant drop in critical temperature (Tc) when the film 

thickness decreases. Compared to those, ultrathin films grown by hybrid physical chemical vapor 

deposition (HPCVD) exhibit superior quality[109][78] and display a Tc of up to 36 K for 10 nm 

thick films [57]. Although the HPCVD process results in highly epitaxial MgB2 films, the films 

display weak grain connectivity in the ultrathin regime due to the characteristic island growth of 

MgB2.  Recently Chalmers group has made progress on achieving as-grown MgB2 films down to 

6 nm with better uniformity and hence with film roughness of ~ 1 nm. The Tc  of their  6 nm 

patterned films shows ~ 30 K [58].  The HEB devices made from 10 nm films exhibit   gain 
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bandwidth of 11 GHz at 5 K and noise temperature 930 K with 1.6 THz  local oscillator [110] [62]. 

The gain bandwidth and noise temperature reported by them are better compared to  JPL group’s 

results in the devices fabricated using Temple University group films [111]. Furthermore, 

nanowires fabricated  by   Shibata [112]  using  Br2 –N2  dry  etching  using  MBE grown  films  

has been reported  with   Jc of  ~  106  A/cm2 in 76  nm  wide and 10 nm thick  nanowires. Ruling 

out MBE grown films due to their weaker Tc, there is a need of improvement in the connectivity 

and superconducting properties of   HPCVD grown ultrathin MgB2 in the thickness limit less 

than10 nm. 
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4.2 Thinning process  

Simple scheme of the etching procedure I employed is shown in Figure 4.1. (a) and (b). 

The 40 nm MgB2 films were subsequently thinned down to the desired thickness in an 

IntlVAC Ar ion milling system. Once the chamber base pressure reached 3.0 x10 -7 Torr, 

the films were milled at an incident angle of 15° with an ion beam current of 200 mA and 

an acceleration voltage of 400 V at an Ar pressure of 4.5 x 10-4 torr. To ensure the uniform 

etching sample stage was rotated during the process. It was observed that compared to 

milling at an angle of 45°, the low milling angle of 15° results in smoother film surfaces 

and lower milling rates thus allowing for more precise thickness control as displayed in 

Table 4.1. Since a fully connected thicker film is used as the starting point, this thinning 

process (in comparison to growing ultrathin films directly) preserves the grain 

connectivity.  

 

 

Figure 4.1: (a) Scheme of ion milling process, (b) schematic of thin film surfaces 

hit by the ion-beam of various angles in thin film surface. 

MgB2 

Substrate 
 Kaufman 
source 

(a) (b) 
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Figure 4.2: Flow chart of MgB2 ultrathin film fabrication process.  

 

Table 4.1: Ion milling rates, film thickness, and roughness for different films after milling. The 

numbers in round parentheses indicate the rms roughness of the films nm after milling.  

Angle 
Etch rate                   

[nm/sec] 
Film thickness (roughness) [nm] 

150 0.08 20 (1.9) 10 (2.1) 5 (1.1) 2.9 (0.85) 1.8 (0.34) 

450 0.32 20 (2.2) 10 (3.4) 5 (2.2) 3.0 (1.2) 2.0 (1.3) 

 

Thick MgB2 films grown by HPCVD exhibit a uniform coverage due to the optimized 

temperature profile, slower deposition rate, and longer nucleation time and, therefore, 

increased grain sizes. Fig. (4.2) shows the flow chart of MgB2 films fabrication process. 

In the ion milling process, the ion beam incident angle strongly influences the etching rate. 

The surface roughness of the film arises from the presence of particles and crystallites of 

large heights [113]. In the case of small angle milling, the etching is more effective in 
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reducing the height of the tall crystallites than reducing the film thickness of the flat area, 

thus the peak region is etched preferentially and the island structures in the film surface are 

smoothened. Fig. (4.3) shows the etch rate of the MgB2 films with respect to the glancing 

angle of ion beam.  

 

 

Figure 4.3: MgB2 etch rate vs ion beam glancing angles used to realize MgB2 films 

of various thickness.  

 

The etching rate increases rapidly with the increasing glancing angle from 15° to 45° and 

reaches maximum value about 20 nm/min. In the range of 90° the etching rate saturates at 

around 16 nm/min. This variation in etching rate is due to the direction of momentum 

transferred from energetic ions and to the atoms of MgB2 surface and the direction of 

atomic bonding on the surface [113]. 
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4.3 Surface morphology  

Fig. (4.4) displays the ex situ AFM images of as-grown and milled MgB2 films for 

comparison. Fig. 4.4 (a), (b), and (c) are AFM images of 40 nm, 20 nm, and 10 nm as-

grown films, respectively.  

 

 

Figure 4.4: AFM images of (a) 40 nm, (b) 20 nm, (c) 10 nm as-grown MgB2 films, 

(d) 20 nm, (e) 5 nm, and (f) 3 nm ion-milled MgB2 films.  

 

In these Images, it is clearly seen that the grain connectivity gets weaker as film thickness 

reduces. Also, roughness of the films increases with decrease in the film thickness. 

Predominantly, this increase in roughness is because of more island structure are prevalent 

due to the lack of nucleation. Fig. 4.4 (d), (e), (f) represent the AFM images of 20 nm, 5 nm 

and 3 nm MgB2 films fabricated by applying ion-milling in 40 nm as-grown film, 
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respectively. In these images, one can see the well interconnected grains with smoother 

surface roughness even though film thickness is as low as 3 nm. 

The SEM images of a regularly grown 40 nm, 20 nm and 10 nm MgB2 films and ion milled 

10 nm, 5 nm and 3 nm films are shown in Fig. (4.5). It is clearly visible that a directly 

grown film exhibits a higher granularity while a film obtained through ion milling of a 40 

nm MgB2 film shows a more uniform coverage with larger, interconnected islands. AFM 

analysis of the grown 40, 20 and 10 nm films showed a root-mean-squared roughness Rq 

of 2 nm, 3-4 nm, 4 nm, respectively, while the ion milled films results in a much smoother 

surface with an Rq of well below 2 nm. The surface morphology of the ion milled films 

could be more beneficial for the use in HEB mixers as it might allow for a more even 

phonon cooling due to a uniform thickness and less grain boundaries being present. It has 

been recently shown that the regularly grown films still perform well when employed in a 

HEB mixer [111] and it was possible to achieve IF bandwidths of more than 8 GHz at 25K. 

These films, however, display vortex pinning at increased magnetic fields, which is most 

likely a result of the defects due to the highly granular structure of the film [57]. It is unclear 

at this point how the defects affect the HEB mixer performance, yet it is likely that the 

vortex pinning could be omitted in ion milled films due to their larger grain sizes. 
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Figure 4.5: SEM images of ultrathin MgB2 films, (a) 40 nm, (b) 20 nm, (c) 10 nm as-grown 

films, (d) 10 nm, (e) 5 nm, and (f) 3 nm milled films. 

4.4 Structural analysis  

To study the structural properties of milled ultrathin MgB2 films Transmission Electron 

Microscopy (TEM) and X-ray diffraction (XRD) were performed. TEM analysis of all the 

presented samples were done at Drexel University*. Preparation of samples for 

Transmission Electron Microscopy (TEM) was performed via an in situ lift-out procedure 

using a FEI DB 235 dual-beam focused ion beam (FIB) followed by a 5 kV clean up. TEM 

imaging was performed on a JELO 2100 LaB6 with a high-resolution pole piece operated 

at 200 kV. High resolution TEM (HRTEM) image simulation was performed in JEMS 

using the multislice method [114]. Ultrathin films were capped with a 7nm thick in situ RF 

                                                 

* TEM sample preparation (FIB) and measurement was done by Andrew C. Lang  

(a) (b) (c)

(d) (e) (f)

(b)
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sputtered MgO to prevent any degradation during the sample preparation for TEM 

measurement. Fig. 4.6 (a) and (b) show HRTEM images of the (112̅0) interface for two 

MgB2 films on 6H-SiC, 1.8 nm and 2.9 nm in thickness, respectively. A very sharp 

interface with high crystalline ordering can be clearly seen in both TEM images, showing  

Epitaxial growth of MgB2 films on the SiC substrate. The films are uniform with no visible 

dislocations. The lattice parameter a deduced from the TEM images was 3.10 Å and 3.08 

Å for the 1.8 and 2.9 nm films, respectively, close to the bulk value of 3.08 Å[115]. The 

inset to Fig. 4.6 (a) shows the film/substrate interface in more detail, and the accompanying 

structural cartoon and multislice simulated HRTEM image, suggesting that the imaged film 

has the expected orientation.  

 

 

Figure 4.6: High-resolution TEM images of MgB2 ultra-thin films. (a) Wiener-filtered 

HRTEM image of the 1.8 nm film. The inset image shows the film/substrate interface with 

a multislice simulation of the MgB2 film. (b) Wiener-filtered HRTEM image of the 2.9 nm 

film. (c) 
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X-Ray diffraction (XRD) scans for a series of MgB2 films ranging from 2.9 nm to 40 nm 

are shown in figure 1c. The (0001) and (0002̅) peaks of the films are observed in addition 

to the substrate peak, indicating a c-oriented film growth. As the film thickness decreases, 

the peaks become broader (Fig 4.7 (d)) and the (0002̅) reflection of the film shifts slightly 

towards a lower angle, indicating an increase of the c lattice parameter. The average c 

lattice parameter estimated from the XRD data for the 40 nm film is 3.533 Å ±0.005, which 

is 0.26 % larger than the bulk value 3.524 Å [115]. The average c lattice parameter is 3.538 

±0.04 Å for the 5 nm film and 3.568 ±0.05 Å for the 2.9 nm film. The strained interfacial 

layer has a larger c lattice parameter compared to that of the bulk [116].  

 

Figure 4.7: (a) X-ray diffraction measurement performed on a series of films with different 

thicknesses. The numerical labels in the spectra correspond to the thickness of the films. 

The XRD curves are shifted vertically for clarity. The bottom (black) curve is an XRD scan 

of the 6H-SiC substrate and the curves above it are for MgB2 films on 6H-SiC. (d) The 

zoomed-in view of the spectral region corresponding to the (0002̅)) position. The widening 

of the peak width indicates a decrease in film thickness. 

17

aa ab
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4.5 Transport properties  

Resistivity vs. temperature (R-T) measurements were carried out with a standard four-

probe technique[117] in a Physical Property Measurement System (PPMS) from Quantum 

Design equipped with a superconducting magnet up to 9 T. 10 μm x 100 μm micro-bridges 

were patterned for transport measurements. To prevent the film degradation due to the 

exposure to moisture in ambient air and reduce the rapid oxidation during ex situ 

measurements, the films thinner than 10 nm were protected by an in-situ RF sputtered 

20 nm MgO layer. 

4.5.1 Resistivity, sheet resistance and RRR 

The R-T curves for the films from 40 nm to 1.8 nm are shown in Fig. 4.8 (a) and 4.8 (b). 

The superconducting transition is well-pronounced even in the thinnest film of 1.8 nm. The 

Tc of the 1.8 nm film is 28 K, a modest decrease from the 40 K in the 40 nm film. The 

residual resistivity (taken to be the resistivity at 42 K) increases by about 15 times with the 

decrease of the film thickness from 40 nm to 1.8 nm. The superconducting transition 

becomes broader for films thinner than 20 nm. It could be possible that there is damage 

caused by Ar ions which may partly contribute for the broadening of the transition. Surface 

scattering may also reduce the electron mean free path enough to lead to films in the dirty 

limit, which may also contribute to the broad transition. 
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Figure 4.8: (a) Resistivity vs. temperature measurements of patterned films near Tc. (b) 

Resistivity measurements shown up to room temperature. Measurements were carried out 

on patterned 100 μm x 10 μm micro-bridges.  

 

Fig. (4.9) shows the thickness dependence of Tc, sheet resistance (R) and the residual 

resistivity ratio RRR = R(300 K)/R(50 K) for the ion-milled films. In Fig. 4.8 (a), the results  

Figure 4.9: (a) Critical temperature vs thickness dependence in milled MgB2 films (filled 

circles) and in as-grown MgB2 films (open circles). (b) Thickness dependence of sheet 

resistance and residual resistivity of the MgB2 films fabricated by HPCVD followed by ion 

milling. 
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for the as-grown film are shown for comparison. The advantage of the ion-milling approach 

over directly growing ultrathin films is most pronounced for films below 20 nm. The 

thinnest superconducting films that can be grown directly are about 7 nm [118]. The ion-

milled films are still superconducting down to 1.8 nm. Fig. 4.9 (b) shows the sheet 

resistance of the studied films. The increased amount of disorder is manifested by the 

increase of the sheet resistance R in the normal state. Even in the 1.8 nm film, the normal 

state sheet resistance is < 200 Ω, far less than the quantum resistance h/(2e)2 = 6.4 kΩ/☐, 

indicating that the localization is not a dominant factor for suppression of superconducting 

state. I believe that because of the MgO capping layer, the interfusion of oxygen at interface 

is involved in the suppression of superconductivity.  The RRR shown in Fig. 4.9 (c) has an 

almost linear dependence on the thickness, with RRR  decreasing as film thickness 

decreases, indicating a higher density of defects [119]. This is consistent with the 

broadening of the superconducting transition for the ultrathin films. 

4.5.2 I-V characteristic and critical current density 

Fig. 4.10 (a) and (b) show the I-V characteristics of 10 nm and 5 nm micro bridges of 4 x 10 

µm2 extracted by four-point probe. The zero voltage or critical current was determined with 

in a 1µv criteria. All the measured films show a hysteresis and sharp jump in critical current 

(Ic) above 20 K.  
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              Figure 4.10:  I-V characteristics of 10 nm and 5 nm thick MgB2 films. 

 

Fig. 4.11 (a) and (b) show the thickness and temperature dependent of Jc of MgB2 films 

deduced from the transport I-V measurements. The Jc of the 5 nm film at 20 K, the target 

operating temperature for MgB2 based HEB mixers, is 2.1x106 A/cm2. For comparison, 

Jc = 4.1x106 A/cm2 at 2.7 K was reported by Shibata et al [74][75] for MBE grown 10 nm 

thick films, and Jc =1x106 A/cm2 at 20 K was by Wang et al[118] for as-grown 10-nm 

HPCVD films. The high Jc values in our films indicate excellent crystallinity and very good 

connectivity, even when the film thickness is less than 5 nm. At 4 K, Jc of 2.9 nm film 

drops by an order of magnitude compared to thicker films at the same temperature 

suggesting that the superconducting current carrying capacity becomes limited by the weak 

grain connectivity in such thin films. 

 

(a) (b)
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Figure 4.11: Thickness and temperature dependence Jc of MgB2 ultrathin films 

4.6 As grown Vs ion milled MgB2 Films  

The films less than 10 nm are difficult to achieve directly because of weak grain 

connectivity due to incomplete film coverage. To achieve high quality films less than 

10 nm Ar ion milling of thicker films was employed. The ultrathin films fabricated by ion 

milling show superior quality over as-grown films. The surface roughness of the films was 

significantly improved and the suppression of Tc from the bulk value is much slower in 

milled films than in as-grown films. The critical current density of the 5 nm milled film is 

1 x 107 A.cm-2 at 4 K, which is the same as that of the 10 nm as-grown film. A systematic 

comparison of structural and superconducting properties between as-grown and ion-milled 

films on (0001) 6H-SiC substrate is presented. I also discuss the feasibility of using these 

ultrathin films in HEB mixer and single photon detector device applications.  In this study, 

a set of films from 2-20 nm were prepared by applying the ex-situ Ar ion milling process 
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to HPCVD grown thicker MgB2 films. All the desired thinner films were achieved by 

slowly etching as-grown 40 nm film in the stage angle of 15 as described in the previous 

chapter. Since a highly connected thicker film is used as the starting point, this thinning 

process (in comparison to as-grown ultrathin films) still preserves the grain connectivity 

even when the film thickness is below 10 nm. Previous work has demonstrated that MgB2 

films grown by HPCVD show homogeneous thickness across the width of the substrate. 

MgB2 film in as large as 2 inches wafer have thickness variation of only 6% [120]. The 

samples used in the present work were only 4 mm x 4 mm in size and so even conservative 

estimates of thickness variation would be less than 1nm for a nominally 10 nm film. 

In the ion milling process, the ion beam incident angle strongly influences the etching 

rate. The surface roughness of the film arises from the presence of particles and crystallites 

of large heights. In the case of small angle milling, the etching is more effective in reducing 

the height of the tall crystallites than reducing the film thickness of the flat area, thus the 

peak region is etched preferentially and the island structures in the film surface are 

smoothened.  
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4.6.1 Surface morphology and film crystallinity  

Figure 4.12 displays SEM images of as-grown [Fig. 4.12 (a) and (b)] and milled [Fig. 4.12 

(c) and (d)] MgB2 films of various thicknesses deposited on (0001) 6H-SiC substrates. 

Grains with identical hexagonal shape and similar diameters (100-200 nm) are seen in both 

cases indicating no altercation in the crystal structure in the milling process. It is evident 

from Fig.4.12 (b) that due to the Volmer-Weber growth mode in the HPCVD process, 

where the atoms of film are more strongly couple with each other than with the substrate, 

three dimensional islands nucleate. Due to the insufficient growth time MgB2 grains cannot 

coalesce into continuous film. Figure 4.12 (c) and (d) show the 20 nm and 3 nm thin MgB2 

films obtained by ion milling from regularly grown 40 nm films. These milled films are 

more uniformly covered with larger interconnected islands. The AFM analysis of these 

milled films show that the film surface roughness is significantly improved. For instance, 

10 nm as-grown film showed a root-mean-squared roughness (Rq) ≥ 4 nm whereas milled 

film of the same thickness showed Rq
 of 2 nm. It is important to start the milling process 

with a smooth as-grown film since the roughness of the starting film is strongly reflected 

in the final milled film. 
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Figure 4.12 SEM images of MgB2 films of various thickness in (0001) 6H-SiC substrates: (a) 40 

nm as-grown film, (b) 3 nm as-grown, (c) 20 nm milled film, and (d) 3 nm milled film. 

4.6.2 Transport properties and Film connectivity 

Table 4.2 display the comparison of various characteristics of as-grown and milled MgB2 

ultrathin films. 

TABLE 4.2 

MGB2 FILM CHARACTERISTICS  

Thickness

(nm) 

       ρ50 

As-grown 

[milled] 

Connectivity 

As-grown [ milled] 

Tc (K) 

 As-grown 

[milled] 

 

  40              2.01             0.97            40.5  

  20       7.41 [4.09] 0.64 [0.87] 39.8 [39.9]  

 10         26.6 [11.23] 0.62 [0.74] 36.1 [37.6]  

 5       NA [12.21] NA [0.60] NA [35.8]  

 3       NA [26.41]           NA [0.47] NA [32.1]  
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Fig. (4.13) shows resistivity as a function of temperature for several ultrathin MgB2 films. 

For comparison, 10 nm and 20 nm as-grown and milled films are displayed. The critical 

temperature is above 36 K for all the films shown. A small drop in Tc is observed with 

decreasing film thickness, independent of whether they are as-grown or milled. The Tc of 

ion milled films are not as suppressed from the bulk value as it is for the as-grown films. 

It should be noted that there is a widening of the transitions in ion-milled films suggesting 

that there still could remain some area with low Tc in the film surface. It could be possible 

that there is damage caused by Ar ions which may partly contribute for the formation of 

these low Tc areas. However, at this point, actual damage by Ar ions is unknown.  

The residual resistivity increases with decreasing film thickness in both fabrication 

processes. This increase is partly affected by the increased surface scattering of electrons 

as the mean free path of the electron is limited by film thickness. Similar results for films 

of all the thicknesses below 40 nm are reported in our previous work[57][121]. The 

increase is more pronounced in as-grown films due to the weak grain connectivity. It should 

be noted that the HPCVD MgB2 films degrade in moisture if they are not capped with a 

passivation layer. This effect is much more serious in ultrathin films. Thus, all the ion 

milled films were protected by an in-situ RF sputtered MgO passivation layer. Commonly 

used materials for the passivation of MgB2 ultrathin films are AlN, MgO and SiO2. I have 

not observed any degradation in MgB2 ultrathin films passivated by a thin MgO layer 

during the ex situ measurements within hours. However, compared to AlN, MgO and SiO2 

are not suitable as a protection layer for better reproducibility during a long-time storage 
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of the ultrathin MgB2 film or device. Interfusion of oxygen at interface from MgO or SiO2 

may involve in the oxidation of pure MgB2 film.  

 

Figure 4.13 Resistivity vs temperature measurements of as-grown and ion milled films 

from 40 nm as-grown MgB2 films. 

 

According to Rowel [93] the grain connectivity of the films can be calculated from the 

measured resistivity at room temperature and 50 K. Table I display the connectivity of the 

as-grown and ion milled films along with normal state resistivity and Tc. A number closer 

to unity corresponds to a perfectly connected film.  A detail connectivity analysis for our 

ultrathin MgB2  films based on Rowel’s paper has been described in our previous work 

[57]. Because surface scattering dominates the increase in resistivity in ultrathin films, the 

reduced connectivity is not only factor for this increase. Therefore, this analysis provides 

a rough estimation of connectivity in the ultrathin regime. 
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4.6.3 Critical current density 

Figure 4.14 shows the temperature dependence of critical current density for as-grown 

and milled films of various thicknesses. These Jc data were extracted from the 

magnetization (m-H) measurements at 0 Oe and by applying the Bean Mode [94]. The 40 

nm as-grown films exhibit a critical current density of close to 1 x 108 A.cm-2 which is 

commonly obtained in high quality MgB2 films. The 20 nm and 10 nm milled films exhibit 

Jc close to 5 x10 7 A.cm-2 which is almost 60 % higher than those in the as-grown films of 

the same thickness. 

The Jc (H) curves for 5 nm and 20 nm milled films obtained through the m-H 

measurement are displayed in Fig.4.15 (a) and (b), respectively, for 4 K, 10 K and 20 K. 

The zero Field Jc values are approximately 1 x 107 A.cm-2 for both films at 4 K, which drop 

quickly with increasing magnetic field due to the weak vortex pinning. In our previous  

 

Figure 4.14: Critical current density (Jc) of MgB2 films of various thickness.   For 

comparison, Jc of as-grown (open points) and milled films (solid points) are plotted 

together. 
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report [57] a clear onset of the second peaks, so called “fishtail”, were observed for the 10 

nm and 15 nm films at 10 K above 10 kG for as-grown films. Such effect was absent in 

our milled films. For the 5 nm milled films it seems that such effect was observed at 20 K 

above 5 kG field, however it is difficult to conform due to noise.  

 

Figure 4.15:  Magnetic field dependence of Jc for milled MgB2 ultrathin films of (a) 5 nm 

and (b) 20 nm. 

4.7  Application to HEB Mixers and SNSPDs 

For HEB mixer device applications, there are two direct benefits of ion milled films over 

as-grown ultrathin films.  First, the smoother surface with well interconnected grains could 

allow more even cooling of phonons. Second, the ultrathin film with reasonably high 

Tc  (>  30K) is highly beneficial to enhance the operational temperature of HEB devices 

possibly above 20 K. The thinner the film, the faster the phonon scape rate given that the 

speed of sound in MgB2 material is constant and that there is a finite probability for the 

phonon to leave the film.  
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Even though ultrathin MgB2 films fabricated by the milling process are clean with a small 

degradation of critical temperature and high critical current density, the residual resistivity 

of the ultrathin films achieved by both processes is low as shown in Fig. 2. Because of this 

low residual resistivity, HEBs fabricated by using these films showed high local oscillator 

power requirements. Further, the low resistivity leads to high noise temperatures in the 

HEB devices due to the poor impedance match with the ~75 Ω antenna [61]. To achieve 

an appropriate impedance, the resistivity of the MgB2 thin films should be increased 

without a significant loss of Tc. The increase in resistivity minimizes the necessary device 

area, reducing the required local oscillator power needed for optimal pumping[122]. It is 

believed that the decrease in the diffusivity in the films can help to create a lump element 

detector, rather than the discreet hot spots that are seen in currently employed MgB2 based 

HEB mixers. The increased residual resistivity can also has a positive impact for SNSPD 

applications, as the kinetic inductance of a nanowire is related to the residual resistivity[70] 

and a larger kinetic inductance reduces the chance of latching in the nanowires [68].  

4.8 Conclusion  

In summary, this work demonstrated that high quality ultrathin MgB2 superconducting 

films can be fabricated by the HPCVD method followed by Ar ion-milling. With this 

process, films with thickness down to 1.8 nm, high Tc of 28 K and smooth surface can be 

achieved. The 5 nm ultrathin film shows a high critical current density greater than 

106 A/cm2 at 20 K and a low residual resistivity of less than 30 µΩcm. These 

superconducting properties make the films attractive for HEB mixers and SNSPDs 

applications. I have also presented a comparative analysis of structural and 
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superconducting properties of ultrathin MgB2 films for both as-grown and milled films on 

6H-SiC (001) substrates. Results show that the ultrathin films fabricated by HPCVD and 

ion milling show superior qualities compared to the as-grown HPCVD films. The surface 

roughness of the MgB2 ultrathin films achieved by the ion milling process is significantly 

lower than that of the as-grown films. Films fabricated by both ways result in residual 

resistivity < 25 .cm for the films ≥10 nm indicating the longer mean free paths and weak 

surface scattering. Further effort is needed to decrease the mean free path in our thin films 

to emulate the dirty NbN films, which are conducive for HEB applications.  
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CHAPTER 5                                                                                   

OTHER APPROACHES TO INCREASE THE RESISTIVITY OF MgB2 

FILMS                       

5.1 Introduction 

By using the HPCVD process, ultrathin MgB2 films down to 10 nm with a Tc of 36 K 

and a normal state resistivity of 20 µΩcm can successfully be grown [61]. Furthermore, 

applying ion-milling technique in as-grown thicker films, MgB2 films down to 1.8 nm can 

be achieved. However, both techniques result in films that suffer from low resistivity 

leading to high noise temperatures in HEB devices due to the poor impedance match with 

the ~75  Ω antenna[61]. To achieve an appropriate impedance, the resistivity of the MgB2 

thin films needs to be increased without losing Tc. This can be realized through the 

formation of films with a higher granularity.  

5.2 MgB2 thin films on SiC/ MgO  

I deposited MgO buffer layers on c-cut SiC (0001) substrates by reactive DC sputtering 

from a 2” Mg target at room temperature in an Ar/O2 (25:8 sccm) gas flow at a processing 

pressure of 4.0 mTorr.  The MgB2 films were grown ex-situ by HPCVD at a substrate 

temperature of 730 ºC and process pressure of 40 Torr. As usual, in the HPCVD process, 

Mg is supplied through the evaporation of cleaned Mg pieces that are placed at the edge of 

a resistively heated substrate holder, while boron is provided through the decomposition of 

diborane (B2H6) gas, which is introduced into the vacuum chamber in a hydrogen (H2) 
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carrier gas. For the MgB2 films deposition, the flow rate of the hydrogen carrier gas was 

maintained at 400 sccm, while the diborane (5% B2H6 in H2) gas flowrate was kept at 

2 sccm. Even though our goal is to achieve films of 10 nm and less with excellent 

superconducting properties, the initial measurement and analysis was started on thicker 

films (40-20 nm) to avoid any possible degradation of the MgB2 films in ambient 

atmosphere. The thickness of the films was confirmed by atomic force microscopy (AFM) 

and transport measurements for the films were carried out by the standard four-point-probe 

method.  

Here, I discuss on my efforts to decrease the mean free path in our thin films to emulate 

the dirty NbN films, which are conducive for HEB applications. I achieved this by growing 

films on an amorphous buffer layer of MgO on SiC (001), so that the HPCVD deposition 

of MgB2 could yield polycrystalline films, as opposed to the highly-oriented films typically 

achieved on bare SiC substrates. The results showed that, the resistivity of the films was 

increased by nearly an order of magnitude. The increased resistivity is beneficial to HEB 

applications for two main reasons. First, impedance matching of the antenna can be realized 

with just 1-2 squares. This minimizes the necessary device area, reducing the required local 

oscillator power needed for optimal pumping, which is proportional to the volume of the 

detector[122] . Reducing the electron mean free path also decreases the diffusivity in the 

films [123] [119], which can help to create a lump element detector, rather than the discreet 

hot spots that are currently seen.  

The increased residual resistivity also has a positive impact for SNSPD applications, as the 

kinetic inductance is known to be related to the residual resistivity[70] and a larger kinetic 
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inductance reduces the chance of latching in the nanowires [124]. The increased diffusivity 

will also benefit SNSPDs as a larger hot spot size will generate a larger signal. To 

characterize the film, I compare the films deposited on MgO buffer layers to those grown 

directly on SiC substrates.  

5.2.1 Crystallinity  

Fig. 5.1 shows SEM images of 20 nm MgB2 films deposited on SiC substrates with (a) and 

without (b) a MgO buffer layer for comparison. The MgB2 film grown on MgO buffered 

substrates shows a polycrystalline growth with a random orientation of MgB2 crystals.  The 

film grown directly on the SiC (001) substrate is always epitaxial. Note that the grains are 

identical in their hexagonal shape and are similar in diameter (100-200 nm) with 

thicknesses of a few nm. Only the orientation of these grains is different in the two 

depositions.  

 

 

      Fig. 5.1. SEM images showing the crystal orientation of (a) a polycrystalline film grown on an 

MgO buffer layer, and (b) an epitaxial film grown directly on a SiC substrate. 
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Fig. 5.2 (a) shows the AFM images of MgO of the thickness 20 nm sputtered on 6H- SiC 

(0001) substrate. The roughness of this MgO layer is 2.66 nm in 10 x10 µm2 scan area.  

 

Figure 5.2:  AFM scan of, (a) MgO buffer layer on top of SiC substrate, (b) 40 nm MgB2 

film, (c) 20 nm MgB2 film, and (d) 15 nm MgB2 film. 

 

Fig. 5.2(b), (c), and (d) show the 40 nm, 20 nm and 15 nm polycrystalline MgB2 films 

deposited on top of 40 nm MgO buffer year respectively. Even though, the thickness of 

MgO buffer layer is 2.6 nm, due to highly polycrystalline nature of the films the roughness 

of the films range between 6 nm to 11 nm.  

(a) (b)

(c) (d)
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5.2.2 Resistivity  

Fig. 5.3. shows the resistivity as a function of temperature for MgB2 films grown on MgO 

buffer layers and without the MgO layer. The results show an increase in normal state 

resistivity of an order of magnitude for films deposited on buffer layers compared to a film 

without a buffer layer. For 20 nm films the critical temperature of the film with an MgO 

buffer layer is suppressed by almost 2 K compared to a film directly grown on the SiC 

(001) substrate.  

The suppression in the polycrystalline film on the MgO buffer layer is partly due to the 

missing biaxial tensile strain that usually raises Tc in epitaxial films[87]. 

Figure 5.3: Resistivity of MgB2 films with and without MgO buffer layers of 40 nm.  
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5.3 Effect of Ion-irradiation in ultrathin MgB2 films  

Ion irradiation is one of the methods inducing crystalline disorder. To create a variety of 

defects highly energetic ions are bombarded in the thin film samples. Such bombarded ions 

displace atoms from their equilibrium lattice sites inducing vacancies and interstitials. Such 

defects depress the superconducting order parameter locally, and thereby creating pinning 

sites for the vortices. Depending on the energy and materials properties, most commonly 

used ion types for irradiation are proton, neutron, and 𝛼- particles. The energy of 

bombarding ions typically range from few kV to several MeV. I my case, helium with ion 

energy ≤ 20 kV was chosen since past studies shows that ions with energy ~ 2 MeV can 

penetrate 65 nm MgB2 films easily. In the previous studies, in rather thicker epitaxial MgB2 

films, it has been shown that  𝛼-particles irradiation causes a gradual increase in residual 

resistivity with little or no effect in film connectivity [125]. A series of irradiation with 

different dosage were used to create different defect densities. In the past, several studied 

were done on the effect of ion irradiation in bulk and thick MgB2 films [126]. These studies 

show that the ion irradiation increase in critical current density due to enhancement in 

vortex pinning [127]. Alternatively, either chemical doping or mechanical processing 

generates the similar disorder in the thin films but these methods are economically not 

viable and are time consuming. Therefore, ion irradiation methods are technologically 

clean and economically viable.  

Several micro-bridges of 40 nm thickness were patterned in HPCVD grown 40 nm MgB2 

films. Size of bridges ranges from 2 x 10 µm2 to 5 x 10 µm2. All the bridges were passivated 

with thin layer of MgO (~ 7 nm) to protect films from degradation.  Samples were exposed 
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in 20 kV He+ ions with different doses. The irradiated area was 1 µm x width of the 

bridges2.  

Fig. 5.4 (a) and (b) show the R-T plots of 40 nm MgB2 film. Two different plots correspond 

to the two 40 nm films grown in the exact same deposition parameters.  

The Tc drops with increase in irradiation dosages. This could be caused by number of 

possible factors: for example, induced disorder causes the depression of the density of 

states at the Fermi level [127]. This broadening of the transition also increases with 

increased dose; this can be explained by the inhomogeneity of the damage which 

contributes across the breadth. It should be noted that the onset of the transition lowers 

significantly for the higher dosages, indicating that there is no presence of any residual 

undamaged samples across the irradiated area. For the dosage 2 x1014/cm2, Tc remains close 

to virgin samples (Fig.5.4 (b)).  

 

                                                 

2 He+ irradiation was done at Rutgurs University by Leila Kesai.  

Increasing 

dose

(a) (b)
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Figure 5.4: R-T plots of 40 nm ion irradiated MgB2 films, (a) First film exposed in dosages 

> 4 x 1013 /cm2. B3, B4, B5, B6, B7, B8, B10, and B11 correspond to micro-bridges sized 4 

x10 µm2, 4 x10 µm2, 5 x10 µm2, 5x10 µm2, 5 x10 µm2, 5 x10 µm2, 4 x10 µm2, and 2 x10 

µm2. (b) Another film exposed in dosages ≤ 3 x1015/cm2.  

Fig. (5.5) shows the resistivity, and Tc0 plot for 40 nm MgB2 films as a function of different 

dosages.  

 

  

Figure 5.5: Critical temperature (Tc0), and resistivity of irradiated bridges as a function of 

He+
 
 ion dose. Inset shows the sketch of micro-bridge with Au contact pads and exposed 

area at the center of bridge 

bridge length = 10 µm

irradiated 

length = 1 µm

AU AU



98 
 

5.4 Aluminum doped MgB2 ultrathin films  

To grow the Al doped MgB2 films, same deposition parameters were used as described in 

chapter-4. Few small pieces of Al (99.99% purity) were put in the sample holder adjacent 

to the Mg (99.99% purity) pellets. At this point, the exact ratio of the Mg to Al is unknown, 

however roughly 1/10 of mass ratio was maintained, using very small pieces of Al 

compared to Mg pellets. 

 

 

 

Figure 5.6: SEM images of Al doped 40 nm MgB2 film (a) small area scan, (b) large area 

scan. 

 

Fig. 5.6 (a) and (b) shows the SEM images of Al doped 40 nm Mg1-xAlxB2 film. Unlike 

reported in sputtered films [128], HPCVD grown films show the c-epitaxial. The roughness 

(a) (b)
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of 40 nm film was 2 nm. From Fig. 5.5 it is clearly seen that Al doped films result in highly 

interconnected grains with average grain sizes of about 200 nm.  

Figure 5.7: Resistivity vs temperature plot of Al doped MgB2 films.  

 

Fig. (5.7) displays the resistivity vs temperature curves of 15, 20 and 10 nm Al doped films. 

The normal state (45K) resistivity of 40 nm films if 5.02 µΩcm, which is more than 100 % 

increase than that of the 40 nm film without doping. Similarly, the resistivity increase in 

20 and 10 nm films are 11.5 µΩcm and 15 µΩcm, respectively. The increase in resistivity 

is linear. From the previous studies, it is concluded that Al substitution in MgB2 causes the 

band filling i.e. shifting of the fermi level which decreases the hole density of states 

shrinking the cylindrical fermi surface, increases the career scattering rates giving raise to 

increased resistivity [128]. 
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5.5 Conclusion  

In summary, the MgO buffered films showed increase in the resistivity of the MgB2 films 

compared to the films without buffer layer. However, due to their highly polycrystalline 

nature it is difficult to improve the films surface roughness. Ion irradiated films also show 

some increase in resistivity, but Tc suppression on these films are large. However, for 

smaller dosages Tc suppression is not large.  Similarly, Al doped films shows some 

promise. These earlier efforts indicate few alternatives to realize MgB2 ultrathin films that 

are suitable for better HEB devices. However, further investigation is necessary to realize 

the films in ultrathin regime (<10 nm).  
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CHAPTER 6    

UPPER CRITICAL FIELD AND ELECTRONIC DIFFUSIVITY OF 

MAGNESIUM DIBORIDE FILMS                                                                                                              

6.1 Introduction 

Quasiclassical Elienberger equations [129] for the green functions 

𝑓(𝒌, 𝒓,𝝎), 𝑓+(𝑘, 𝒓,𝝎),  g(k , r, 𝝎) and order parameter ∆(𝒌, 𝒓), is a powerful tool to deal 

with inhomogeneous superconductors [130]. These functions depend on the so called, 

‘Matsubara frequency’, = 𝜋𝑇(2𝑛 + 1) , coordinate r, and wave vector k on the fermi 

surface. The dependence of green functions and order parameters on the wave vector k, 

makes them sensitive to the shape of fermi surface. This makes solution of Elienberger 

equations complicated in the system of complex Fermi surface, like MgB2. Frequently, the 

superconducting materials has strong impurity scattering and is described by the so called 

‘dirty limit’. For such case, the impurity scattering within each fermi sheet averages out 

the angular dependences of green functions and order parameters, making them 

independent of wave vector k. In this case, the Elienberger equation reduces to Usadel 

equations [131]. The main feature of Usadel equation is that all microscopic details are 

hidden in the normal state electronic diffusivities 𝐷𝑚
𝛼𝛽

 for each mth fermi sheet and the 

underlying fermi surface symmetry is dependent on the interband scattering rates [132]. 

This means, in this scenario the electron motion is diffusive and green functions are nearly 

isotropic. Usadel’s approach not only deals to ‘strongly dirty’ samples but also ‘moderately 

dirty’ samples. The theory of upper critical field for MgB2 was developed separately by 

Alex Gurevich [133], and Golubov and Koshelov [134]. Their theoretical models are based 
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on multiband generalization of the quasiclassical Usadel equations. The main difference 

between these two approaches is that Gurevich model considers the small band anisotropy 

where as Golubov and Koshelov model addresses the case of very high anisotropy in quasi-

2D band [134]. In this chapter, first I provide an over view of Gurevich theory [135] and I 

apply this theory to extract interband scattering rates and intraband diffusivities of MgB2 

ultrathin films.  

In conventional s-wave, single band, type II superconductor non-magnetic impurities or 

disorder does not affect Tc much but the slope of H' 
c2 = |dHc2/dT| is increases at Tc 

proportionally with residual resistivity. This behavior of upper critical field is characterized 

by dirty limit, ℏ𝑣𝑓 ≫ 2𝜋𝑙𝑘𝐵𝑇𝑐, where 𝑙 is the electron mean free path, and 𝑣𝑓 is fermi 

velocity. In this limit, the extrapolation of measured Hc2(T) overestimates the zero-

temperature upper critical field. The more realistic value in the dirty limit given by G-L 

theory is [136], 

 𝐻𝑐2(0) = 0.69𝑇𝑐[
𝑑𝐻𝑐2(𝑇)

𝑑𝑇
]𝑇=𝑇𝑐          (6.1) 

And at T=Tc, electronic diffusivity (D) is given by [137] , 

𝐷 = −
4𝑘𝐵

𝜋𝑒[
𝑑𝐻𝑐2(𝑇)

𝑑𝑇
]
𝑇=𝑇𝑐

=
1

3
𝑣𝑓𝑙           (6.2) 

Where, 𝑣𝑓  and 𝑙 are fermi velocity and meanfree path of electron, respectively. These 

equations are well established in single-band superconductors (in dirty limit) both 

theoretically and experimentally.  In the earlier approaches, people tried to use these single 

band models in MgB2 but both theoretically and experimentally it has been proven that 

these approaches strongly underestimate the actual Hc2(0) of dirty MgB2. The reason for 
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this is attributed to the complex fermi surface of two-gap superconductivity in MgB2 [132] 

.  

6.2 Two-Band superconductivity theory for upper critical field  

The fermi surface of MgB2 provides the three different channels: two intraband scattering 

within 𝜎 and π Fermi surface and one between them. According to Anderson theorem, 

strong impurity scattering in the dirty limit causes the intraband electron diffusion over 

their respective Fermi surface which reduces the intrinsic anisotropy of band gaps but the 

Tc of the sample remains unchanged.  On the other hand, the pair breaking interband 

scattering is responsible to the Tc reduction, [138]. Due to the orthogonality of 𝜎 and π 

orbitals, Tc suppression due to interband scattering seems weak in MgB2  [139].  

In the various experimental studies, the Hc2 behavior of MgB2 were found rather anomalous 

[132] [140] and such anomalous behavior of Hc2 cannot be explained by single band dirty 

limit theory. To address the physics behind observed anomalous behavior of Hc2 (T), 

Gurevich, and Gloubov and Koshelov theory was developed. The unique benefit of this 

approach is that the details of complex Fermi surface of MgB2 is not necessary to calculate 

Hc2  [132]. The impurity scattering is accounted by the nature of normal state electronic 

diffusivities 𝐷𝜎 and 𝐷𝜋 which are controlled by their respective intraband scattering rates 

in the 𝜎 and π bands, and interband scattering rates, 𝛾𝜎𝜎 , 𝛾𝜋𝜋, 𝛾𝜎𝜋 and 𝛾𝜋𝜎. 

The manifestation of intra and interband scattering along with paramagnetic effects in Hc2 

can be realize in two- band Usadel equation given by [133]: 

𝜔𝑓1 = −
𝐷1

2

𝛼𝛽
[𝑔1Π𝛼Π𝛽𝑓1 − 𝑓1∇𝛼∇𝛽𝑔1] = 𝜓1𝑔1 + 𝛾12(𝑔1𝑓2 − 𝑔2𝑓1]                 (6.3) 
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𝜔𝑓𝜋 = −
𝐷2

2

𝛼𝛽
[𝑔2Π𝛼Π𝛽𝑓2 − 𝑓2∇𝛼∇𝛽𝑔2] = 𝜓2𝑔2 + 𝛾21(𝑔2𝑓1 − 𝑔1𝑓2]      (6.4) 

Here, 𝑓𝑚(𝑟, 𝜔), and 𝑔𝑚(𝑟, 𝜔) are green functions in mth band, 𝜔 = 𝜋𝑇(2𝑛 + 1) is called 

Matsubara frequency, 𝐷𝑚
𝛼𝛽

 are intraband diffusivities due to non-magnetic impurity 

scattering, 𝛾𝑚𝑛 are interband scattering rates and Π = ∇ + 2πiA/𝜙𝜊 is vector potential and 

𝜙𝜊 is flux of quantum. Here in case of MgB2, index 1 corresponds to 𝜎 band and index 2 

crosponds to π band.  

6.2.1 Critical temperature  

The solution of Eq. (6.3), and (6.4) provides the expression of Tc in two-band 

superconductor [141] [142]. For negligible intraband scattering,  

𝑇𝑐0 = 1.14ℏ𝜔𝐷exp [−
𝜆+− 𝜆0

2𝜔
]           (6.5) 

where, 𝜆± = 𝜆𝜎𝜎 ± 𝜆𝜋𝜋, 𝑤 = 𝜆𝜎𝜎𝜆𝜋𝜋 − 𝜆𝜎𝜋𝜆𝜋𝜎,𝑎𝑛𝑑 𝜆𝜊 = √(𝜆−
2 + 4𝜆𝜎𝜋𝜆𝜋𝜎) 

𝜆𝜎𝜎, 𝜆𝜋𝜋, 𝜆𝜎𝜋 , 𝜆𝜋𝜎, are called BCS coupling constants provided by frist principle 

calculations 0.81, 0.285, 0.119 and 0.09 respectively. From first principle calculation, it is 

shown that the relation,  

𝜆𝜎𝜋

𝜆𝜋𝜎
= 

𝛾𝜎𝜋

𝛾𝜋𝜎
=  

𝑁𝜋

𝑁𝜎
=  1.3 holds [132], where Nπ and  𝑁𝜎 are partial density of states in π and 

𝜎 bands, respectively. 

The solution of Eq. (6.3) and (6.4) for non-zero interband scattering rates provides,  
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𝑈 (
𝑔

𝑡𝑐
) =  −

(𝜆0+𝜔 𝑙𝑛 𝑡𝑐) 𝑙𝑛 𝑡𝑐

𝑝+𝜔𝑙𝑛𝑡𝑐
        (6.6) 

  

2𝑝 = 𝜆0 +
[𝛾−𝜆−−2𝜆𝜋𝜎𝛾𝜎𝜋−2𝜆𝜎𝜋𝛾𝜋𝜎]

𝛾+
       (6.7) 

  

𝑈(𝑥) = 𝜓 (
1

2
+ 𝑥) − 𝜓 (

1

2
)        (6.8) 

Where 𝜓(𝑥) =  𝜓(𝑥) − 𝜓 (
1

2
) is digamma function, tc = Tc/Tc0,  𝑔 = 𝛾+ /2𝜋𝑇𝑐0 is interband 

scattering parameter. The dependent of interband scattering parameter on Tc   for Tco = 41 

K (for MgB2 on 6H-SiC (0001) 41 K is highest possible Tc) is shown in Fig. 6.1. 

 

Figure 6.1: Dependent of Tc on the interband scattering parameter 𝑔.  

 

The suppression in critical temperature can be calculated as,  

𝛿𝑇𝑐 = 𝑇𝑐 − 𝑇𝑐0 = −
𝜋

8𝜆0
[𝜆0𝛾+ + 𝜆−𝛾−  − 2𝜆𝜋𝜎𝛾𝜎𝜋 − 2𝜆1𝜎𝜋𝛾𝜋𝜎 ]       (6.9)  
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This equation can be used to extract the interband scattering rates for known shift in Tc 

[143]. Even a weak interband scattering can affect the behavior of Hc2 i.e. also values of 

diffusivities, therefore one cannot neglect the interband effect even though there is very 

small suppression in Tc [135] 

6.2.2 Magnetic field parallel to c-axis 

When magnetic field is oriented along the c-axis of the sample, upper critical field is 

determined by the linearized Usadel equation,  

(𝜔 ± 𝑖𝜇𝐵𝐻)𝑓𝜎 −
𝐷𝜎

2
Π2𝑓𝜎 = Δ𝜎 + (𝑓𝜋 − 𝑓𝜎)𝛾𝜎𝜋      (6.10) 

(𝜔 ± 𝑖𝜇𝐵𝐻)𝑓𝜋 −
𝐷𝜋

2
Π2𝑓𝜋 = Δ𝜋 + (𝑓𝜎 − 𝑓𝜋)𝛾𝜋𝜎     (6.11) 

where, 𝐷𝜎 and  𝐷𝜋  are intraband electronic diffusivities due to non-magnetic impurities 

for 𝜎 and π band respectively, 𝜔 = 𝜋𝑇(2𝑛 + 1) is called Matusbara frequency, ± 𝜇𝐵𝐻 is 

Zeeman paramagnetic term, 𝑓𝜋 and 𝑓𝜎 are called Usadel green functions in π and 𝜎 band 

respectively, Δ𝜋 𝑎𝑛𝑑 Δ𝜎 are given by:  

Δ𝑚(𝑥) =  exp [−πH𝑥
2/𝜙𝜊],         (6.12) 

Along with supplementary order parameters, 

𝜓𝑚 = 2𝜋𝑇∑ ∑ 𝜆𝑚𝑛′𝑓𝑚′(𝑟𝜔)𝑚
𝜔𝐷
𝜔>0

       (6.13) 

      

with |𝑓𝑚|
2 + 𝑔𝑚

2 = 1         (6.14) 
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From Eq. (6.10), (6.11), (6,13) with condition of Eq. (6.14) one can achieve the equation 

for Hc2(T): 

(𝜆0 + 𝜆𝑖)(ln 𝑡 + 𝑈+) + (𝜆0 − 𝜆𝑖)(ln 𝑡 + 𝑈−) + 2𝜔(ln 𝑡 + 𝑈+)(ln 𝑡 + 𝑈−) = 0   (6.15) 

𝜆𝑖 = [(𝜔− + 𝛾−)𝜆− − 2𝜆𝜎𝜋𝛾𝜋𝜎 − 2𝜆𝜋𝜎𝛾𝜎𝜋]/Ω0       (6.16) 

2Ω± = 𝜔+ + 𝛾+ ± Ω0           (6.17) 

Ω0 = [(𝜔− + 𝛾−)
2 + 4𝛾𝜎𝜋𝛾𝜋𝜎]

1
2⁄                     (6.18) 

𝜔± =
(𝐷𝜎±𝐷𝜋)𝜋𝐻

𝜙0
=
(1±𝐷𝜎)𝜂𝜋𝐻

𝜙0
          (6.19)  

𝑈± = 𝑅𝑒 𝜓 (
1

2
+
Ω±+𝑖𝜇𝐵𝐻

2𝜋𝑇
) − 𝜓 (

1

2
)         (6.20) 

Eq. (6.15) takes in to account of interband scattering and paramagnetic effects. If interband 

scattering and paramagnetic effects are negligible, Eq. (6.5) reduces to, 

ln 𝑡 = − [
𝑈(ℎ)+𝑈(𝜂𝐻)+

𝜆0
𝜔⁄

2
] + [

(𝑈(ℎ)−𝑈(𝜂𝐻)−
𝜆−

𝜔⁄ )
2

4
+
𝜆12𝜆21

𝜔2
 ]

1
2⁄

                         (6.21) 

𝐻𝑐2 = 2𝜙0𝑇𝑐𝑡ℎ/𝐷𝜎                   (6.22) 

𝜂 =  
𝐷𝜋

𝐷𝜎
= 𝐷𝜋

(𝑎𝑏=𝑐)
/𝐷𝜎

𝑎𝑏        (6.23) 

For g <<1, which is near Tc and for equal intraband diffusivities the equation of Hc2 (T) 

reduces to single band G-L equation. For different the diffusivities, i.e. 𝐷𝜋 ≠ 𝐷𝜎 

uppercritical field is determined by maximum intraband diffusivisity. For example, if 

disorder in film causes scattering in 𝜎 band, 𝐷𝜋  determines the nature of Hc2 curve [135]. 

The zero temperature Hc2(0), can be obtained by following equation,  
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𝐻𝑐2(0) =
𝜙𝜊𝑘𝐵𝑇𝑐

2ℏ𝛾√(𝐷𝜋𝐷𝜎)
exp [𝑓]        (6.24) 

Where, ln(𝛾) = −0.57 

2𝑓 = √[(𝜆𝜊/𝑤)
2 + 𝑙𝑛𝑙𝑛2𝜂 +

2 ln(𝜂)𝜆−

𝑤
] −

𝜆𝜊

𝑤
      (6.25) 

For magnetic field, parallel to ab-plane, above equations for Hc2(T) are valid when 

diffusivity ratio 𝜂 =  
𝐷𝜋

𝐷𝜎
 is replaced with 𝜂 =  

𝐷𝜋

√(𝐷𝜋
(𝑎𝑏)

𝐷𝜎
𝑐)

. In the perpendicular field 

diffusivities are in-plane and π band diffusivity is assumed to be isotropic. Fig. (6.2) shows 

the theoretical calculation curves of Gurevich theory in –dHc2/dT versus T/Tc under several 

values of the parameter 𝜂. The inset of the Fig 6.2 shows the calculated Hc2 curve with 

various 𝜂 with fixed 𝑔 = 0.05. From Fig. (6.2) it is clearly seen that when value of 𝜂 

decreases Hc2 curve deviates near T= 0 and slope of curve near Tc becomes less stepper. 

For 𝜂 the nature of Hc2 curve becomes identical to that of single-band superconductor. 
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Figure 6.2: Calculation curves of Gruvich theory for Hc2 of two-band superconductor  

MgB2 [144]. 

6.3 Experiments 

The experimental measurements of Hc2 for MgB2 ultrathin films consists of three parts; the 

sample preparation, transport and structural characterization, and the magnetoresistance 

measurements in PPMS.  

To study the upper critical field of MgB2 ultrathin films various films from 100 nm to 5 nm 

were prepared. Films of thickness of 100 nm 60 nm and 40 nm were directly grown form 

HPCVD system and Hc2 was measured without any post-processing. Films less than 40 nm 

were patterned in a bridge and desired thickness was achieved form ion-milling process. 

All the films were grown in 6H-SiC (0001) substrates. The films thinner than 40 nm were 

passivated either with MgO or SiO2 of approximate thickness 10 nm. The passivation layers 

were sputtered in situ in magnetron sputtering system installed in the ion-milling. The 

sputtering system uses a 2-inch diameter magnesium oxide and a 2- inch SiO2 target and 

argon atmosphere (flow rate of 20 sccm). For both target, RF power supply was used with 
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80 Watt power. The sputtering was done in ambient temperature and ~4 mTorr pressure 

resulting deposition rate of ~ 0.6 nm/min. 

In HPCVD system, the 100 nm, and 60 nm films were deposited using 5% diborane gas 

with flow rate of 20 sccm. Throughout the process, continuous flow of 400 sccm hydrogen 

was maintained. For the films ≤ 40 nm deposition was done in 2 sccm diborane flow rate 

whereas hydrogen flow rate was maintained same as explained in chapter 4. The films were 

deposited at 750 C. In the both cases processing pressure was maintained 40 Torr. The 

surface, and structural characterization of all the films were done as described in chapter 3 

and chapter 4.  To measure Hc2, the thin films samples were mounted on a PPMS, horizontal 

rotator. The PPMS horizontal rotator allows samples rotations around an axis that is 

perpendicular to the direction of longitudinal PPMS magnet. The Horizontal rotator probe 

fits into the PPMS sample chamber with all wiring connections accomplished via the keyed 

connector at the bottom of sample chamber. Fig. (6.3) shows the Schematic of Hc2(T) 

measurement along with the image of the horizontal rotator probe. A good alignment is 

critical for Hc2 measurement because a small tilt in sample makes the field direction neither 

in plane nor perpendicular.  

Hc2 of the MgB2 films was determined form measurements of magneto resistance by a dc 

four terminal method at magnetic fields from 0 Tesla to 9 Tesla using PPMS magnet. The 

magnetoresistance was measured in field direction of both H|| ab-plane and H||c-axis to 

obtained the superconducting anisotropy of the films. The sweep rate of magnetic field was 

1 T/min while temperature was stabilized to ~ 10 mK. The excitation current form 

1- 20 mA was applied to the samples depending on the resistance of MgB2 films. Films did 

not show any significant change in R(H) with change in excitation current.  
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Figure 6.3: (a) A schematic of Hc2(T) measurement, (b) PPMS horizontal rotator and, a 

resistivity sample pucks.  
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6.4 Results 

Fig. (6.4) shows the magnetoresistance curves for the 100 nm, 60 nm, 40 nm, 20 nm,10 

nm, and 5 nm films. The 100 nm film (Fig.6.4 (a)) shows the larger increase in 

magnetoresistance of about 40 % at 9 T form 0 T at filed parallel to c-axis. The residual 

resistivity of 100 nm film at 0 T is 0.8 µΩcm whereas at 9T it is 1.1 µΩcm. There is a 

gradual increase in normal state resistivity with decrease in film thickness at zero field 

where as the increase in magnetoresistance with increasing field is smaller. Such large 

magnetoresistance indicates the clean samples. Form a multiband free-electron model, Qi 

Li et.al. suggested that, cleaner 𝜎 band with larger conductivity have larger contribution to 

magnetoresistance in H||c [145]. However, the increase in magnetoresistance in 100 nm 

and 60 nm films are small compare to thicker c-epitaxial films reported by Qi Li et.al [145]. 

In thin films, due to localization effect the magnetoresistance is smaller compared to 

thicker films. The increase in magnetoresistance in H|| ab was observed considerably 

smaller than for H||c. At 9 T, a large anisotropy magnetoresistance was observed in 100 

nm, and 60 nm films. That can be explained by highly anisotropic Fermi surface of MgB2. 

The small contributions in conductivity from the 𝜎 band result in smaller 

magnetoresistance in H||ab (ref 145). 
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Figure 6.4: Magnetoresistance curves of (a) 100 nm, (b) 60 nm, (c) 40 nm, (d) 20 

nm, (e) 10 nm, and (f) 5 nm MgB2 films. Upper part of each figure shows the 

magnetoresistance at Field along ab-plane and lower part shows the field along 

c- axis.  

 

(a) (b) (c)

(d) (e) (f)
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6.5 Diffusivity  

From the magnetoresistance measurements, I obtained the Hc2(T) phase diagrams of 

all the films as shown in Fig. (6.5). From the phase diagrams, it is seen that 

superconducting anisotropy parameter 𝛾𝐻 = 𝐻𝑐2
(𝑎𝑏)
/𝐻𝑐2

𝑐  was found to be 2.9 for 100 

nm and 60 nm films. Similarly, for 40, 20, 10 and 5 nm films 𝛾𝐻 was about 2.6. For 

filed along ab-plane Hc2(0) was between 18-26.5 T which are apparently larger than 

those for single crystal MgB2. This indicates that the superconducting coherence 

length is reduced through the reduction of mean free path due to the disorder present 

in the films. Also, I observed that the normal state resistivity of the films increases 

with decrease in film thickness (Fig. (6.6)). The resistivity data in Fig. (6.6) exhibit 

an interesting trend, upper critical filed lines become steeper and as resistivity of 

films increases. This changing behavior of Hc(T) with increased resistivity is 

consistent with the dirty limit behavior of BCS theory. This kind of behavior has 

been observed previously in many disordered films [132][140]. Since mean free 

path(𝑙) scales inversely with resistivity, that allows me tentatively to conclude that 

these films can be considered as in dirty limit. This is the basis for determining the 

𝜎, and 𝜋 band electronic diffusivities. Furthermore, the resistivity of studied films 

show the trend of 𝜌𝑛 ∝ 
1

𝑑
  , where d is film thickness. This allows to apply the Drude 

model to calculate the mean free path of the films [146]. Though, for the films with 

thickness smaller the bulk mean free path (𝑙), which is reported between 600 Å to 

1000 Å in bulk MgB2 samples, can be replaced as 𝑙. The mean free path, normal state 

resistivity, and coherence lengths of all the films are presented in Table 6.1. 

Coherence length was calculated by using G-L theory near Tc given by:  
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𝜉𝑎𝑏(0) = √(
𝜙0

2𝜋𝐻𝑐2
𝑐 (0)

)           (6.26) 

where 𝜙0 is flux quantum. In the free-electron model, one can use the Drude formula 

to extract the mean free path (𝑙) for the normal state resistivity as; 

𝑙 =
𝑚𝑣𝐹

𝑛𝑒2𝜌𝑛
           (6.27) 

Where m is mass of electron, the charge career density 𝑛 = 6.7 x1022 cm-3 reported from 

Hall measurement in MgB2,  𝑣𝐹 = 4.8 x107 cm/s, reported from first principle calculations 

[Ref.20].  

 

 

  Table 6.1: Superconducting characteristics of MgB2 films. 
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Figure 6.5: Hc2(T) curves of (a) 100 nm, (b) 60 nm, (c) 20 nm, and (d) 5 nm films for the 

field direction H|| c (solid circles) and H||ab-plane (open circles). Solid lines are calculated 

curves obtained from fitting the Gurevich theory.  

To extract the diffusivities of the films, experimentally obtained Hc2(T) were calculated by 

fitting the Gurevich theory in which impurity scattering is introduced as the intraband 

electron diffusivities and the interband scattering.  The calculations were performed using 

the application software Mathematica form Wolfram Research Co. In the calculations, I 

used Eq.(6.15) to describe the experimental Hc2(T), taking ab, initio values [140] 

 

(a) (b)

(d)(c)
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Figure 6.6: Resistivity vs temperature plot of MgB2 films used for H(T) measurements.  

 

 𝜆𝜎𝜎 =  0.81, 𝜆𝜋𝜋 = 0.28, 𝜆𝜎𝜋 = 0.115, 𝑎𝑛𝑑 𝜆𝜋𝜎 = 0.09 as input parameters. First, 

𝑔 was calculated from Eq. (6.6) with observed Tc and Tc0 = 41 K. Since in 6H-SiC (0001) 

substrates best observed Tc0 is 41 K.  Note that, in two-band superconductivity, TC  is not 

affected by intraband scattering, but it decreases with increased interbond scattering 

parameter 𝑔 [135] i.e. in our case, for Tc0 =  Tc ( 41 K), 𝑔 = 0 and for Tc < 41 K, 𝑔 > 0. 

Next, I calculated 𝐷𝜎 by using the Eq. (6.24) taking experimental Hc2(0) (observed or 

extrapolated) leaving 𝜂 =  
𝐷𝜋

𝐷𝜎
 as the only fitting parameter. The dirty limit theory assumes 

that impurities or disorder only changes the scattering rates but not the coupling constants 

𝜆𝑚𝑛 which is manifeasted by the weak supression of Tc [140]. Therefore, for ultrathin films, 

one can still use the values of 𝜆𝑚𝑛calculated for bulk samples. The experimentally obtained 

film characteristics and fitting parameters are shown in Table 7.2.  

  

(a) (b)
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Table 6.2: Experimentally obtained film characteristics, and best fitting parameters from 

theory.  

                           Experimental   Fitting Parameters  

d (nm) 

Tc 

(K) 

𝐻𝑐2
𝑐 (0) (T)  𝐻𝑐2

𝑎𝑏(0) (T)     g 
𝐷𝜋
𝐷𝜎

    𝐷𝜎  (cm2s-1) 𝐷𝜋 (cm2s-1) 

100  40.2    6.2 18.0 0.012 25.4       2.8 71.12 

60   40.1    6.5 22.8 0.012 20.5       2.6  53.3 

40 39.8    7.5 24.5 0.016 18.6       2.5  46.5 

20 38.04    8.5 25.5 0.042 15.0       2.4  36.0 

10 36.2    9.0 26.8 0.073 10.0       1.4  12.0 

5 33.04    9.8 25.4 0.141 6.2       0.8  4.96 

 

6.6 Discussion 

The results of diffusivities obtained from Gurevich theory, as listed in the Table 7.2 show 

the case of 𝜂 > 1. This indicates that the films have cleaner π band than 𝜎 band (as 

suggested in Ref.135). Also, the decrease in anisotropy with increasing temperature 

supports this argument. For the 5 nm 𝜂 is 6.2, and for thicker films 𝜂 increases rapidly 

reaching 25.4 for 100 nm film. This large diffusivity ratio is consistent with the lack of a 

sharp upward curvature in Hc2(T) at low T, similar to  frequently observed in the bulk 

samples with extremely high Hc2(0)[132]. The films at Temple were fabricated with no 

any artificially doped impurities to achieve high quality films for device applications. 
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Nevertheless, these films showed increase in Hc2(T) with decreasing films thickness 

making π band dirtier than that in thicker films. This implies that the size effect, strain or 

distribution of the interatomic distances, degradation of the films due to moisture can 

causes in increased critical field. Especially, when film thickness approaches to mean free 

path, 𝑙 for electron collision, so called ‘size effect’ causes the scattering at the grain 

boundaries, which typically increase in density with decreased d, reducing the effective 

current carrying cross sectional area. Another possibility is that the capping layer can cause 

the interdiffusion of oxygen atoms in the interface.  

Figure 6.7: Thickness dependence electronic diffusivity of MgB2 films. 

 

Fig. (6.7) shows the thickness dependence diffusivities of all the films. From Fig. 6.7 (a) 

and (b) it is clearly seen that, parameters Dπ and 𝐷𝜎 obtained from fitting show an 

exponential decrease with thickness, and hence with Tc, where as normal state resistivity 
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𝜌𝑛 follows 1/d dependence. However, in all samples π band diffusivity is larger than 𝜎 

band diffusivity, indicating cleaner π bnad. This means, disorder is mainly due to the 

extrinsic effects such as scattering in nanoscale grain boundary structures, surface 

scattering etc. Furthermore, the addition of N2 gas during films deposition may have added 

scattering centers via a trace amount of oxygen present in N2. The intraband scattering rates 

in MgB2 are very sensitive to the details of deposition conditions. Therefore, Hc2, and 

resistivity vary sample to sample. In the many bulk samples studied previously, samples 

with very different resistivity showed similar Hc2 values. Therefore, one can conclude that 

scattering on nanoscale grain boundary structure could indeed cause the significant 

contribution to the resistivity. According to Gurevich (Ref.132), extrinsic mechanism does 

not affect the Hc2 i.e. they do not change the results of analysis based on two band model.   

To understand the contribution of extrinsic effect in normal state resistivity, one can 

calculate the intrinsic resistivity 𝜌𝑖, by using calculated diffusivities in relation (Ref.132):  

1

𝜌𝑖
= 𝑒2(𝑁𝜋𝐷𝜋 + 𝑁𝜎𝐷𝜎)        (6.28) 

and subtract 𝜌0 to the observed normal state resistivity 𝜌𝑛.  Where, 𝑁𝜋, and 𝑁𝜎 are partial 

density of states given by 0.30 states /eV, 0.40 states /eV respectively for MgB2. Using Eq. 

(6.28) and values of  𝐷𝜎 and  𝐷𝜋 from the fitting (Table 7.2) one can find intrinsic 

contribution to the resistivity for, 100 nm, 𝜌𝑖 = 0.29 µΩcm, and extrinsic contribution to 

the resistivity, 𝜌𝑒𝑥 = 𝜌𝑛 − 𝜌𝑖 = 0.45 µΩcm. All the intrinsic and extrinsic contribution to 

the normal state resistivity along with measured normal state resistivity is presented in 

Table 6.3.  Note that, the partial densities of states can be different from their bulk values 
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in very thin films. Nevertheless, we can use bulk values to make a rough estimation for 

ultrathin films. 

 

Table 6.3: Measured normal state resistivity, intrinsic contribution to resistivity and 

extrinsic contribution to resistivity for ultrathin MgB2 films 

 

 

6.6.1 Relevance to phonon-cooled HEB devices  

As discussed in chapter one, one of the major criterion to design the HEB device length L 

is, 
𝐿𝑡ℎ

𝐿
> 1, for phonon-cooled devices, and 

𝐿𝑡ℎ

𝐿
< 1, for diffusion-cooled devices, where, 

Lth= (Dτe-ph)
1/2

 is called diffusion length, and τe-ph is electron-phonon interaction time.  

Both  𝐷𝜋 and 𝐷𝜎   for  MgB2 films ≤ 20nm, which are the thickness limit for HEB devices, 

are larger than the diffusivity of NbN (D = 0.5 cm2.s-1 for 5 nm film, at 10 K) [137]. 

Usually, phonon-cooled HEB mixers are preferred because biasing is unstable in very short 
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bridges. Also, very shorter bridges are susceptible to the direct detection. Even though, the 

diffusivities of MgB2 ultrathin films appear to be larger than that of NbN. Fortunately, 

electron-phonon relaxation time in MgB2 materials are much shorter (Table 1.1) compared 

to that of NbN. That allows to realize successful phonon-cooled HEB based on MgB2 

sub- micron bridges.  

6.7 Conclusion 

To sum up, I measured the upper critical fields of MgB2 films of various thickness from 

100-5 nm. The magnetoresistance of 100 nm film showed an increase up to 40% at 9 T 

from 0 T. The intraband electron diffusivities was calculated by using two-band model 

Gurevich theory in the dirty limit. The π band diffusivities are larger compared to 𝜎  band 

diffusivity, indicating cleaner π band. In the thinner films, small thickness plays a role of 

impurity that is electron can scatter off surface from defects, which reduces the diffusivity.  
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CHAPTER 7  

CURRENT DEVELOPMENT AND FUTURE OUTLOOK  

7.1 Conclusion 

In this thesis, growth and study of ultrathin MgB2 films by using HPCVD process has been 

discussed. In the already established HPCVD set up, the growth conditions were carefully 

tuned to achieve ultrathin MgB2 films. Clean MgB2 films were achieved by optimized 

growth parameters with a good reproducibility. As grown c-epitaxial MgB2 ultrathin films 

down to 10 nm were grown on SiC (0001) substrates. These films show the better-quality 

compared to ultrathin films grown by MBE process. The Tc of the10 nm film was achieved 

36 K, and critical current density (Jc) was in the order of 108 A.cm-2 with residual resistivity 

20 µΩcm. It is seen that the grain connectivity of the films weakens when MgB2 film 

thickness decreases. Therefore, achieving ultrathin films < 10 nm with better connectivity 

seems challenging. The HEB devices made form MgB2 films grown in my efforts showed 

gain bandwidth of 8 GHz at 25 K. The noise temperature of these devices at 9 K is 4000 K 

using 6 GHz mixing source. Particularly, the lower resistivity does not allow to match 

impedance with 75 Ω antenna.  Theoretically, it is possible to improve the noise 

temperature of MgB2 based devices down to 700 K by realizing highly connected low grain 

sized smoother ultrathin films with in increases resistivity. 

To achieve high quality films < 10 nm, post HPCVD ex situ ion milling technique was 

applied in as-grown thicker films. Ultrathin films down to 1.8 nm was easily achieved by 

this technique. Critical temperature of 1.8 nm film shows ~28 K with residual resistivity 

~30 µΩcm. The critical current density of 1.8 nm film was 1x106 A.cm-2. Very clean film 
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and lattice interfaces was revealed from TEM analysis in the films of 1.8 nm and 3 nm 

thickness. This method provides an alternate route to realize good quality MgB2 films for 

device applications. These milled films also exhibit Josephson behavior when films are 

confined in narrow bridges. This behavior can be utilized to realize Josephson mixers. 

Various other methods were also tried, to achieve MgB2 ultrathin films with higher residual 

resistivity and smoother surface roughness. These methods include, MgB2 films on MgO 

buffer layer, Ion irradiation in MgB2 films, Aluminum doped MgB2 films. Films with MgO 

buffer show increase in resistivity due to the large grain boundary scattering in 

polycrystalline surfaces. However, due to the polycrystalline nature of grains, surface 

roughness of the film also increases compared to epitaxial films. Ion irradiated films show 

some promise despite larger Tc suppression. Properties like MgO buffered films were 

achieved from Al doping films. However, more work is needed to establish all these 

processes to achieve ultrathin films with good reproducibility.   

Finally, I measured the upper critical field in ultrathin films of various thickness. For 

100 nm and 60 nm film, zero temperature upper critical Field parallel to c-axis is 6.2 T and 

6.5 T. Similarly, for films 20, 10 and 5 nm, Hc2(0) are 7, 9 and 10 T respectively. This 

result indicates that the ultrathin films achieved in Temple are relatively clean. Within the 

frame work of dirty two-band model, applying Gurevich theory, the intraband electronic 

diffusivities of the ultrathin films was extracted. Both π and 𝜎 band diffusivities decrease 

as film thickness decreases. The drop in π band diffusivity is larger than that of 𝜎 band. All 

the samples showed larger π band diffusivity than 𝜎 band diffusivity indicating cleaner π 

band. In the ultrathin limit the normal state resistivity is large due to the scattering of the 

electron in grain boundaries. 
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7.2 Future work   

Even though, I have been successful to fabricate clean ultrathin MgB2 films < 10 nm from 

various approaches, the HEB and SNSPDs devices fabricated using these films have not 

reached their optimal limit. Apart from device fabrication process, despite their small Tc 

suppression, high critical current density, ultrathin films grown by HPCVD process suffer 

from lower residual resistivity, weak links in the grain boundaries partly affect the 

performance of HEB devices. Large grain sizes and island structures due to Volmer-Weber 

growth mode causes non-uniformity in the film surfaces. These are some issues one must 

solve to realize better HEB devices.  

Furthermore, experimental measurement of other physical parameters such as electron 

relaxation time, electron phonon interaction time are crucial in the improvement of MgB2 

based HEB devices. The measurement of magnetic penetration depth and kinetic 

inductance will be helpful to provide a clear picture for SNSPDs application. Similarly, 

measurement of the thickness dependent superconducting gaps and density of states will 

help in the further understanding of physics of MgB2 films in confined geometry.   
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APPENDIX:  

HPCVD OPERATION AND UV PHOTOLITHOGRAPHY PROCESS FOR 

MICRO BRIDGES  

The following is a list form of the steps needed to make a micro bridges sample using the 

facilities at Temple University.  

1) Deposit the MgB2 thin film in HPCVD.  

a. Clean 5 mm by 75 mm SiC substrate using a cotton-tipped applicator in Isopropyl 

Alcohol (IPA). Leave substrate in sonicate in IPA until substrate holder is ready for 

installation into the chamber.   

b. Prepare Mg by scratching the oxide off the rod and cutting into approximately 0.25” 

pellets. Space them evenly around the sample holder.   

c. Blow the substrate dry with the dry N
2 gun and place as close to the center of the sample 

holder as possible. As many as three substrates may be used successfully in one 

deposition.   

d. Prepare the chamber by using the explosion-proof vacuum to remove any Mg dust and 

install the quartz liner tube. Install the sample holder into the heater element. Close 

the chamber and pump. A background pressure less than 9 E-3 Torr is desired before 

purging.   

e. Purge the system for 10’ in 400 sccm of H2. Make sure that the diluting N
2 is used to 

ensure that the exhaust is below the flammability level.   

f. Pump the chamber until a background pressure of at least 2 E-3 Torr is reached. Purge 

the diborane and N
2 line to ensure there is not excess gas in the lines. Turn the H

2 

back on and set the pressure to 40 Torr.   

g. Heat the system and deposit the film. The heating output steps used are 16% for 4’, 20% 

for 2’ and 24.5% until deposition temperature is reached. Make sure to record the 

temperature of the Mg melting. 10 C prior to deposition, turn on the N
2 to de desired 
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flow rate (0-20 sccm). Deposition temperature should be near 730 C, although 

optimal temperature does vary a few degrees. Turn on diborane at deposition 

temperature and deposit for desired time. Turn off the diborane and wait 10’’ to 

turn off the heater.   

h. Let the sample cool. When it is near room temperature, turn off any gases flowing and 

pump the chamber. Vent and remove sample.     

2) First Ion milling Step 

a. Set 400 V and 200 mA with 9 sccm of Ar flow rate. The stage angle should be set 

15° off normal for incident ions. Stage rotation should be turned on and stage chiller 

set point should be below 20 °C. The milling rate of MgB
2 is about 0.8 nm/min. Get 

desired film thickness.  

b. Turn off the system and set ion-milling system in standby mode. Once chamber 

pressure is stable, turn on Ar at flow rate of 20 sccm. 

c. Deposit in situ Au layer.  

 

3)  First photolithography step. Recipe as follows:   

a. Spin AZ 3312 positive photoresist onto sample at 4000 RPM for 60”.  Scratch the 

thick photoresist in the edges of wafer. Soft bake for 90” at 90 °C.   

b. Exposure through mask for 5-7 seconds.   

c. Develop in 300 MIF developer: DI water solution (3:1) for about 45”.   

d. Hard bake for 2’ at 120 °C.   

4) Second Ion milling step.  

a) In this step, mill down all the exposed MgB2 layer to the substrate.  
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5)  Lift off the photoresist.   

a) Clean the sample in acetone in the ultrasonic bath for 10-20 seconds to lift off the 

nsulation from the sample area. If this is insufficient a cotton-tipped applicator can be used 

to wipe the contact pad areas but not the bridge area. Double check that all resist is gone 

using the high-power microscope.  

6) Second lithography steps 

a) Follow the step 3. 

b) Use the mask which has wire bonding features leaving bridge part open. 

7) Third ion milling  

This is most crucial step. In this step milling rate of gold should be preciously known. 

a) Ion-mill sample until Au layer from bridge is clean. 

b) Deposit in situ MgO or SiO2 (of the thickness about 10 nm) passivation layer to 

protect sample form ex situ measurements.   

 

 

Figure A.1: Mask pattern used to make micro bridges (a) for transport measurements, (b) 

ion-irradiated samples.  

(a) (b)


