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ABSTRACT
The energy gap is the most fundamental property of a superconductor. Electron tunneling
spectroscopy and point contact spectroscopy (PCS) are powerful techniques for studying the
density of states and energy gap features of superconductors. Two different superconducting
systems, multiband superconductor MgB2 and proximity induced topological superconductor
NbSe2/Bi2Se3 heterostructures were studied using either quasiparticle tunneling in planar tunnel
junctions or PCS in this work.

MgB2 is a conventional s-wave superconductor originated from electron-phonon
interaction with a transition temperature of 39 K, the highest among conventional
superconductors. It is also the first well established two-band superconductor. The two different
superconducting gaps are caused by the electron-phonon interactions in two weakly interacting
bands. Previous research in the group has established a method to fabricate high quality
MgB2/native oxide/superconductor planar tunnel junctions and revealed a distribution of gap
values in MgB2 from the quasiparticle tunneling spectra. Those results confirmed the importance
of the anisotropic electron-phonon interaction. In this thesis, the effect of electron scattering in
the tunnel junctions, either from the MgB2 film or the junction interface or barrier, are studied.
The scattering was shown to smear out the gap distribution structures in the tunneling spectra.
Deterioration of the MgB2 film surface was also found to cause an increase in the π gap value,
likely due to an enhancement of interband scattering. In addition, the native oxide barrier
composition and properties were obtained from the tunneling spectra.

Another novel superconducting system, topological superconductor NbSe2/Bi2Se3
heterostructures were studied using the point contact Andreev reflection (PCAR) spectroscopy
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method at low temperatures down to 40 mK. According to theories, when the 3D topological
insulator Bi2Se3 surface state is in proximity with an s-wave superconductor NbSe2, the resulting
superconducting surface state resembles the spinless px  ip y topological superconductor, which
is predicted to host Majorana fermions. Scanning Tunneling Spectroscopy (STS) measurements
first demonstrated an induced superconducting energy gap in topological insulator Bi2Se3 and
Bi2Te3 in the NbSe2/Bi2Se3 and NbSe2/Bi2Te3 heterostructures. In this thesis, PCAR spectra
revealed an induced energy gap in the bulk of Bi2Se3 due to the superconducting proximity effect
from NbSe2. The gap values were consistent with the bulk superconducting gap observed by the
ARPES and STS measurements. The gap was ~0.16 meV at low temperature in a NbSe2/16QL
Bi2Se3 heterostructure. In addition, below 0.45 K, a plausible second energy gap ~0.12 meV
appeared in the NbSe2/16QL Bi2Se3 PCAR spectra which could indicate a superconducting gap in
the topological surface state.

Besides spectroscopic measurements on superconducting energy gap features, a study of
high-field properties of carbon-doped MgB2 superconducting thin films prepared by hybrid
physical-chemical vapor deposition (HPCVD) using the trimethylboron (TMB) precursor source
is included in Chapter 5. MgB2 holds great potentials for high magnetic field applications due to
its high Tc. Previous research in the group on carbon-doped MgB2 thin films by HPCVD using a
metal-organic source (MeCp)2Mg showed significantly enhanced upper critical field Hc2 above 70
T. In this work, another precursor source TMB, was used as the carbon source. The heavily C
alloyed films using TMB source show better high parallel Hc2 than the films using (MeCp)2Mg
source ( dH c||2 / dT slope as high as ~ 8.3 T/K near Tc). The behavior is found to depend on the
unique microstructure of the films, which consists of few-nanometers thick MgB2 layers
separated by non-superconducting MgB2C2 layers. It leads to an increase in the parallel Hc2 by the
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geometrical effect, which is in addition to the significant enhancement of Hc2 due to changes of
the scattering rates within and between the two bands. For the applications of MgB2 in high
magnetic fields, the high Hc2 values observed are very promising.
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Chapter 1
Introduction
In this chapter, I first give a brief introduction to the history and background knowledge
of superconductivity. Then I discuss the two basic phenomena for transport across
superconductor surface – electron tunneling and Andreev reflection. A brief review of materials
studied in this work – two-band superconductor magnesium diboride and topological insulator
bismuth selenide – is given in the end.

1.1. Superconductivity
The superconductivity was first discovered in 1911 when Heike K. Onnes observed that
the resistance of mercury abruptly disappeared below a critical temperature, Tc. Another
important property of superconductors was discovered in 1933 by Meissner and Ochsenfeld that
weak magnetic field can penetrates a superconductor for only a short distance λ, after which it
quickly decays to zero. The phenomenon is called Meissner effect and λ is the London
penetration depth. The zero dc electrical resistance and perfect diamagnetism are the two
fundamental characteristic of superconductors. [1]

Since the discovery of superconductivity, many elements in the periodic table (Al, In, Sn,
Pb, Nb, et al) and compounds (NbN, Nb3Sn, Nb3Ge, et al) have been found to be superconducting
at low temperatures. In 2001, MgB2 was discovered to be superconducting with a Tc of 39 K[2],
the highest among all conventional superconductors.
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In 1980s, the discovery of the high temperature superconductors (HTS) cuprates marked
an important milestone in the history of superconductivity. For the first time, the transition
temperature Tc has been raised above the boiling temperature of liquid nitrogen. The mechanism
of HTS cuprates, however, has not been well understood yet. [1]

Since 2006[3], another type of unconventional superconductors, iron-based
superconductors, has rapidly become a hot topic in the research field. The materials are similar to
cuprates with layered crystal structures. The generality of the theories for high-Tc
superconductivity can be tested in this unique system which may provide insight to the mystery
of high Tc superconductivity. Very recently, a Tc of ~80 K was reported at the interface of FeSe,
demonstrating an exciting new way to engineer superconductors. [4]

1.2. BCS Theory
Although the superconductivity was discovered experimentally back in 1911, it was not
until 1957 that researchers understood the microscopic mechanism for superconductivity. Cooper
in 1956 presented that electrons can form bound state through interaction with virtual lattice
phonons in solid. These electrons form pairs, called Cooper pairs, consisting of electrons with
opposite momentums and opposite spins. All Cooper pairs are correlated and possess the same
quantum ground state. In 1957, Bardeen, Cooper, and Schrieffer (BCS) published a theory
explaining superconductivity as a phonon mediated attractive interaction among quasiparticles[5].

As electrons forms Cooper pairs in superconductors, an energy gap opens at the Fermi
surface and its magnitude at zero Kevin is
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  0  2 De1 N (0)V

(1.1)

where D is the Debye frequency which characterizes the cutoff of the phonon spectrum in solid,
N(0) is the electrons density of states at the Fermi level for of one spin orientation, V is a constant
characterizing the electron-phonon interaction strength. The superconducting critical temperature
Tc is related to Δ(0):

  0
 1.764
k BTc

(1.2)

where k B k is the Boltzmann constant. The numerical factor 1.76 has been found to be valid in
many superconductors with weak electron-phonon coupling. For superconductors with strong
electron-phonon coupling, Tc can be expressed as

Tc 

D
1.2k

1.04(1 )

(10.62  )

e  

(1.3)

where λ is the electron phonon coupling constant and μ* is the Coulomb pseudopotential.

Due to the existence of an energy gap, the quasiparticle density of states N s ( E ) in a
superconducting state at 0 K is predicted to be

E

 N0 2
12
N s ( E )    E  2 

0

( E  )
(1.4)

( E  )

where E is the energy relative to the Fermi level EF. Thus, there are no quasiparticle excitations
inside the superconducting energy gap 2Δ. A plot of the N s ( E ) is shown in Figure 1.1.
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Figure 1.1. The superconducting quasiparticle density of states at 0 K predicted by the BCS
theory.
In BCS theory, the superconducting state is the ground state below Tc. The energy drop at
0 K when the material turning superconducting is

= 0 equal to

1
N ( EF ) 2 (0) . The condensation energy at T
2

H c2
, where Hc is the thermodynamic critical field.
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1.3. Ginzburg-Landau Theory
While the microscopic BCS theory gives excellent predictions for properties of
superconductors at zero temperature and zero magnetic field, there are many situations such as
the presence of current or magnetic field, a phenomenological Ginzburg-Landau (G-L) theory of
superconductivity is used to describe the macroscopic phase transition behaviors. Historically,
Ginzburg-Landau theory was developed before the BCS theory. [6]
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In G-L theory,  ( r ) is a pseudo wavefunction introduced as a complex-order parameter.

 ( r ) represents the local density of state of superconducting electrons ns ( r ) . If  ( r ) is small
2

and varies slowly in space, the free-energy density can be expressed in the following form:



2

1 
e 
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f  fn0      
   A  
2
2m  i
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8
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(1.5)

where f n 0 is the free energy density of the normal state, α and β are temperature dependent
parameters, m is the mass of the Cooper pair (twice the electron mass 2me ), e is the charge of
the Cooper pair (2*e), A is the magnetic vector potential, and h is the magnetic field density.
Thermodynamics properties of the system can be extracted by minimizing the system free energy
with respect to the order parameter with appropriate boundary conditions.

The G-L theory explains superconductivity in macroscopic scale with great success.
Using the G-L theory, Abrikosov showed that superconductors can be divided into two groups:
type I and type II. [7] The behaviors of superconductors in magnetic field depend on the
Ginsburg-Landau parameter     , where λ is the penetration depth, and superconducting
coherence length ξ is a measure of the longest length of two electrons forming Cooper pair in a
superconductor. In type I superconductors,      1

2 , interface between

superconducting and normal parts contribute a positive amount of energy. The total energy of the
system is minimized when there are as few of superconducting/normal interfaces as possible.
Type I superconductors are perfect diamagnetic when magnetic field is below the critical field Hc.
On the contrary, in type II superconductors,      1

2 , the superconducting/normal

interfaces have a negative contribution to the total energy. As a result, above a lower critical field
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Hc1, a type II superconductor loses perfect diamagnetism or Meissner screening. The magnetic
field starts penetrating the material through narrow non-superconducting regions called vortices
as the increase of system energy due to breaking of Cooper pairs in magnetic field is balanced by
the energy decrease in magnetic and surface energy. Screening supercurrent flows around
vortices and maintains superconductivity in the rest of the material. Each magnetic flux inside
vortex is quantized  0 as system energy is minimized by having as many
superconducting/normal interfaces as possible. Here  0  h 2e is the flux quantum where h is
the Planck constant and e is the electron charge. The vortices arrange in a lattice-like triangular
pattern called the Abrikosov lattice. As the strength of the external field increases, more and more
vortices enter the superconductor and eventually start to overlap. At the upper critical field Hc2,
the vortex cores overlap and the superconductivity is destroyed. Hc1 and Hc2 are related to Hc and
κ:

H c  H c1H c 2

(1.6)

H c 2  2 H c

(1.7)

Figure 1.2. Comparison of magnetization curves of three different superconductors with the same
thermodynamic critical field Hc but different values of G-L parameter

 . For   1 2 , the
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superconductor is of type I and exhibits a first-order transition at Hc. For   1 2 , the
superconductor is of type II and shows second-order transitions at Hc1 and Hc2 (only marked for
the   2 case). Adapted from reference [1]

Figure 1.2 shows the different magnetization behaviors of type I and type II
superconductors. The transition at Hc is of first-order in type I superconductors while transitions
at Hc1 and Hc2 are of second-order in type II superconductors. The area under the curve represents
the total condensation energy H c2 8 .

1.4. Transport across the Interface
Electron tunneling and Andreev reflection are the two important types of phenomena
which can give spectroscopic information when electrons transport across the superconductor
interface. They are widely used techniques in studying the gap structure and density of states in
superconductors.

1.4.1. Tunneling Effect
Study of tunneling effect starts from the Esaki tunnel diode developed in 1958[8] and the
metal-insulator-metal structure by Giaever in 1960[9]. In a metal-superconductor junction with a
thin insulating oxide layer, the measured I-V curve and differential conductance curve dI/dV-V,
was proved to be directly related to the density of states of quasiparticle excitations in the
superconductor as predicted by the BCS theory. Josephson proposed a mechanism for Cooper
pair tunneling theoretically [10] and later was confirmed in experiments as Josephson
supercurrent. Many Nobel prizes have been awarded to research works related to the tunneling
effect.
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The tunneling effect is a fundamental phenomenon of quantum mechanics. Considering a
tunneling process as shown in Figure 1.3, a wavefunction on the left side with energy E lower
than the barrier height U propagates across the barrier into the right side. An extended
wavefunction k can be constructed from solutions of Schrodinger’s equation:



 2  x 
 U  x   x   Ex  x 
2m x 2
2

(1.8)

for each of the three regions. By matching  and d / dt at the boundaries x = 0 and t, the
problem can be solved in the frame of quantum mechanics. An incident wave from the left, eikx ,
decays exponentially in the barrier region, e x , emerges on the right as eiqx . The fact that a
particle with energy lower than the barrier height can tunnel through the barrier is a classical
demonstration of quantum mechanics.

Figure 1.3. Schematic of electron tunneling process.
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The tunneling current D, defined as the faction of the incident probability current

k
m1

which is transmitted, has been given in the case of small transmission[11]:

D  Ex   g exp(2K )
16kq 2
 k 2   2  q2   2 

g

(1.9)

K     x, Ex dx
t

0

  x, Ex  

2m
2

U  x   Ex 

Using the tunneling matrix element T, the tunneling current from the left side 1 to the
right 2 can be expressed as

I12  A





T N1 ( E ) f  E  N 2 ( E  eV ) 1  f  E  eV  dE
2

(1.10)

where V is the applied voltage bias, N1 ( E ) is the density of states (DOS) in material 1 on the
left side, N 2 ( E ) is the DOS in material 2 on the right side, f is the Fermi distribution, A is a
constant of proportionality. Assuming T is a constant and subtracting the reverse current, the net
current can be expressed as

I  AT

2







N1 ( E ) N 2 ( E  eV )  f  E   f  E  eV dE

(1.11)
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Figure 1.4. Sketches indicate the current-voltage characteristics in the three tunnel junction cases:
(a) NIN, (b) SIN, and (c) SIS, where N is a normal metal, I is an insulating barrier, S is a
superconductor. Adapted from reference [12]

In the case of both materials are normal metals (Figure 1.4 (a)), the tunnel current
becomes

I nn  A T N1 (0) N 2 (0) 
2





 f  E   f  E  eV  dE

 A T N1 (0) N 2 (0)eV  GnnV
2

(1.12)

where in small V bias, the normal metal DOS N is assumed to be a constant. The equation shows
the junction is ohmic with a conductance of Gnn independent of V and temperature.

When one side of the junction is a superconductor (Figure 1.4 (b)), the tunnel current is

I ns  A T N1 (0) 
2







Gnn
e







N 2 s ( E )  f  E   f  E  eV  dE

N2s (E )
 f  E   f  E  eV  dE
N 2 (0) 

The nonlinearity I-V comes from the superconducting DOS. The conductance G is

(1.13)
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Noticing at 0 Kelvin temperature,

Gns

T 0
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T 0

 Gnn

N 2 s  eV 
N2  0

(1.15)

The differential conductance is a direct measure of superconducting quasiparticle DOS. At finite
temperatures, the conductance measures superconducting DOS smeared by

2kBT in energy.

When both sides of the junction are superconductors ((Figure 1.4 (c)), the tunnel current
is

I ss 
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e
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E 2  12
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 f  E   f  E  eV  dE

(1.16)

where 1 is the energy gap of the superconductor on the left side,  2 is the energy gap of the
superconductor on the right side. At finite temperature, discontinuities occur at both 1   2
and 1   2 in the I-V curve, while allows easy determinations of 1 and  2 . The SIS
tunneling method is superior to the SIN tunneling method in terms of spectroscopic energy
resolution as the very sharp DOS peak edge of superconductors help to counteract the thermal
smearing effects.
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1.4.2. Andreev reflection
In the SIN tunneling scenario discussed in the previous section, there is no tunneling
current at 0 K when eV < Δ as quasiparticle excitations inside the superconducting gap are
forbidden. However, a different process will occur if the normal metal is in direct and clean
contact with the superconductor. Figure 1.5 shows the electron transport between a normal metal
and a superconductor with a voltage bias V applied (eV < Δ) to the junction. The whole voltage
drop occurs at the N/S interface when the contact is ballistic. An electron coming from the N side
will not be able to travel into the superconductor as there are no available electron states within
the superconducting energy gap Δ. Instead, the electron combines with another electron with
opposite momentum and spin to form a Cooper pair to transmit into the superconductor. As a
result, a hole is reflected back in the normal metal. This process is called Andreev reflection.[13]
The reflected hole has the opposite momentum and spin with respect to the incoming electron, so
it traces back the exact trajectory of the incoming electron until being scattered. As a hole is
reflected in Andreev reflection process, the conductance across the interface is doubled for eV <
Δ.
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Figure 1.5. Energy diagram of Andreev reflection. A hole is retroreflected to the normal metal
when an incident electron combines with another electron with opposite spin and momentum to
form a Cooper pair in the superconductor.

If the applied voltage eV is much greater than Δ, electrons with energy lower than Δ still
undergo Andreev reflection, but now contribute a constant current independent of the applied
voltage. Electrons with energy higher than Δ can be transmitted into the quasiparticle states in the
superconductor. The total current for eV

 is [14]

I  evF (eV  )  2evF  

V


RS eRS

(1.17)

The second term on the right hand side of the equation is the “excess current” and is the hallmark
of the superconducting state.

1.5. BTK Model and Its Extension
Although the Andreev reflection process was discovered in 1964, there had been no
universal theory to explain experimental data until Blonder, Tinkham and Klapwijk (BTK)
developed a model to describe the transport across a N-S interface with an finite transparency of
the interface in 1982[15]. In their model, a step model for gap Δ across the interface is assumed.
The barrier at the interface is represented by a repulsive potential U 0 ( x ) . A dimensionless
parameter Z 

U0
is used in the calculation to characterize the barrier strength, ranging from 0
vF

for a perfect transparent metallic contact to  for a complete insulating tunnel barrier. A total of
four different processes can occur when electrons travel from the N side to the S side: Andreev
reflection, ordinary reflection, transmission without branch crossing, and transmission with
branch crossing. The probabilities of each process can be solved using the Bogoliubov equation.
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Figure 1.6 shows the probabilities of transmission and reflection as functions of barrier strength
Z. The total current across the junction can be expressed as


I NS  I 0   f  E  eV   f  E  1  A  E   B  E  dE


(1.18)

where f  E  is the Fermi distribution function. The calculated differential conductance curves
of various barrier strengths Z at T = 0 are shown in Figure 1.7. In the case of large Z ( Z  10 ),
the BTK model gives results essentially indistinguishable from the classical tunnel junction.

Figure 1.6. Plots of transmission and reflection coefficients as N-S interface, where A represents
the probability of Andreev reflection, B gives the probability of ordinary reflection, C and D give
transmission probability without and with branch crossing, respectively. The parameter Z
characterizes the barrier strength at the interface. Adapted from reference [15]
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Figure 1.7. Differential conductance vs. voltage for various barrier strengths Z at T = 0. Adapted
from reference [15]

Although the original BTK theory appears to be overly simplified assuming a step gap
function and one dimension transport, it has been proven of great success in explaining
experimental point contact spectroscopy results. Later, it has been further extended to
unconventional pairing symmetries and to include other effects[14]. Figure 1.8 plots the
anisotropic s-wave (a) and d x2  y 2 (b) pairing symmetry and the normalized conductance curves
calculated for different values of Z with the generalized 2D BTK model[16]. Here the transport is
along the x-direction (α = 0). Different from the s-wave case, the anisotropic s-wave curves show
a four-peak structure similar to that multiple gap features observed in MgB2 and iron-based
superconductors. For the d x2  y 2 curve, high barrier (Z = 5) presents the well-known V-shaped
conductance at low bias, while transparent interface (Z = 0) shows a cusp at zero bias. In the dwave symmetry, α = ±π/4 gives the well-known zero-bias conductance peak.[14,17]
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Figure 1.8. (a), (b) Polar plot of the magnitude of the superconducting energy gap of anisotropic
s-wave symmetry (a) and d x2  y 2 symmetry (b). The + and - sign indicate the phase of order
parameter. α is the angle between the crystallographic a axis and the x axis (normal to the
interface). (c), (d) Calculated normalized conductance curves at T = 1 K by the generalized 2D
BTK model with α = 0 for different Z values and pairing symmetries shown in (a) and (b).
Adapted from reference [14]

The BTK model has also been extended to p-wave pairing symmetry[18]. Figure 1.9
plots the calculated normalized conductance for p-wave pairing symmetry in SrRuO4 system.
Here Eu(1) pairing potential corresponds to 0 sin  (sin   cos  ) pairing potential and Eu(2)
corresponds to pairing potential 0 sin  ei , where the  and  are the polar angle and
azimuthal angle, respectively.
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It is worth noting that the recently proposed topological superconductor [19,20] has a
i

pairing symmetry of px  ip y  e , similar to the triplet Eu(2) pairing as    2 .
Meanwhile, the topological superconductor px  ip y pairing has anti-parallel spin alignment as in
normal s-wave Cooper pairs while the SrRuO4 is a spin-triplet superconductor. It can be shown
that in the case of transport perpendicular to the px  ip y surface, the conductance can be fitted
with the s-wave BTK model with a higher Z value. For in-plane transport, spectra deviate from
the standard s-wave superconductors.

(a)

(c)

(b)

(d)

Figure 1.9. Calculated normalized tunneling conductance for p-wave pairing symmetry in SrRuO4
with different pairing potential, tunneling direction, and barrier strength (a, Z=0.1; b, Z=1; and c,
Z=5). (a) Eu(1) state and the x axis is perpendicular to the interface (z-y plane interface); (b) Eu(1)
state and the z axis is perpendicular to the interface (x-y plane interface); (c) Eu(2) state and the x
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axis is perpendicular to the interface (z-y plane interface) (d) Eu(2) state and the z axis is
perpendicular to the interface (x-y plane interface). Adapted from reference [18]

1.6. Superconducting Proximity Effect

Figure 1.10. Spatial dependence of the pair potential ( x) at temperatures close to the critical
temperature in a NS sandwich for the two cases VN  0 and VN  0 . Adapted from reference [21]

The superconducting proximity effect is the occurrence of superconducting-like
properties in non-superconducting materials that are in electrical contact with a superconductor.
The early knowledge about the superconducting proximity effect is based on the theoretical
treatment developed by de Gennes[21,22]. Figure 1.10 plots the predicted pairing potential ( x)
by de Gennes in a NS sandwich close to the critical temperature of the system. Here VN is the
electron-electron interaction constant, which may be either negative (repulsive) or positive
(attractive). The theory predicted a finite pairing potential extended a distance of  N into the
normal metal from the interface. In addition, the pairing potential  in the superconductor is
suppressed in a region of  S from the interface. Here  N ,S are the phase coherence lengths in N
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and S, respectively. In dirty limit when the mean free path is small compared to the phase
coherence length ( lel

 ), the phase coherence lengths are
 N ,S 

DN , S

(1.19)

2 k BT

where D is the diffusive coefficient, k B is the Boltzmann constant, and T is the temperature. In
the case of three dimension, D 

1
vF lel , where vF is the Fermi velocity.
3

In modern view, the actual proximity induced energy gap in the normal metal is not
determined by a BCS pairing interactions as in Cooper pairs, but the result of the combination of
Andreev reflection at the N-S interface and long-range coherence in the normal metal.[23]
Andreev reflection plays an important role in proximity effect as it describes how the two
electronic reservoirs are communicating at the NS boundary. The phase coherence transport in the
normal metal determines the propagation of the phase-conjugated electron-hole pair in the normal
metal from Andreev reflection at the NS interface.[24] Therefore, the length and energy scales in
the proximity effect are the same as those in quantum transport or thermodynamic effects in
mesoscopic systems. The actual energy gap in the non-interacting metal in contact with a
superconductor is not determined by a pairing potential but from the phase coherence transport in
the normal metal. In this case, the Thouless energy Ec 

the time  D 

D
in a disordered metal characterizes
L2

L2
required by a single electron to feel the sample boundary. Here
D

is the

reduced Planck constant, L is the sample length. For a dirty system, the correlation between an
electron and an Andreev-reflected hole in a diffusive system is given by the normal metal
coherence length  N 

D kBT if kBT would be the dominant energy.[24]
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The boundary condition plays a crucial role in proximity effect according to several
recent experiments[25,26]. The proximity effect is significantly enhanced in S-N-S junctions
compared to S-N junction with semi-infinite N layer, as Andreev bound states are formed
between the two superconductors. [26]

1.7. Multi-band Superconductor Magnesium Diboride

Figure 1.11. Crystal structure of MgB2. Boron atoms form graphene-like honeycomb layers and
magnesium atoms sit in between the boron layers at the center of the hexagons. Adapted from
reference [27]

Magnesium diboride (MgB2) is a superconductor discovered in 2001[2]. It is a
conventional phonon-mediated s-wave superconductor with a transition temperature (Tc) of 39 K,
the highest among conventional superconductors. Figure 1.11 shows the crystal structure of
MgB2, which consists of graphene-like honeycomb boron (B) layers with close-packed
magnesium (Mg) layers in between. The Fermi surface of MgB2 from first principles
calculation[28] is shown in Figure 1.12. There are four conductance bands. The boron s, px, and
py orbits hybridize into the two quasi-two-dimensional σ bands, which is confined in the boron
planes. The boron pz orbits form the two three-dimensional π bands extending in all directions. In
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reciprocal k space, the two cylinders around the Γ-A lines are the two σ bands and the two tubular
networks are the two π bands.

Figure 1.12 The Fermi surface of MgB2 from band structure calculation. Green and blue cylinders
(hole-like) around the Γ-A lines are the σ bands. The blue (hole-like) and the red (electron-like)
networks are the π bands. Adapted from reference [28]

The superconductivity of MgB2 originates from the conventional electron-phonon
coupling. The E2g phonon mode, involving the in-plane vibration of the boron ions in opposite
directions (bond stretching), couples to the four bands with different strengths. The coupling
between the E2g mode and the σ bands is very strong, leading to a large superconducting energy
gap of about 7 meV. The weaker electron-phonon coupling in the π bands leads to a smaller
superconducting energy gap of about 2 meV. The two distinct superconductor energy gaps
coexist in MgB2 since the scattering between the two bands is very weak[27]. Since the two σ
bands have similar energy gaps and the two π bands have similar energy gaps, MgB2 is
sometimes referred to as a two-gap superconductor[27]. Choi et al [29] employed an anisotropic
Eliashberg formalism and calculated the electron-phonon coupling constant for Cooper pairs from
all sheets of the Fermi surface. The superconducting energy gap values on the Fermi surface is
shown in Figure 1.13(a). The distribution of gap values is shown in Figure 1.13(b) for each gap.
Later Floris et al carried out direct first-principles calculations using superconducting density
functional theory without any semi-phenomenological parameters for the Coulomb repulsion and
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confirmed the existence of MgB2 gap anisotropy in momentum space[30,31]. More recently, a
computational model combining the anisotropic Migdal-Eliashberg formalism with electronphonon interpolation based on maximally localized Wannier functions also demonstrated the
distribution of energy gaps of MgB2 in momentum space[32], as shown in Figure 1.14.
Experimentally, the two energy gaps from (π and σ band) of MgB2 have been observed by various
experiments[33,34,35,36,37,27]. For example, Figure 1.15 shows a scanning tunneling
spectroscopy measurement on MgB2, clearly showing two distinct energy gaps[37]. Only
recently, Ke Chen et al from this group have demonstrated that there is a distribution of energy
gaps within each band [67].

(a)

(b)

Figure 1.13 (a) The superconducting energy gaps on the Fermi surface at 4 K given using a color
scale and (b) The distribution of gap values at 4 K. Adapted from reference [29]
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Figure 1.14 The calculated gap anisotropic superconducting energy gaps of MgB2 as a function of
temperature T using a model combining the fully anisotropic Migdal-Eliashberg theory with
electron-phonon interpolation based on maximally localized Wannier functions. The Coulomb
potential used in calculation is 0.16. Adapted from reference [32]

Figure 1.15 Scanning tunneling conductance spectra recorded on different MgB2 grains at 4.2 K.
Adapted from reference [37]

As the first superconductor with distinct multiple superconducting energy gaps, MgB2 is
of great interest for physicist. Many novel properties unique to multi-band superconductors, such
as the “Leggett mode”[38,39], interband phase textures[40], abnormal temperature dependence of
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the upper critical field[41], and unusual vortex states[42,43] have been studied in MgB2 and may
shed light on the study of multi-band superconductor systems such as the newly discovered ironbased superconductors.[44]

MgB2 also holds great potential for superconducting electronics and high field magnet
applications[45,46]. Although the transition temperature of MgB2 is not as high as those of highTc cuprates, MgB2 has several material advantages in certain applications. It has simple chemical
composition and very low cost in materials. Compared to conventional superconducting devices
based on Nb compound which operate at 4.2 K, MgB2-based devices can operate at over 20
K[69,70,71,71,72], achievable by a compact cryocooler with roughly one-fifth of the mass and
one-tenth of the power consumption of a 4.2 K cooler[47]. In addition, unlike high-Tc cuprates,
MgB2 does not suffer the detrimental effect to supercurrent from misaligned grain boundaries.
Another potential application of the material is superconducting magnet that generates high
magnetic field. Indeed, shortly after the discovery of superconductivity in MgB2, commercial
MRI using superconducting magnet made of MgB2 has been demonstrated[48].

1.8. Topological Insulator Bismuth Selenide
Topological insulator is a new state of matter first predicted by theorists.[49] Its name
comes from that they are insulators in the bulk but have exotic metallic states present at their
surfaces due to the topological order.[50] In topological insulator, the surface state is protected by
the time-reversal symmetry, which renders the electrons traveling on the surface insensitive to
scattering by nonmagnetic impurities.
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2D topological insulator with quantized charge conductance along the edges were
predicted[51] and experimentally realized[52] in (Hg,Cd)Te quantum wells in 2007. In 2009, a
new family of 3D topological insulators Bi2Se3 and Bi2Te3 were predicted[53] and later
confirmed in experiments[54].

Figure 1.16 shows the crystal structure of 3D topological insulator Bi2Se3, which has
layered structures with a triangle lattice within one layer. Along the z direction, Bi2Se3 consists of
five-atom layers stacking, known as quintuple layers (QL). The coupling is strong between two
atomic layers within one quintuple layer but much weaker between two quintuple layers.

Figure 1.16. (a) Crystal structure of Bi2Se3 with three primitive lattice vectors denoted as t1,2,3.
The red square marks a quintuple layer with Se1-Bi1-Se2-Bi1’-Se1’. (b) Top view along the zdirection. There are three different triangle lattice positions in one quintuple layer, marked as A,
B and C. (c) side view of the quintuple layer structure. Adapted from reference [53]
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Similar to 2D topological insulator (Hg,Cd)Te quantum wells, the nontrivial topology of
Bi2Se3 is due to band inversion between two orbits with opposite parity, driven by the strong spinorbit coupling in the system.[55] In Bi2Se3, the surface state is a nearly idealized single Dirac
cone as seen in theoretical prediction and from ARPES measurements (Figure 1.17), similar to
the Dirac electronic structure of graphene. The surface state of a topological insulator differs from
graphene as that the topological insulator has only one Dirac point and no spin degeneracy. The
spin of topological surface state is locked to the momentum. The ARPES measurements showed
the Bi2Se3 surface exhibits a chiral left-handed spin texture.[54] This unique spin-momentum
locking prevents scattering of the surface electrons by non-magnetic disorder, which leads to
potential application of TI in spintronics.

Bi2Se3 has a band gap of ~0.3 eV(3600 K), indicating high-purity form Bi2Se3 can exhibit
topological insulator behavior at room temperature. Unfortunately, due to material imperfections
such as Se vacancies, Bi2Se3 has high bulk carrier concentration due to impurity states and is not
insulating in bulk. Therefore, it is challenging to distinguish the surface state from conducting
bulk band in the electrical transport measurements.
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Figure 1.17. Spin-momentum locked helical surface Dirac fermions are hallmark signatures of
topological insulators. (a) A single spin-polarized Dirac cone revealed for Bi2Se3 surface states by
ARPES data. (b) The surface Fermi surface exhibits a chiral left-handed spin texture. (c) Bi2Se3
surface electronic structure computed in the local-density approximation. The shaded regions
describe bulk states, and the lines are surface states. (d) Schematic of the spin-polarized surfacestate dispersion in Bi2Se3 families of topological insulators. Adapted from reference [54,56,58]

1.9. Topological Superconductor and Majorana Fermions
One of the most exciting potential aspects of topological insulator is the creation of
Majorana fermions in topological superconductors. Majorana fermions have long been discussed
in particle physics, though there has been no definitive proof of their existence yet. Majorana
fermions are fermions with half-integer spin. They are their own antiparticles. Therefore, a pair of
Majorana fermions can annihilate each other. They have potential application in fault-tolerant
topological quantum computing. Topological superconductor can be realized by combining a
topological insulator with an ordinary superconductor. The surface states of topological insulator
can become superconducting from proximity effect coupling to superconductors. Due to the spin-
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momentum locking, the superconducting surface states have helical-Cooper pairing, which is
required to host Majorana fermions.[57]

When a topological insulator is in proximity to an s-wave superconductor, the resulting
2D superconducting surface state is different from an ordinary superconductor. The surface states
are not spin degenerate and contain only half the degrees of freedom of a normal metal. The
superconducting state resembles the spinless px  ip y topological superconductor. Like the

px  ip y superconductor, the surface superconductor will have a zero energy Majorana state
bound to a vortex[19] (Figure 1.18(a)). In addition, Majorana states can be engineered and
manipulated using superconducting junctions on the surface of a topological insulator[19]. As
shown in Figure 1.18(b), if a superconducting tri-junction has phases

(1 , 2 , 3 )  (0, 2 3, 4 3) on the three superconductors, a vortex is simulated and a zero
mode will be created. The zero mode persists unless the energy gap along one of the three linear
junctions goes to zero, which occurs when the phase difference is π across the junction. Then the
Majorana bound state moves to the other end of the linear junction. The tri-junctions act like
basic circuit building block that can be used in topological quantum computing. [58]
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Figure 1.18. Majorana fermions on topological insulators. (a) A superconducting vortex with flux
h 2e on a topological insulator is associated with a Majorana zero mode. (b) A superconducting
trijunction on a topological insulator. Majorana modes can be controlled by adjusting the phases
1,2,3 . Adapted from reference [19,58]
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Chapter 2
Experimental Methods
In this chapter, I briefly review various thin film deposition, device processing as well as
sample testing techniques that have been used extensively in our sample fabrications and
measurements. These techniques were developed previously in collaboration between several
groups at Penn State.

2.1. Hybrid Physical-Chemical Vapor Deposition
The Hybrid Physical-Chemical Vapor Deposition (HPCVD) technique was first proposed
and developed at Penn State in 2002[59] for high-quality MgB2 thin films growth. It has been
proved to be the most effective technique for depositing MgB2 thin films. Pure MgB2 thin films
by HPCVD are the cleanest MgB2 materials reported so far[60]. In this section, I will give a brief
introduction to the growth requirements of high-quality MgB2 samples and the HPCVD
technique.

It is important to first review the growth requirement for high quality MgB2 to understand
the principle of HPCVD system. Figure 2.1 shows the calculated pressure-temperature phase
diagram for the Mg-B system done by Z.K. Liu et. al[61]. To achieve thermodynamically stable
growth, the pressure and temperature must fall into the window marked by “Gas + MgB2”, where
Mg vapor and MgB2 are the stable phases. Growth at elevated temperature is preferred to obtain
good crystallinity of MgB2. The most crucial requirement for depositing high-quality MgB2 films
is to provide a high Mg vapor pressure at the elevated temperature. For example, the Mg pressure
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over 40 mTorr is required when the deposition is at 750°C, which is not compatible to most high
vacuum techniques.

Figure 2.1. The pressure-temperature phase diagram for the Mg:B atomic ratio  Mg  B  1 2 .
The region of Gas+MgB2 represents the thermodynamic stability window for the deposition of
MgB2 thin films. Adapted from reference [61]

It is worth noting that the pressure-temperature phase diagram in Figure 2.1 is identical
for all Mg/B ratio  Mg  B  1 2 . As long as the Mg/B ratio is over the stoichoimetric 1:2, extra
Mg will be in the gas phase and evacuated. In addition, a large kinetic barrier needs to be
overcome for MgB2 to thermally decompose after MgB2 phase is formed. This is convenient in
practice as one does not need to be concerned about maintaining a high Mg pressure during the
cooling stage of the MgB2 deposition[60].
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Clean environment is another crucial requirement for the growth of high quality MgB2.
MgB2 is highly susceptible to contaminations such as oxygen and carbon. Oxygen contamination
is usually from a background pressure and reacts with Mg. Carbon is another common
contaminant, mostly from the sputtering source in certain deposition techniques[60].

Figure 2.2. Schematic of the HPCVD system. Adapted from reference [59]

Hybrid Physical-Chemical Vapor Deposition (HPCVD) has proved to the most effective
technique to grow high quality MgB2 thin films. Figure 2.2 shows a schematic of the HPCVD
setup made by Zeng et al[59]. It consists of a water cooled quartz tube reactor and an inductively
heated susceptor. Pre-cleaned substrates and high purity solid Mg pellet sources are placed on top
of the susceptor. The carrier gas is purified H2 with a flow rate of the order of 400 sccm to 1200
sccm at a pressure of about 70 Torr. After the susceptor is heated inductively up to ~700°C, the
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Mg source melts and generates high Mg vapor pressure in the vicinity of the substrate. Diborane
B2H6 is used as the high purity boron precursor source. MgB2 films start to grow after 5% B2H6 in
H2 is introduced into the reactor. The B2H6 thermally decomposes around the heated susceptor
and reacts with Mg to form MgB2 on the substrate. The flow rate of B2H6/H2 mixture, ranging
from 5 to 40 sccm, determines the growth rate of the MgB2 film, which ranges from several Å/s
to over 20 Å/s. The film growth stops when the boron precursor gas is switched off. Since the
technique combines physical vapor deposition (heating bulk Mg source) with chemical vapor
deposition (boron from decomposing of B2H6), it was named Hybrid Physical-Chemical Vapor
Deposition[59].

Figure 2.3. X-ray diffraction θ-2θ scans on an epitaxial MgB2 film grown on a MgO (211)
substrate. The black bottom curve is scan with χ=0 and the red top curve is with χ=19.5°. The
inset shows the rocking curve of the MgB2 (0002) peak. Adapted from reference [65]

High-quality epitaxial MgB2 films have been successfully deposited by HPCVD on
various substrates, including SiC (0001) [59], SiC c-axis 8°tilted miscut [67], Sapphire (001)
[59], MgO (111) [65], MgO (211) [62,65], and YSZ (110) [63,64]. MgB2 films on the SiC
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(0001), Sapphire (001) and MgO (111) substrates are c-axis oriented while MgB2 on the SiC caxis 8°tilted miscut, MgO (211) and YSZ(110) substrates have c-axis tilted away from the film
normal direction. Figure 2.3 shows the X-ray diffraction (XRD) θ-2θ scans on an epitaxial MgB2
film grown on a MgO (211) substrate from reference [65]. Only the MgO (211) substrate peak is
visible in the θ-2θ scan when χ=0, whereas for χ=19.5° both MgB2 (0001) and MgO (111) peaks
are observed, indicting the c-axis of the film is tilted away from the substrate normal by 19.5°.
The epitaxial relation is MgB2 [0001] ||MgO [111] and MgB2 [10 10] ||MgO [110] between
MgB2 and MgO substrates[65].

The HPCVD system has later been shown to be also an effective technique for the growth
of 3D topological insulator Bi2Se3 as demonstrated by Brom et al.[66]. In the case of Bi2Se3, high
Se vapor pressure is required in the growth of Bi2Se3 to prevent Se vacancy, which leads to high
bulk band carrier concentration in topological insulator. The HPCVD growth of Bi2Se3 combines
the thermal evaporation of Se with the thermal decomposition of trimethylbismuth. The Bi2Se3
films showed a low carrier concentration and a high mobility at low T, which demonstrates the
potential of HPCVD for producing high quality Bi2Se3 films for topological insulator studies.

2.2. Magnetron Sputtering Deposition
Sputtering deposition is a process where source atoms are ejected from a target due to
bombardment of the target by energetic particles. Ar, commonly used as the processing gas in
sputtering deposition, is ionized and accelerated by high dc or ac voltage to bombard source
targets. In magnetron sputtering, magnetic field is used to trap electrons in the plasma thus the
ionization efficiency is increased.
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Magnetron sputtering of various thin films was done in a home designed and built
sputtering system in our lab. A photo of the chamber configuration is shown in Figure 2.4. The
system consists of a stainless steel 24-inch box vacuum chamber and four sputtering guns which
is capable for in situ multiple layer sample fabrication. Three of the four guns are 2-inch
magnetron sputtering sources with flexible head mounting and pneumatic shutters from K J
Lesker Corp. Chimneys are also installed to prevent target from cross contamination. The other
gun is a 2-inch magnetron sputtering source with fixed axial head mounting from AJA Corp. The
guns are capable of both dc and ac sputtering by connecting to certain sputtering power supplies
through the interchangeable cable connections. The vacuum is achieved by pumping using a turbo
molecular pump and a dry scroll pump. The system base pressure can reach 1  107 mbar after
pumping for an extended period even without baking the chamber. For normal usage, a base
pressure of 1  106 mbar can be achieved within an hour from the start of pumping. The chamber
is equipped with a full range pressure gauge and a convection gauge for pressure control and
MKS mass flow controller for gas delivery. An Inficon XTC/2 crystal sensor is installed near the
sample stage for film thickness monitoring. The chamber contains multiple 2.75, 4.5, 6 and 8 inch
ports, together with sputtering guns with flexible head tilting angles, different sputtering
configurations can be realized in the system.
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Figure 2.4. A photo of the home built sputtering deposition system.

One common configuration is the direct “face-on” deposition. The sputter guns face up in
an axial direction. The sample stage is mounted facing down on an arm extended from the central
rotary feedthrough from the top and can be set to locations above different sputtering guns. Thin
films of Cr, Au, Nb, Al, SiO2, MgO are deposited in this configuration. In this configuration, the
substrate to target distance is ~2 inch and high sputtering deposition rate is achieved. For
example, the deposition rate of Nb is 2 kÅ/min with a dc power of 200 watts at an Ar background
pressure of 20 mTorr. Uniform films up to 10 mm by 10 mm can be achieved as the 2 inch
diameter target is much larger than the size of substrates. The high deposition rate is important for
better target utilization of expensive materials (Au), and for materials susceptible to impurities,
like Nb. For example, the sputtered Nb thin films show a superconducting Tc close to 9 K when
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the substrate to target distance is 2 inch while the films are not superconducting above 4.2 K
when the distance is ~4 inch.

When the film uniformity is important, such as in the growth of a thin tunnel barrier less
than 5 nm thick, angled sputtering configuration is used. By sputtering from a tilted angle and
rotating substrates, better film coverage and uniformity is achieved compared to the face-on
configuration. The sputtering head angle can be adjusted from 0°to 45°for the K J Lesker
flexible head source. We align the guns towards the center and use an angle of 45°. The substrate
to target distance is ~4.1 inch. The sample stage rotates 10 revolutions per minute by a motor
connected to the center feedthrough. Substrates are mounted to the sample stage using double
side Kapton tapes.

The magnetron sputtering deposition conditions for various materials are included in
Appendix.

2.3. Thin Film Deposition by Thermal Evaporation
A home-built thermal evaporation system is used for Pb, Sn, In, Ag and Bi film
deposition. The chamber is a stainless steel 6-inch six-way cross with a 12-inch extension on the
top. A full range pressure gauge is used for monitoring pressure. The base pressure reaches 1x10-6
mbar after long hour pumping using a turbo pump and a diaphragm pump. High purity metal
source shots are loaded on a dimple molybdenum evaporation boat. An ac current ~80 A is
applied to heat up the boat and evaporate the source. The long distance ~10 inch between sources
and substrates helps lowering the thermal energy of evaporated sources and improving film
uniformity. For planar tunnel junction top electrode fabrication, Pb, Sn, In or Ag are usually
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evaporated through a shadow mask. Evaporation is preferred over sputtering for its better
directionality in stripe edges definition through shadow masks and less damage to the thin
barriers thanks to the lower energy. A table listing different deposition techniques for various
materials can be found on K J Lesker Corp website
(http://www.lesker.com/newweb/deposition_materials/MaterialDeposition.cfm?pgid=0#). It is
useful for a quick check for thermal evaporation deposition of new materials.

2.4. Atomic Force Microscopy & Scanning Electron Microscopy
Atomic force microscopy (AFM) and scanning electron microscopy (SEM) are
commonly used for thin film morphology study. While AFM has the advantage in small area
quantitative profile mapping, SEM can image a larger area with quick feedbacks and the
flexibility of zooming in and out. A DI Nanoscope III AFM was used for sample surface
morphology measurement. Tapping mode was usually used with NCHR tips from Nanoworld.
The NCHR tips have a 300 kHz resonant frequency and a high force constant (40 N/m), suitable
for film surface roughness imaging with good resolution. The tip end radius is usually 8-10 nm
for most commercial tips. Al coating on the backside of the tip increases laser reflection and thus
improve the signal to noise ratio. The raw data was then analyzed using the NanoScope Analysis
software from Bruker Corp.

A Nova NanoSEM 630 field emission (FE) SEM and a FEI Quanta 200 environmental
SEM were used for SEM study. The FE-SEM has a higher resolution of up to 1.4 nm while the
FEI ESEM can load more samples simultaneously. Both systems are equipped with INCA energy
dispersive x-ray spectroscopy (EDS or EDX) for identifying and qualitatively quantifying

39
elemental composition of samples. The EDX is not accurate in determining light elements, like B
and C.

2.5. Photolithography and Ion Milling
Photolithography and ion milling etch were used to define small size devices. Samples
were patterned using contact photolithographic techniques at the clean room (class 100) facility at
the Material Research Laboratory (MRL) in Penn State. Shipley 1811 photoresist was used for
general structure definitions. First, a layer of Shipley 1811 photoresist about 1.1 μm thick was
spun on the samples using 4000 RPM spinner for 40 seconds. Thick photoresist around sample
corners and edges was removed by a razor blade when patterning on small size samples.
Afterwards, samples were soft baked at 100°C for a minute on a hot plate. A Karl Suss MJB3
mask aligner was used for aligning masks and exposing samples to UV light. After exposure,
samples were immersed in Shipley CD-26 developer for about 1 minute and then rinsed clean
using DI water. In the end, patterns were inspected under an optical microscopy in the clean
room.

The process changed slightly after all the equipments moved to the new facility in the
MSC building. Shipley 1813 photoresist and a Karl Suss MA6 mask aligner was used instead of
the Shipley 1811 photoresist and the MJB3 aligner. There was no noticeable difference in the
final produced patterns.

Ion milling etching was used to pattern samples once the photolithography processes
finished. A 3-cm ion source (Veeco/Commonwealth Scientific) in lab was used as the etch tool
for device processing. Ion milling is a similar process to sputtering, but now sample is being
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bombarded. Ar+ ion plasma was generated and accelerated towards the sample through standard
collimated grid optics. The uniform etching is usually within a ~ 2 cm diameter area. A filament
supplies electrons to the positively charged ions along the ion beam path so that the beam has a
neutral charge when reaching the samples. The sample stage was tilted so that the beam has an
incident angle of about 60°, which lessen interference between incident and reflected beam.

2.6. Low Temperature Measurement Apparatus
In the early stage, a low temperature dip probe was often used to make preliminary
electrical measurements. The probe consists of a long 1/2’’ diameter stainless steel tube and a
copper sample stage attached to the bottom. Twisted phosphor bronze wires ran from sample
connector pins on the copper stage up the length of the tube to a military style 19 pin connector at
the top. A lakeshore DT-670 silicon diode thermometer was mounted on the copper sample stage
for temperature measurement. The whole probe was lowered into a liquid helium bath to cool
down to 4.2 K. Rough temperature control can be achieved by adjusting the insertion depth of the
probe.

With the rapid price increase of liquid helium, a commercial closed cycle cryostat from
ARS was later used to replace the dip probe. The closed-cycle cryostat achieves cooling by
expanding high pressure helium gas. There are several disadvantages of using closed cycle
cryostat. One is the vibration which introduces noise in electrical measurement and leads to
destructions of fragile samples. Another one is the unstable cooling power. The closed cycle
cryostat we use can reach a base temperature below 4 K. However, as cooling only happens in
cycles, the base temperature has a large temperature fluctuation ~0.5 K. The situation is better at
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higher temperature with optimal PID control of the heater. Therefore, it is not suitable for
sensitive measurement of low Tc superconductors and devices.

The Physical Property Measurement System (PPMS) from Quantum Design Inc. was
used for most sensitive measurements of samples. The system regulates the flow of pumped
helium vapor along a sample space that is thermally isolated from the liquid helium bath so that a
large range of temperatures can be reached without too much consumption of liquid helium.
Stable temperature control from 1.8 K to 300 K and a maximum magnetic field of 9 T from a
superconducting magnet can be achieved.

2.7. Electrical Transport and Derivative Measurements
A Keithley 2400 current sourcemeter and a Keithley 2182 nanovoltmeter were used for
simple four-probe resistance measurements of samples. Keithley 2400 meter can also be
configured to simultaneously measure the sourcing current. A trigger link cable was used to
connect the two instruments so that fast I-V sweep of samples can be achieved by syncing
measurements across the two instruments.

Two methods have been used to obtain differential conductance. One is from the
mathematical derivative of a current-voltage curve (I-V cure). The other one involves an ac
technique using a lock-in amplifier. The I-V sweep technique is easier to configure compared to
lock-in technique. It only requires one source meter and one measurement instrument. The
conductance dI/dV was numerically calculated by mathematical derivative of I-V data. This
method generated good dI/dV spectra if the tunnel junction device resistance is small. However,
the dI/dV results were less accurate for large resistance samples. The disadvantage of simple I-V
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technique is that even a small amount of noise becomes a large noise when the measurements are
differentiated. To reduce the noise, the I-V curve and its derivative can be measured repeatedly.
Noise will be reduce by

N , where N is the number of times the curve is measured. Thus, while

the I-V curve technique is simple, it forces a trade-off between high noise and very long
measurement times.

The ac technique is the other way to obtain differential conductance. In a voltage biased
circuit, when a small ac voltage  v cos t is added to a dc bias V0 , the total current flowing
through the sample can be expressed as Taylor expansion:
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where  is the ac frequency. To the first approximation, the ac current signal measured at
frequency  is proportional to the differential conductance

dI
dV

signal at frequency 2 is proportional to the second derivative

at voltage bias V0 . And the
V0

d 2I
dV 2

which is related to the
V0

phonons in the samples. In practice, current bias circuit is easier to realize if the sample
impedance is small. In this case, a small ac current  i cos t is superimposed on a dc current
bias I 0 , the total voltage across the sample then is
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Figure 2.5. Circuit diagram of a four-probe derivative measurement using current bias.

Figure 2.5 shows a current biased derivative measurement using the ac technique. The
system consists of a Keithley 220 current sourcemeter, a Keithley 2182 nanovoltmeter and a
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Stanford SR830 lock-in amplifier. A dc current bias is applied on samples by the Keithley 220
source while an ac current modulation is added to the dc bias from the lock-in amplifier oscillator
output. The dc voltage bias is measured by the Keithley 2182 nanovoltmeter. And the ac response
is detected by the lock-in amplifier. The resistors R1 and R2 need to be much larger than device
resistance so that current all flow through the device. The ac measurement has a much lower
noise level compared to the numerical derivative method.
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Chapter 3
Electron Tunneling Spectroscopy Study of Magnesium Diboride
In this chapter, I discuss the experimental results on the momentum dependent
superconducting energy gap distributions in MgB2 through electron tunneling spectroscopy. This
effect was observed previously by Ke Chen et al. in this group [67]. My research concentrates on
the smearing effect of various types of electron scattering on the gap distributions. The properties
of native oxide tunnel barriers in MgB2/I/S tunnel junctions have also been deduced from the
electron tunneling spectra. This work was published in the Journal of Applied Physics [68].

3.1. Introduction and Background
As discussed in chapter 1.7, MgB2 is a conventional phonon-mediated s-wave
superconductor with a Tc of 39 K, the highest among conventional superconductors.[2] Its larger
superconducting energy gaps and higher Tc than Nb make it a promising alternative to Nb for
superconducting electronics applications.[45] MgB2 Josephson junctions have been demonstrated
by several groups since the discovery of superconductivity of MgB2 in 2001.[69,70,71,72] A
thorough understanding of the superconducting energy gap features in MgB2 is essential for not
only the fundamental understanding of the superconductivity, but also its applications in
superconducting devices.

Superconducting energy gap feature is the fundamental property of superconductors. Due
to a layered structure, the electronic structure of MgB2 is anisotropic. Using an anisotropic
Eliashberg theory with full anisotropic electron-phonon interaction λ(k,k’), Choi et al. calculated
the electronic structure of MgB2.[29] In their calculation, the distribution of energy gap Δ(k) was
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found to have an energy spread from 1.2 to 3.7 meV for the π gap and from 6.4 to 7.2 meV for the
σ gap(see Figure 1.13). Later on, Floris et al. did a first-principles calculation using
superconducting density functional theory (SCDFT) without semi-phenomenological parameters
for Coulomb repulsion and showed some minor splitting of each gap.[30,31] However, the
splitting is much smaller in their calculation. A more recent computation study[32] combining
anisotropic Migdal-Eliashberg formalism with electron-phonon interpolation based on maximally
localized Wannier functions also revealed an anisotropic energy gap distribution of MgB2(see
Figure 1.14).

Theory

Experiment

Figure 3.1 The distribution of MgB2 energy gaps at 1.8 K derived from the MgB2/I/Pb electron
tunneling spectrum on a MgO (211) substrate (bottom) compared with the theoretical results (top)
of reference [29]. Adapted from reference [67]

Experimentally, Ke Chen et al. observed a distribution of MgB2 energy gap values
through measuring the electron tunneling spectra of MgB2 /native oxide/Pb tunnel junctions made
by the HPCVD technique[67]. This is the only report which showed a distribution of gap in both
gap features. Other reports all showed two single gap values. Figure 3.1 shows the gap
distribution of MgB2 derived from a tunneling spectrum of a MgB2/I/Pb junction on a MgO (211)
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substrate[67] compared to the theoretical results of Choi et al.’s calculation[29] . The
experimental data shows a large gap value spread and multiple sub-peak features which agrees
well with the theoretical results in ref. [29] but has larger spread in energy scale than results in
Floris et al.’s calculations[30,31]. The experimental data is important for verification of the
theoretical development in the field.

The superconducting energy gap becomes single-valued if the anisotropic electronphonon interaction is averaged out by strong scattering.[73] According to Mazin et al., the MgB2
gap anisotropy cannot be observed unless the electron mean free path is larger than 150 nm.[74]
Indeed, in Ke Chen et al.’s paper, the MgB2 films by the hybrid physical-chemical vapor
deposition (HPCVD) technique have long electron mean free path, which is only limited by the
film thickness.[60] It is therefore important to study how the electron scattering affects the energy
gap distribution of MgB2 to compare with the multiband superconductivity theories.

In the following sections of the chapter, I provide more experimental evidence in support
of the momentum-dependent multiple energy gaps in MgB2 with long electron mean free path.
More importantly, I study in detail the effect of electron scattering on the tunneling spectra of
MgB2 junctions. I show that scattering, either inside the MgB2 film, or at the MgB2/barrier
interface, smears out the fine gap distribution structures in the tunneling spectra. In addition,
strong scattering from degraded junction interface leads to larger π gap values, suggesting a gap
merging effect due to the interband scattering.
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3.2. MgB2 Thin Films for Tunnel Junctions

Figure 3.2 The atomic force microscopy (AFM) images for MgB2 films on (a) a c-axis-8°-tilted
SiC substrate and (b) a rough SiC (0001) substrate. The scanning area is 2 μm by 2 μm.

The MgB2 films were grown on various substrates, including MgO (111), MgO (211),
SiC (0001), and SiC with the c-axis tilted by 8°from the substrate normal (denoted as “SiC 8°” in
the figures). The MgB2 films are oriented with the c-axis normal to the substrate surface on MgO
(111) and SiC (0001) substrates. Since the σ band is mostly confined to the ab-plane, the
tunneling current on these substrates is mainly from the three-dimensional π band. For MgB2
films grown on MgO (211) and c-axis-8°-tilted SiC substrates, the ab-plane is tilted from the
substrate surface and exposed for electron tunneling; thus, both the π and σ bands contribute to
the tunneling current.

Figure 3.2 shows atomic force microscopy (AFM) images of two types of MgB2 films
that show the σ gap feature. Figure 3.2(a) is for an epitaxial MgB2 film on a c-axis-8°-tilted SiC
substrate. The c-axis of the MgB2 film follows the off-axis angle of the substrate. MgB2 grains are
piled on top of other grains, leaving clear step edges exposed for electron tunneling into the ab
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plane. Figure 3.2(b) is for a MgB2 film on a rough SiC (0001) substrate with atomic steps (rootmean-squared roughness rms ~ 1 nm), which was grown with a low pressure of 50 Torr and a
high hydrogen flow rate of 1200 sccm. MgB2 grows epitaxially in large grains in the c-direction.
There are large gaps between the hexagonal MgB2 grains. The exposed sides of the grains allow
electrons to tunnel into the MgB2 ab plane.

3.3. MgB2/I/S Tunnel Junction Fabrication and Measurement
After the HPCVD growth, the MgB2 film was taken out of the reactor and exposed to air
at temperatures from 70 – 120 °C to form a surface oxide layer as the tunnel barrier. The film was
then painted with acetone-thinned Duco cement, leaving a 0.3 mm-wide center stripe of MgB2
exposed. The top superconducting electrode, a cross stripe of ~ 200 nm-thick Pb or Sn, was
thermally evaporated through a shadow mask at a background vacuum of ~1×10-5 mbar. The
junction size was about 0.3 mm × 0.3 mm. The fabrication process is illustrated in Figure 3.3.
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Figure 3.3 Fabrication process of MgB2/I/S planar tunnel junctions. Adapted from reference [75]

The sample was cooled in a Physical Property Measurement System (PPMS) for fourprobe electrical measurements at temperatures down to 1.8 K. The conductance spectra of the
junctions were obtained by both the mathematical derivative of the I-V data and a current-biased
derivative measurement system using a lock-in amplifier, in which a 262 Hz 50 μV rms
modulation is applied to the sample in addition to a DC current bias. The DC current bias was
swept with a 2 s interval between adjacent points. The time constant was 300 ms for the lock-in
amplifier. An in-plane magnetic field up to 1 mT was applied to suppress the Josephson current.
The resolution of the tunneling measurement at 4.2 K is better than 0.29 mV[67].

3.4. Momentum-Dependent Gap Distribution
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Figure 3.4. dI/dV-V spectra of a MgB2/native oxide/Pb tunnel junction [(a) and (b)] and a
MgB2/native oxide/Sn tunnel junction [(c) and (d)] on rough SiC (0001) substrates. Curves are
shifted vertically for clarity. (a) dI/dV-V spectra for the Pb top electrode from 1.8 K to 7 K. (b)
Tunneling spectra of the same junction in (a) from 7.5 K to 40 K. The RnA product of the junction
is 3.5 mΩcm2. (c) dI/dV-V spectra for the Sn top electrode from 1.8 K to 3.8 K. (d) Tunneling
spectra of the same junction in (c) from 4.0 K to 40 K. The RnA product of the junction is 8.9
mΩcm2.
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Figure 3.4(a) shows the tunneling spectra at various temperatures up to 7 K for a
MgB2/native oxide/Pb tunneling junction on a rough SiC (0001) substrate. There are two sets of
conductance peaks in the spectra. The peaks around 3.2 mV correspond to (Δπ+ΔPb)/e, and the
peaks around 9.3 mV correspond to (Δσ+ΔPb)/e, where Δπ, Δσ, and ΔPb are the energy gaps of the
MgB2 π band, MgB2 σ band, and Pb, respectively, and e is the electron charge. Similar to the
result on MgO (211) substrate observed by Chen et al.[67], fine tunneling peak structures are
seen for both bands at low temperatures. The splitting of the peaks remains visible up to 7 K. The
dI/dV-V spectra of the junction from 7.5 K to 40 K are shown in Figure 3.4(b). As the temperature
increases above the Tc of Pb (~7.2 K), Pb becomes a normal metal and the junction turns from the
superconductor-insulator-superconductor (SIS) type to the superconductor-insulator-normal metal
(SIN) type. Since normal metal does not have as sharp edges in the DOS as superconductor, the
SIN junction state does not have as high energy resolution as the SIS junction state and therefore
the tunneling peak splitting feature is smeared out in the spectrum. Nevertheless, the gap features
due to MgB2 can still be observed up to the Tc of MgB2. Although the thermal broadening of the
Pb Fermi surface smears out the fine peak structures, the spectra can be fitted to the standard SIN
tunneling equation assuming that the total normalized DOS of MgB2, N(ε), is a linear
combination of the contributions from the π and σ bands (Nπ and Nσ, respectively):

N    rN    1  r  N   , where the coefficient r denotes the contribution of the π band to
the DOS. The spectral weight of the σ band tunneling is about 20% for all the temperatures,
larger than the 11% previously observed in junctions on MgO (211) substrate[67]. As the
theoretically predicted contribution of the σ band to the tunneling conductance is 33% when
tunneling is into the ab plane,[76] the result indicates that it is more effective to tunnel into the ab
plane in films on the rough SiC (0001) substrates. The gap features due to MgB2 can be seen up
to 40 K, as the MgB2 film on SiC substrate has higher Tc than bulk due to the tensile strain in the
film.[77]
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Figure 3.4 (c) and (d) show the tunneling spectra at various temperatures for a
MgB2/native oxide/Sn tunneling junction on a c-axis-8°-tilted SiC substrate. Similar to the
MgB2/native oxide/Pb junction, two sets of conductance peaks were observed. The peaks around
2.5 mV correspond to (Δπ+ΔSn)/e, and the peaks around 8.4 mV correspond to (Δσ+ΔSn)/e, where
ΔSn is the energy gaps of Sn. The peaks are broad with fine structures. Above 3.7 K, the Tc of Sn,
Sn becomes normal and the fine structures in the tunneling spectra are smeared out. The spectral
weight of the σ band tunneling is about 4.6%. The gap features due to MgB2 can be seen up to 40
K. The results show that the multiple gap values for both the π and σ bands in tunneling spectra is
not specific to Pb as the top electrode, but can also be observed with other top electrode materials.

Using a deconvolution method developed by Chen et al. and described in Ref. [78], we
can deduct the DOS and gap distribution function ρ(Δ) of MgB2 from the SIS tunneling spectrum.
Here the Pb or Sn top electrode in the junctions is a dirty superconductor. The superconducting
energy gap is single-valued (ΔPb ~ 1.35 meV and ΔSn ~ 0.57 meV at 1.8 K) and its DOS is known
to follow the BCS relation. The phonon structure of Pb at around 7 meV and 11 meV due to
strong electron-phonon couplings is not considered due to their negligible effect compared to the
contributions from the energy gaps. The tunneling current of a junction between MgB2 and a BCS
superconductor can be expressed as

1
I (V ) 
Rn



N

MgB2

(eu) N BCS  eu  eV   f (eu)  f (eu  eV ) du
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where Rn is the normal state junction resistance, NMgB2 is the normalized MgB2 superconducting
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distribution function. Assuming Δm is the smallest energy gap value of MgB2 at low temperatures,
the region Δm/e < u < V–ΔBCS/e contributes the majority of the integration. Ignoring the regions u
< Δm/e and u > V–ΔBCS/e, and approximating the integration by summation, the tunneling current
can be written as

1 
I V  
Rn

V  BCS   E



n  m  E

N MgB2  n E  eV N BCS  n E  f  n E  eV  1  f  n E  

(3.2)

where δE is the small voltage step used in summation. The DOS of MgB2 at u = Δm/e can be first
calculated directly from I[(Δm+ΔBCS)/e], then the next higher energy DOS can be calculated from
the known low energy DOS. Once the whole DOS is obtained, the energy gap distribution ρ(Δ)
can be calculated in a similar method based on N MgB2 ( E )  

E

0

E
E  2
2

 ()d . The

validation of the algorithms has been justified by overlapping experimental I-V and the
reconstructed I-V curve from the derived ρ(Δ). [67]
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Figure 3.5. The energy gap distribution of π and σ gaps derived from junctions of different top
electrodes and on various substrates. (a) Pb top electrodes: substrates from bottom to top, MgO
(211) (black), SiC (0001) rough substrate (red), c-axis-8°-tilted SiC (blue), MgO (111) (green),
and SiC (0001) (magenta). The values of the RnA product of the junctions are 1.7, 3.5, 2.6, 2.6
and 2.7 mΩcm2, respectively. (b) Sn top electrodes: substrates from bottom to top, SiC (0001)
rough substrate (purple), and c-axis-8°-tilted SiC (orange). The σ-gap curves for the two junctions
are magnified four times. The values of the RnA product of the junctions are 1.5 and 3.2 mΩcm2,
respectively. Each gap distribution curve is normalized to its π gap peak value and offset for
clarity. The measurements were taken at 1.8 K.

The gap distribution function ρ(Δ) of MgB2 derived from the tunnel junctions on different
substrates are plotted for both Pb [Figure 3.5(a)] and Sn [Figure 3.5(b)] electrodes. The tunneling
spectroscopy depends sensitively on the electron tunneling direction across junction. Because
MgB2 films on the MgO (111) and SiC (0001) substrates are c-axis oriented, the gap distributions
derived from tunneling spectra on these substrates do not show significant σ-gap peaks. The
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slight difference in the fine structures of the gap distribution reflects the sensitivity of the results
to the tunneling directions and scattering in different junctions. Nevertheless, the splitting of a
single peak into multiple sub-peaks occurs for both the π and σ bands in junctions on all the
substrates. The π gap distribution spreads from ~1.2 meV to ~2.9 meV for all the samples. The
two sub-peaks in the π gap distribution have similar peak positions but different relative height in
different samples, reflecting a difference in the relative weight contribution of different gap
states. The different relative height of the sub-peaks in the π gap distribution in these samples
likely reflects the k-dependent gap anisotropy of MgB2 as the MgB2 film surface orientations,
thus the tunneling directions, are different on these substrates. In addition, the MgB2 films on the
SiC substrates have higher Tc values (over 41 K) than films on the MgO substrates (Tc ~ 38 K)
due to epitaxial tensile strain.[77] This is reflected in larger σ gap values on the SiC substrate
(~7.9 meV) than on the MgO substrate (~7.2 meV). While shifted to higher energy, the σ gap
distribution on the SiC substrate has a similar shape as on the MgO substrate. The σ gap energy
spread is about 1.6 meV. Similar results were obtained for both the Pb and Sn electrodes,
indicating that the fine features in the gap distribution do not depend on the top electrode
materials. Interestingly, there is no change of π gap values for the samples with two different Tcs,
indicating that the strain in MgB2 thin films affects mainly the electron-phonon coupling in the σ
band, not π band.
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3.5. Scattering Effect on Gap Anisotropy of Magnesium Diboride

Figure 3.6. The energy gap distributions at T = 4.2 K for three junctions on SiC (0001) substrates
with MgB2 films of different thicknesses. The RnA values of the junctions are 1.7 (black solid line
33 nm), 0.74 (red dash line 66 nm), and 1.3 (blue dotted line 100 nm) mΩcm2, respectively.

According to Mazin et al., the gap distribution of MgB2 is only observable in clean
samples with long mean free path as scattering can smear out the anisotropy.[74] In epitaxial
MgB2 films made by HPCVD, electron mean free path is limited by the film thickness.[60] To
study the effect of scattering, we have fabricated MgB2/native oxide/Pb junctions on MgB2 films
of three different thicknesses (33, 66, and 100 nm). The Tcs of the three films are 40.2 K, 41.1 K,
and 41.1 K, respectively. The gap distribution functions derived from the tunneling spectra are
plotted in Figure 3.6 for the π gap. For the 100-nm-thick film, there is a shoulder-like peak at ~
2.2 meV beside the main peak at ~1.7 meV. The π gap values range from ~1.2 meV to ~2.9 meV,
a spread of about 1.7 meV. For a thinner film of 66 nm in thickness, the π gap has a single-valued
peak at ~1.8 meV and the energy spread of the gap is ~ 1.5 meV, narrower than the 100 nm film.
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The 33-nm-thick film has a single π gap peak with an even narrower gap spread of ~ 1.4 meV.
The result demonstrates that the scattering in the MgB2 film mixes different gap values in the π
band and reduces the gap distribution range. There is only one single-valued peak in the gap
distribution for samples with short electron mean free paths. This is consistent with the multiband
superconductivity theory.[27]

Table 3.1. Change of MgB2 films properties with “N2-doping”.
N2 (sccm)

Tc (K)

ρ0 (µΩcm)

RRR

0

41.2

0.8

10

4

40.7

0.8

10

8

40.7

1.7

5.4

12

40.4

1.9

6.4

To vary the scattering rate systematically, N2 gas (99.999% purity) was added to the
carrier gas during the MgB2 deposition as the trace amount of oxygen in N2 leads to scattering
centers in the MgB2 films. Table 3.1 lists the change of MgB2 films properties with different
amount of “N2-doping”. The impurities introduced by adding N2 gas reduce the film Tc and
increase the residual resistivity. Figure 3.7 shows the π peaks in ρ(Δ) for four junctions on SiC
(0001) substrates with different flow rates of N2 addition. As shown in the inset, the electron
mean free path, derived from the electrical resistivity, becomes shorter and the energy distribution
peak of the π gap becomes sharper (smaller FWHM) with increasing amounts of N2 addition. This
indicates that the scattering inside MgB2 films smears out the energy gap distribution.
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Figure 3.7. The energy gap distribution around π gap region for 4 junctions on SiC (0001)
substrates at T = 4.2 K with different N2 flow rates during the MgB2 growth. (inset) The
dependence of FWHM of the gap distribution peaks and the electron mean free path (MFP) to the
flow rate of N2 addition.

Strong scattering at MgB2/barrier interface or from thick barrier also smears out the fine
energy gap distribution features. In Figure 3.8, we plotted the sub-peak positions in the π gap
distribution as a function of junction RnA values for all the MgB2/native oxide/Pb junctions on
SiC substrates we have studied. A larger RnA value corresponds to stronger scattering at the
junction interface or due to thicker barrier. Although the data are scattered, statistically the two
sub-peaks in the π gap distribution are well separated when RnA values are low. As the RnA value
increases, the two sub-peaks’ positions become closer, and eventually the π gap distribution peak
become single-valued. The junction resistance can also be varied by aging. The inset to Figure 3.9
shows the conductance spectra of a MgB2/native oxide/Pb junction on a rough SiC (0001)
substrate measured after 5-month aging in the ambient environment against the fresh sample. The
fresh sample has a small RnA product of 1.3 mΩcm2 and clear tunneling peak splitting for the π
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band. As the sample ages, the RnA value rises, to 7.9 mΩcm2 after 5 months. Meanwhile, the fine
peak structures became washed out. The derived π gap distributions are plotted in Figure 3.9. The
π gap distribution peaks are normalized by the area underneath curve, as the total probability of π
gap distribution represented by the area is a constant. The 5-month-old curve shows smeared gap
peak features. In addition, the two sub π peaks’ positions are closer in aged sample. The result
reconfirms that a small RnA value is necessary to resolve the complex gap structure in the
spectrum. Similar behavior has also been observed in the tunneling study of the Pb gap
anisotropy.[79] The results suggest that scattering from the junction interface or thick barrier
could mix different gap values inside the band.
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Figure 3.8. The π sub-peaks’ position in the gap distribution vs. the RnA product value for all the
MgB2/native oxide/Pb junctions on SiC substrates. The solid squares are from samples with two π
sub-peaks while the open diamonds are from samples with single π peak in the gap distribution.
The error bar is from reading error when hand-picking the π sub-peak positions in the gap
distribution plots. The red dash lines are guides to the eye.
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Figure 3.9. The π energy gap distributions for a MgB2/native oxide/Pb junction on a rough SiC
(0001) substrate measured after different periods of aging: fresh (black), and 5-month old (red).
The values of the RnA product are 1.3, and 7.9 mΩcm2, respectively. Inset: normalized dI/dV-V
spectra of the junctions from which the gap distributions are derived. Curves are shifted vertically
for clarity. Measurements were taken at 4.2 K.

While the intraband scattering reduces the gap distribution range within a band, strong
interband scattering can lead to mixing of states from different bands. Figure 3.10(a) shows the
normalized conductance spectra for three junctions with different levels of surface deterioration.
The surface damage occurred when MgB2 films were exposed to humid environment. Junction A
(black solid curve) has a low sub-gap conductance and a small RnA value of 5.4 mΩcm2,
indicating a good insulating barrier. The other two junctions have much higher RnA values, 86
mΩcm2 for Junction B (red dash curve) and 472 mΩcm2 for Junction C (blue dotted curve). The
large leakage current inside the gap and large junction resistance indicate deteriorated barriers
and strong scattering in these two junctions. The gap distributions derived from the three
junctions are plotted in Figure 3.10(b). Junction A shows fine structures in the gap distribution
peak, which can be fitted with two peaks at 1.90 meV and 2.22 meV, respectively, in the π gap
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region. No σ gap is observed as the film is c-axis oriented on a SiC (0001) substrate. The π gap
distribution peaks become broader and shift to higher energy in the other two junctions with
damaged film surface. The gap distribution peak is at ~2.20 meV for Junction B and ~3.35 meV
for Junction C. The derived π gap values are much larger than the values in clean MgB2. It has
been shown previously that the π gap may increase and the σ gap decrease in MgB2 in the case of
strong interband scattering due to defects or impurities.[27] The larger π gap values in these
damaged junctions suggest that there is a strong interband scattering from the inferior MgB2barrier interface. In addition, it is worth noting that the gap peaks in the damaged junctions are
broader than in clean samples. This may come from the inhomogeneity of MgB2 at junction
interfaces. Inelastic electron scattering at inferior junction interface may also cause a large gap
value spread in the energy scale. The presence of large sub-gap conductance in damaged
junctions indicates that electrons do not cross the barriers elastically by tunneling. The electron
energy may be transferred to low-energy excitations inside the barrier. It is important to separate
this from the gap distribution spread caused by the momentum-dependent MgB2 gap anisotropy.

Figure 3.10. (a) Normalized dI/dV-V spectra of three MgB2/native oxide/Pb junctions on SiC
(0001) substrates with different conditions of interface. The values of the RnA product are A: 5.3
mΩcm2 (black solid), B: 86 mΩcm2 (red dash), and C: 472 mΩcm2 (blue dotted). (b) The gap
distribution functions for the three samples.
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3.6. Barrier Height and Thickness and Barrier Phonons

Figure 3.11. (a) dI/dV-V spectrum of a MgB2/native oxide/Pb junction on a SiC (0001) substrate
at 4.2 K measured to high voltage bias. The red dash line is a parabolic fit to conductance
spectrum with |V| > 124 mV. The blue dotted line is the parabolic background after subtracting
the barrier phonon contribution. The voltage polarity is that of the Pb top electrode with respect to
the MgB2 base electrode. (b) The phonon density for four junctions with different RnA values:
168, 62, 22, and 7.9 mΩcm2 respectively from top to bottom. Peaks at 69, 84 and 113 mV are
clearly seen and may be the signature of the barrier phonon.

In our junctions, the insulating barrier was formed by exposing the fresh MgB2 film to
ambient environment. We studied the native oxide barrier properties through the tunneling
spectroscopy of junction samples. Figure 3.11(a) shows the conductance spectrum for a
MgB2/native oxide/Pb junction at 4.2 K measured to high voltage bias. Strikingly, knee-points at
about ±124 mV separate the curve into two regions. Above ±124 mV the conductance curve is
parabolic (fitted by red dash line), which is a result of the bias voltage-dependent tunnel barrier
shape.[80] Between ±124 mV, the conductance spectrum contains structures arising from
inelastic tunneling through scattering with phonons in the tunnel barrier and electrodes adjacent
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to the barrier.[81] The total tunneling conductance is the sum of the parabolic background
conductance Gbg(V) and the inelastic phonon scattering conductance Gph(V): G(V) = Gbg(V) +
Gph(V). In Figure 3.11(a), Gbg(V) is the blue dotted line after subtracting the contribution of
Gph(V) from the spectrum. The barrier phonon density, corresponding to dGph/dV, can be obtained
using a method proposed by Rowell, McMillan, and Feldmann.[82] According to Brinkman,
Dynes, and Rowell (BDR)[83], the conductance background can be approximated by a parabola,
i.e. Gbg(V) = aV2+bV+c, where a, b and c are constants. And Gph(V) is known to be an even
function of the voltage V. The derivative of the even conductance G E V  

1
2

GV   G V  is

dG E V  dG ph V 

 2aV
dV
dV
, which is the sum of the phonon density and a linear term that can
be easily removed by assuming dGph/dV = 0 for |V| > 124 mV. Figure 3.11(b) shows dGph/dV–V
curves of four junctions with different RnA values, where the product of the normal state junction
resistance Rn and the planar junction area A is a good indicator of electron scattering at the barrier
interface. Despite very different RnA values ranging from 7.9 to 168 mΩcm2, all of the curves
show peaks at around 69, 84, and 113 mV with similar relative intensities. These peaks are not
due to phonon scattering in either Pb or MgB2 as the Pb phonon modes are in the voltage of less
than 30 mV (Ref. 82), and MgB2 phonon peaks center at around 35, 58, and 85 mV from the
superconducting tunneling spectra84 and at around 54, 78, 89, and 97 mV from the neutron
scattering[85]. They are likely from the phonons in the barrier. Study on Mg/MgO/Pb
junctions[86] shows that the MgO barrier has phonon peaks at 54, 69, and 83 meV if Mg is
oxidized with the presence of even a little trace of water due to the O-H bending modes.
Moreover, if hydrogen is incorporated into Mg and form magnesium hydride, a broad maximum
near 108 mV appears in the conductance curve as the result of Mg-H stretch mode. In preparing
the HPCVD MgB2 films, hydrogen was used as the process gas. It is possible that some hydrogen
incorporates into the MgB2 lattice or is adsorbed on the surface of the MgB2 film and stays
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adjacent to the tunnel barrier. The O-H bending mode matches exactly at the conductance peaks
at 69 mV. Mg-H stretch mode may account for the observed peak at 113 mV. Although the
position of the peak is about 5 mV off from that observed in Ref. 86, it is possible that the
presence of borons may affect the mode frequency slightly. The similarity of phonon spectra from
the four junctions with different RnA values indicates that the native oxide is mainly MgO,
possibly doped with hydrogen.

Table 3.2. The barrier thickness d, average height  , and height difference  of the four
junctions in Figure 3.11(b) from fitting the background conductance Gbg(V) using BDR model.
The RnA product values of the junctions are also listed. Here  is the barrier height difference
of the MgB2 electrode side with respect to the Pb electrode side.
Samples

RnA (mΩcm2)

d (nm)

 (eV)

 (eV)

J1

168

1.4

2.0

1.2

J2

62

1.4

1.7

0.8

J3

22

1.1

2.6

2.4

J4

7.9

1.1

2.2

1.6

The barrier thickness and height can be estimated from Gbg(V) according to BDR
model[83] assuming a trapezoid-shaped barrier. Table 3.2 lists the extracted barrier parameters of
the four junctions in Figure 3.11(b). Here  is the barrier height difference of the MgB2
electrode side with respect to the Pb electrode side. The positive  values in these junctions
indicate the work function of MgB2 is larger than that of Pb. The junction barrier thickness ranges
from 1.1 to 1.5 nm. The average barrier height is from 1.7 to 2.6 eV. Schneider et al.[87]
measured the high bias conductance curve of a MgB2/I/In junction and fitted it according to
Simmons model[80]. They obtained the native oxide barrier thickness of (1.5±0.1) nm and height
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of (1.6±0.2) eV which is close to our results. The barrier height obtained here also agrees with
those in the Mg/MgO/Pb junctions. The large barrier height values indicate good tunnel barrier
properties in our junctions.

3.7. Summary
In summary, we have fabricated MgB2/native oxide/Pb and MgB2/native oxide/Sn
tunneling junctions and studied the effect of disorder on the superconducting energy gap features
of MgB2 through electron tunneling spectroscopy. Previous results on c-axis tilted MgB2 films or
films on SiC (0001) substrates with steps show that both π and σ bands are visible in the spectra
with the momentum-dependent energy gap distribution. The DOS and superconducting gap
distribution of MgB2 are derived from the SIS tunneling spectra and we have observed that they
do not depend on the top electrodes in the junctions. Reducing the electron mean free path by
decreasing the MgB2 film thickness, or increasing the tunneling junction resistance, smears out
the fine structures in the tunneling spectra. The results show scattering from either the film or the
junction interface or barrier reduces the superconducting energy gap anisotropy of MgB2.
Moreover, strong scattering from junctions made from humidity-damaged MgB2 surfaces causes
an increase in the π gap value due to interband states mixing. In addition, the phonon spectra of
the native oxides barriers were derived from the conductance curves between ±124 mV. The
native oxide is mainly MgO with possible hydrogen doping based on the phonon spectra. By
fitting parabolic conductance background above ±124 mV using BDR model, we obtained the
barrier thickness and height information.
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Chapter 4
Point Contact Spectroscopy Study of Topological Superconductor
NbSe2/Bi2Se3 Heterostructures
When coupled with an s-wave superconductor NbSe2, the surface states of the topological
insulator Bi2Se3 can become topological superconductors. In this chapter, I discuss the results of
point contact spectroscopy studies of NbSe2/Bi2Se3 heterostructures. A manuscript based on this
chapter is in preparation.

4.1. Introduction and Background
Since the original proposal by Fu and Kane[19], topological superconductor (TSC),
whose order parameter winds nontrivially in momentum space, has generated significant interest
right after the discovery of topological insulators (TI). TSCs were proposed and studied in many
systems, such as the proximity effect induced superconductivity in topological insulators surface
state (TSS)[19,88,89,90,91,92,93,94,95,96,97], Cu intercalated Bi2Se3[98,99,100,101,102,103],
and semiconductor Rashba system coupled with superconductors[104,105,106,107]. Majorana
fermions, which are their own antiparticles and have potential applications for quantum
computing, were predicted to exist on the boundary of TSC. Electron tunneling and point contact
spectroscopy, which probes the density of states (DOS) of superconductors, were widely used in
studies of topological superconductor systems and in search of Majorana fermions. A zero-bias
conductance peak (ZBCP) feature in the experimental spectrum was sometimes assigned to the
signature of unconventional superconductivity[93,108,109,110,111] or indication of zero-energy
Majorana fermions[99,112,113,106,107]. In addition, inconsistent results were sometimes
reported from different spectroscopic measurement techniques even for the same system.

68
In 2010, topological insulator Bi2Se3 was found to become superconducting with copper
intercalation between Van der Waals gaps between the Bi2Se3 layers[98]. The material was
theoretically proposed as an odd-parity superconductor in the time-reversal-invariant topological
superconductor class[99]. Sasaki et al. conducted a point contact spectroscopy study of CuxBi2Se3
and reported the observation of ZBCP in the conductance spectra[99] (see Figure 4.1), which was
attributed by the authors to be the Andreev bound state consisting of Majorana fermions on the
boundary of a topological superconductor and later confirmed with theoretical predication[101].
On the contrary, in scanning tunneling microscopy (STM) measurements, Levy et al. showed the
CuxBi2Se3 has a fully gapped BCS s-wave pairing symmetry[102] (see Figure 4.2 (a)). In
addition, Peng et al. later showed that ZBCP features can be tuned in or out depending on the N-S
barrier strength in the point contact spectroscopy measurement on CuxBi2Se3[103]. The absence
of ZBCP under finite barrier strength (see Figure 4.2 (b)) represents the absence of zero-energy
Majorana fermions in the system.

Figure 4.1. A point contact spectroscopy study of superconducting Cu-intercalated Bi2Se3
showing a ZBCP in the conductance spectra: (a) Spectra at different temperatures in a large V
bias scale. (b) A small V bias scale of (a). (c) Spectra at 0.35 K under different magnetic fields.
Adapted from reference [99]
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(a)

(b)

Figure 4.2. (a) A tunneling spectrum shows a fully gapped Cu0.2Bi2Se3 consistent with BCS swave pairing symmetry from STM measurements. Adapted from reference [102]. (b) A point
contact spectroscopy study of superconducting CuxBi2Se3 showing the absence of a ZBCP in a
junction with large normal resistance. Adapted from reference [103]

Proximity induced superconductivity in TI surface state is another widely studied
topological superconductor system. As discussed in Chapter 1.9, the 2D surface state of TI
becomes superconducting when a TI is in proximity to an s-wave superconductor (S). The
superconducting state resembles the spinless px  ip y topological superconductor. Like the

px  ip y superconductor, the surface superconductor will have a zero energy Majorana state at
the boundary. Experimentally, ZBCP features have been reported in S/TI junctions (see Figure
4.3) and point contact junctions on S/TI bilayers (see Figure 4.4) [93,111,112,113], which were
assigned to unconventional superconductivity or Majorana fermions. Meanwhile, the tunneling
spectra by STM measurements on epitaxial TI thin films (Bi2Se3 and Bi2Te3) on superconducting
NbSe2 substrates showed proximity-induced superconducting energy gap in TI top surface which
decreases with increasing TI film thickness (see Figure 4.5). No ZBCP was observed in the
tunneling spectra from STM.
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Figure 4.3. Conductance spectra at different temperatures of two Sn/Bi2Se3 junctions (a) device
#1 and (b) device #2 showing ZBCPs. The full widths of the peak at half height of the two
devices are shown in (c). Adapted from reference [93]

Figure 4.4. Two conductance spectra of point contact junctions showing ZBCPs. The point
contact junctions were formed by crashing a Pt/10%Ir STM tip into a bilayer of 10 nm Bi 2Se3 on
top of 70 nm NbN, shown in the inset. The fitting curves were from p-wave model. Adapted from
reference [111]
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(a)

(b)

Figure 4.5. Scanning tunneling spectra from STM measurements on NbSe2/Bi2Se3 at 4.2 K(a) and
NbSe2/Bi2Te3 at 0.4 K(b) heterostructures with different topological insulator layer thicknesses.
No ZBCP features were present in the tunneling spectra. Adapted from reference [91]

Giving the many discrepancies between point contact spectroscopy measurements and
electron tunneling measurements in different topological superconductor systems, it is crucial to
have better controls of sample quality and the point contact measurement technique. In this
chapter, I present a point contact spectroscopy study of high-quality NbSe2/Bi2Se3
heterostructures at low temperatures down to 40 mK. The results show that a finite
superconducting energy gap was successfully induced in the Bi2Se3 from the superconducting
NbSe2 substrate through proximity effect. No ZBCP features were present in the point contact
spectra. In addition, a second gap-like feature showed up besides the main induced gap at low
temperatures in the point contact spectra, suggesting a possible signature of induced
superconducting gap in the surface state.
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4.2. NbSe2/Bi2Se3 Heterostructure
High quality NbSe2/Bi2Se3 heterostructure samples were grown by the molecular beam
epitaxy (MBE) by Dr. Anthony Richardella in Professor Nitin Samarth’s group. NbSe2 flakes
were mounted with molten indium on a molybdenum plate and an aluminum cleaving post was
on glued their surface. The NbSe2 samples were then cleaved under ultra high vacuum
immediately prior to being transferred into the MBE chamber. Bi2Se3 was grown by thermal
evaporation of high purity (5N) elemental sources in standard Knudsen type cells with a flux ratio
of Se to Bi greater than 10. The film growth rate was calibrated by X-Ray Reflectivity (XRR)
measurements of growths on InP or sapphire substrates and confirmed on NbSe2 by TEM[114].

Figure 4.6 shows the material characterization of the NbSe2/Bi2Se3 heterostructures.
HRTEM image shows an atomically sharp interface between NbSe2 and Bi2Se3with no sign of
diffusion near the interface. The LEED pattern indicated the Bi2Se3 film is well-ordered with sixfold symmetry. The surface state dispersion was confirmed by high resolution ARPES. The AFM
image confirmed the layered growth mode by MBE and showed a surface roughness less than
~3QL.
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(a)

(b)

(c)

(d)

Figure 4.6. NbSe2/Bi2Se3 heterostructure by MBE. (a) High resolution transmission electron
microscopy (TEM) measurements of the NbSe2/Bi2Se3 interface at 200 keV electron energy. An
atomically abrupt transition from NbSe2 layered structure to the layered quintuple layer structure
of Bi2Se3 is resolved, showing a good atomically flat interface crystal quality. (b) A low-energy
electron diffraction (LEED) image on a 4QL Bi2Se3 film shows six-fold pattern providing
evidence that the thin Bi2Se3 film is well-ordered. (c) High-resolution ARPES dispersion map of a
4QL Bi2Se3 film on NbSe2. The gap observed at the Dirac node is due to finite hybridization
between the top and the interface surfaces in the thin limit. The white dot and cross schematically
show the measured direction of the spin texture on the top surface. (d) An atomic force
microscopy (AFM) image of the surface of a 10QL Bi2Se3 film on NbSe2 indicating layered
growth. Adapted from reference [114]

4.3. Point contact Andreev reflection spectroscopy
Point contact Andreev reflection (PCAR) spectroscopy was first discovered By Bogatina
and Yanson in 1972 when they called attention to pronounced nonlinearities in the I-V
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characteristic of a metallic short-circuit in the insulating barrier of a tunnel junction. Yanson has
shown that energy-resolved spectroscopy of the electronic scattering by phonons inside a metal
can be obtained in point contacts[115]. From then on, point contact spectroscopy (PCS) has
emerged as a simple tool to study the electronic structure of superconductors[14]. Point contact
spectroscopy has also been demonstrated in studying the proximity effects in
superconductor/normal metal[116] and superconductor/semiconductor bilayer systems[117].

(a)

(b)

Figure 4.7. Point contact measurement on NbSe2/Bi2Se3 heterostructure. (a) A microscope picture
of a point contact on a NbSe2/Bi2Se3 heterostructure. The Au wire diameter is 25 μm. The size of
the silver paint contacts is ~50 μm. (b) A side-view schematic of point contact spectroscopy
measurement on the NbSe2/Bi2Se3 sample.

We studied the point contact spectroscopy in NbSe2 single crystal and NbSe2/Bi2Se3
heterostructure samples by the so-called “soft” point contact technique[14]. The contacts were
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made by applying a small drop of silver paint between the top surface of sample and a gold wire
of 25 μm diameter (Figure 4.7(a)). The other electrical contacts were made on the NbSe2
superconducting substrate for four-probe electrical measurements, as show schematically in
Figure 4.7(b). The typical size of the planar contact is about 50 – 100 μm. Unlike conventional
Needle-Anvil point contacts, silver paint “soft” point contact utilize nanometer-scale Ag particles
in the paint to form parallel channels to the samples which does not apply pressure to the sample.
Thus it is preferred in studying thin and soft Bi2Se3 films on NbSe2.

Immediately after point contacts were made on fresh NbSe2/Bi2Se3 heterostructures
samples cooled in a Physical Property Measurement System (PPMS) for four probe electrical
measurements at temperatures down to 1.8 K. A quantum design dilution refrigerator system was
used for measurements down to 40 mK. The conductance spectra were obtained by both the
mathematical derivative of I-V data and a lock-in technique in which a 262 Hz AC modulation of
less than 50 μV was applied to the sample in addition to a DC current bias at temperatures above
1.8 K. The AC modulation amplitude was reduced to be less than

1
k BT for measurements
2

below 1 K.

4.3.1. Different Contact regimes
The ability of PCS to provide spectroscopic, energy resolved information depends on the
geometric confinement of the point contacts in experiments. Here I discuss different transport
regimes of contact junctions. Unless otherwise specified, the contact is a circular orifice with
radius a between two electrodes made of the same metal.
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Figure 4.8. Schematic illustration of the contact junction in different regimes: (a) ballistic
(Sharvin) limit when contact size a
thermal regime when a

lel ; (b) diffusive regime when lel

a

lel lin ; (c)

lel . Adapted from reference [14]

Figure 4.8 shows the three different regimes in contact junction. When the contact size is
small compared to the electron mean free path ( a

lel ), the applied voltage V accelerates

electrons within the distance of a mean free path. The electrons travel through the contact regime
ballistically (with no scattering). The kinetic energy increase of the electrons equals to eV. The
transport in this case is in the ballistic (Sharvin) limit. The contact resistance is

Rs 

4 Rq
4  lel

3 a 2  k F a 2

(4.1)

where  is the resistivity, lel is the mean free path, k F is the Fermi vector, and.

Rq 

h
2e 2

12.9k 

When the contact size is over lel but smaller than

(4.2)

lel lin , the point contact is in the

diffusive regime. Elastic scattering occurs at the interface, but electrons can still retain
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spectroscopic information. The contact resistance in the diffusive regime can be derived from a
formula by Wexler[118]:

Rs 

4 lel

 ( K )
2
3 a
2a

(4.3)

where K  l a is the Knudsen number and ( K ) is a slowly varying function of order unity.

The second term


is the Maxwell resistance. The ratio of the Sharvin to Maxwell term in the
2a

total contact resistance depends only on the size of the contact. The Maxwell contribution
dominates in large contacts, while the Sharvin resistance becomes more and more important with
decreasing a.

In the case of large contact with a

lel , inelastic scatterings occur at the interface and

there is no spectroscopic information. The dominant contribution of resistance comes from the
Maxwell term. Joule heating is generated at the contact region and causes a local increase in
temperature. There is a relation[119] between the maximum temperature Tmax at the center of the
contact and the voltage bias V:
2
Tmax  Tbath


V2
4L

(4.4)
8

where Tbath is the bath temperature and L is the Lorenze number L  2.45  10 V

2

K2 .

4.3.2. PCAR Diagnosis
It is crucial to first analyze the transport regime of the point contacts to assure the point
contact spectra are measured in the ballistic regime. When the contact is diffusive, electrons can
undergo elastic scattering. A common feature of diffusve contacts is sharp conductance dips in
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the spectra due to the critical current Ic of superconductors[120]. Figure 4.9(a) shows a point
contact in diffusive regime on a NbSe2/3QL Bi2Se3 heterostructure. Besides the main peaks from
Andreev reflection ~1 mV, there are dips at high V bias (~4 mV at low T) in the spectra. The dip
position decreases with increasing temperature till ~7 K. If the contact is in the thermal regime,
no spectroscopic information can be obtained. Figure 4.9(b) shows a point contact in thermal
regime on a NbSe2/3QL Bi2Se3 heterostructure, where there is spectroscopic information in the
spectra. In addition, the contact region temperature is higher than the bath temperature. The
conductance feature disappears ~6.2 K, lower than the NbSe2 Tc.

(a)

(b)

Figure 4.9. Non-ballistic point contact spectra on NbSe2/Bi2Se3. (a) Conductance spectra of a
diffusive point contact on a NbSe2/3QL Bi2Se3 from 2 K to 7.1 K. The main peak ~1 mV is from
Andreev reflection. There are dips in the spectra at high V bias (~4 mV at low T). The dip
position decreases with increasing temperature. (b) Conductance spectra of a point contact in
thermal regime on a NbSe2/3QL Bi2Se3 from 4.2 K to 7.1 K. No spectroscopic information can be
obtained from the point contact. Contact region temperature is higher than the bath temperature.
Feature disappears ~6.2 K, lower than the NbSe2 Tc.

Point contact conductance spectra on cleaved NbSe2 single crystals were tested first to
ensure ballistic transport. Figure 4.10 plots the conductance spectra of a point contact junction on
cleaved NbSe2 single crystal at different temperatures and fittings using the the Blonder-
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Tinkham-Klapwijk (BTK) theory [15], which is widely used to describe the transport between a
normal metal and a superconductor with a finite transparency of the interface. A parameter Γ was
included to describe the broadening effect[14]. The experimental curves were fitted with the BTK
theory nicely and the fitted NbSe2 superconducting gap values are in line with results from other
measurement techniques[91]. In addition, there were no sharp conductance dips in the spectra.
which confirms the point contact is in the ballistic regime. The barrier strength Z values in the
fittings are around 0.5 at different temperatures from the fittings, indicating an intermediate N-S
interface barrier strength.

Figure 4.10. The normalized differential conductance vs. voltage bias at different temperatures
for a point contact junction on a cleaved NbSe2 single crystal. The red solid lines are fitting
curves using the BTK theory. Curves are shifted vertically for clarity. The bottom right inset
shows the scheme of point contact measurement. The top right inset shows the superconducting
energy gap Δ and the broadening parameter Γ obtained from the fittings as a function of
temperature T.
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4.4. Results and Discussions

(a)

(c)

(b)

(d)

Figure 4.11. (a) Normalized conductance spectra of a point contact on a sample of NbSe2/7QL
Bi2Se3 heterostructure at different temperatures. Curves are shifted vertically for clarity. The
black lines are BTK fits to the experimental data. The contact normal resistance Rn is 485  . (b)
The temperature dependence of the superconducting energy gap  and quasiparticle lifetime
broadening parameter  values from BTK fittings to the conductance spectra of the point contact
on the NbSe2/7QL Bi2Se3 heterostructure. (c) Normalized conductance spectra of the point
contact on the sample of NbSe2/7QL Bi2Se3 heterostructure at different magnetic fields. The
sample temperature is at 0.2 K. Curves are shifted vertically for clarity. The black lines are BTK
fits to the experimental data. (d) The magnetic field dependence of  and  values from BTK
fittings to the conductance spectra of the point contact on the NbSe2/7QL Bi2Se3 heterostructure.

Figure 4.11(a) plots the conductance spectra at different temperatures of a point contact
on a NbSe2/7QL Bi2Se3 heterostructure. The spectra can be fitted well with the BTK theory and
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the energy gap value  and broadening parameter  from the fittings are plotted in Figure
4.11(b). Figure 4.11(c) shows the conductance spectra of the sample point contact in different
magnetic fields at 0.2 K and the  and  values from the fittings to the spectra are plotted in
Figure 4.11(d). Here  is used, as a first approximation, to simulate the pair-breaking effect of a
magnetic field[14]. The fitted energy gap  is ~1.0 meV at low temperatures, which is close to
the NbSe2 gap value. The gap value decreases with increasing temperature or magnetic field. The
Andreev reflection signal in the spectra disappeared at ~7 K or under ~4 T magnetic field, which
is in line with the Tc and Hc2 of NbSe2 single crystals.

Figure 4.12. (a) Normalized conductance spectra of point contacts on NbSe2/Bi2Se3 samples of
different Bi2Se3 thicknesses at ~0.4 K. The Rn values are 485  , 71  , 310  , and 57  ,
respectively. Curves are shifted vertically for clarity. (b) Energy gaps from point contact Andreev
reflection measurements plotted together with bulk bands gaps from ARPES measurements on
the NbSe2/Bi2Se3 heterostructures of various Bi2Se3 film thicknesses. The red line is a guide for
the eye.

As the Bi2Se3 film thickness increases, another feature started to appear in the spectra.
Figure 4.12(a) shows the conductance spctra of point contacts on samples of different Bi2Se3 film
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thicknesses. a second gap feature at low V bias starts to appear in the 10 QL sample besides the
main peak at ~ 1 mV and it becomes more pronounced in the 13 QL sample. Finally, Only the
peak at low V bias is present in the 16 QL sample. For the samples with multiple peaks in the
spectra, We fit the experimental data using an extended BTK model which assumes a linear
combination of two different gaps and independent fitting parameters  ,  , and Z for each gap.
The fitted gap values from PCAR measurements of all samples are plotted in Figure 4.12(b)
together with bulk bands gaps from angule-resolved photoemission spectroscopy (ARPES)
measurements.[114] The PCAR gaps are cleared separated into two groups. A lareger gap value
decreases slightly from the pure NbSe2 gap value (~1.2 meV) with the increasing Bi2Se3 layer
thickness. Meanwhile, a smaller gap appears in PCAR spetra when Bi2Se3 film thickness is above
10 QL and follows the same thickness dependence trend as the induced Bi2Se3 bulk bands gaps
from ARPES measurements on the same type of NbSe2/Bi2Se3 heterostructures.,

Unlike ARPES which is only sensitive to a few monolayers from the top surface, PCAR
probes deeper into the sample with a length of order of the mean free path le in dirty limit.[14]
The MBE Bi2Se3 film has an electron density of n ~ 1.3 1019 cm3 and in-plane residual
resistivity 0 ~ 0.75m cm [121]. Based on the resistivity anisotropy measurements of single
ab

crystals and selected orientation thin films made by MBE[122,123], we assume the resistivity
anisotropic ratio to be

c
*
~ 4. Using a c-direction effective mass mc  0.76me from the results
 ab

of reflectance study of Bi2Se3 crystals[124] and vF = 2.39 105 m / s from the band structure
c

calculations[125], the out-of-plane mean free path lec 

mc*vFc
is estimated to be ~16 nm, which
c ne2

is close the Bi2Se3 thickness threshold when the smaller gap started to appear. When the Bi2Se3
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film thickness is much smaller than le , the signal is mainly from the NbSe2 substrate. With the
increasing Bi2Se3 film thickness, the gap in Bi2Se3 film starts to gain more weight in the total
spectra. Eventually, when the Bi2Se3 film thickness is beyond le , the induced gap in Bi2Se3
dominates the spectra.

Therefore, we conclude that the smaller gap values in Figure 4.12(b) are the proximity
effect induced energy gap in 3D TI Bi2Se3. Meanwhile, the larger gap values ~1 meV is from the
bottom NbSe2 substrates. This gap value decreases in samples with thick Bi2Se3 films, which is
consistent with the suppression of energy gap in the superconductor at interface due to proximity
effect[21]. In addition, It is worth noting that no ZBCP features are present in the spectra,
consistent with STM measurement results[91,97] but different from some point contact
measurement results[93,111,112,113]. The results call for a careful reexamination of the
interpretation of ZBCP in point contact spectra as the signature of unconventional
superconducitivy or Majorana fermions.
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Figure 4.13. Conductance spectra of a point contact on a sample of NbSe2/16 QL Bi2Se3
heterostructure (a) from 0.04 K to 7 K. (b) from 1.8 K to 7.5 K. (c) Conductance spectra to high V
bias at temperatures 1.8 K, 5 K, 7.5 K, 10 K, and 15 K, respectively. (d) Conductance spectra at
different magnetic fields. The sample temperature is at ~60 mK.

Now we focus on the proximity effect induced gap feature in Bi2Se3. Figure 4.13(a)
shows the conductance spectra of a point contact junction on a NbSe2/16QL Bi2Se3
heterostructure sample at low temperatures down to 40 mK. Only a single peak value is present in
the spectra without signal from the NbSe2 substrate contribution. Spectra at temperatures from 1.8
K to 7.5 K are plotted in Figure 4.13(b). As the temperature increases, the coherence peak in the
conductance spectra starts to smear into a single broad peak at zero bias likely due to thermal
broadening. The zero bias conductance then decreases gradually till 7K but increases at 7.5 K.
The abrupt change in the spectra agrees with NbSe2 Tc ~7 K, confirming the nature of the gap is
due to the proximity effect from the superconductor NbSe2. Figure 4.13(c) plots the conductance
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spectra to high voltage bias at temperatures up to 15 K. The spectra shows a linear background,
which is often attributed to inelastic tunneling at the point contact–sample interface
[126,127,128,129]. The conductance spectra at ~60 mK under different magnetic fields are
plotted in Figure 4.13(d). The gap feature is suppressed by a field of ~0.3 T, which is much
smaller than the Hc2 of NbSe2 ~4 T.

Figure 4.14. (a) Normalized conductance spectra of the point contact on the NbSe2/16 QL Bi2Se3
heterostructure at low temperatures. Curves are shifted vertically for clarity. The black lines are
BTK fits to the experimental data. (b) Values of BTK fitting parameters  and  as a function
of temperature for the point contact on the NbSe2/16QL Bi2Se3 heterostructure.

We fit the conductance spectra with the BTK model. Figure 4.14(a) plots the normalized
conductance spectra of the point contact junction on the NbSe2/16QL Bi2Se3 heterostructure
sample at low temperatures down to 40 mK and the fittings using the BTK model. The barrier
strength parameter Z from the fittings is ~1 for all temperatures, indicating high tunneling barrier
strength. The fitted gap values Δ and broadening parameter Γ versus temperature T are shown in
Figure 4.14(b). It is worth noting that the fitting curves using the standard BTK model deviate
from the experimental data at temperatures below 0.45 K as shown in Figure 4.14(a).
Additionally, the gap value from the fittings shows an abnormal decrease at low T (in Figure
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4.14(b)) if we still use the BTK fitting, which also indicates it is incorrect as the
superconductivity and proximity-coupling should be enhanced with decreasing T. The
conductance curves can be fitted nicely using the BTK model above 0.45 K, indicating the point
contact is in the ballistic regime and the anomaly is not from diffusive or thermal contacts. Using
the same Δ, Γ, and Z parameters as in the last good fitting curve at 0.45 K, a conductance curve is
calculated for T = 40 mK and plotted together with the experimental data in Figure 4.15. While
the outside edges of peaks agree well for the two curves, the inner gap edge is narrower for the
experimental data. The calculated curve is then subtracted from the experimental data. The
difference is plotted in the top right inlet of Figure 4.15, which shows a clear peak feature at ~120
μeV. Similar, the conductance difference between the experimental data and a BTK model
simulated curve at 195 mK shows a peak feature at ~115 μeV. This additional peak feature
indicates that a different gap value develops in the Bi2Se3 at low T.

Figure 4.15. dI/dV-V spectrum of the point contact on the NbSe2/16QL Bi2Se3 heterostructure at
40 mK (black) plotted together with a BTK model simulated spectrum using the parameters
shown in the bottom left of the figure (red). The Top right inlet shows the conductance difference
between the experimental data and the simulation as a function of V. The dash lines mark
positions of peaks at ~ 120 ueV.
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Figure 4.16(a) plots the low magnetic field dependence of the PCAR spectra on the
NbSe2/16 QL Bi2Se3 bilayer at T ~ 43 mK. Deviations of fittings using the BTK model from
experimental data are visible below 0.02 T. In PCAR study under magnetic field,  is often used
to simulate the pair-breaking effect of a magnetic field.[14] We fit the PCAR data under magnetic
field at both 43 mK and 1.8 K with the BTK model and observed a  / H ratio of ~ 3 meV/T at
low magnetic field for both temperatures. Using the  / H ratio and the BTK parameters list in
Figure 4.15 and assuming the main gap at 159 ueV doesn’t change in small magnetic field, we
employ a similar method to calculate the conductance deference between experimental data and
simulation curves. The results are plotted in Figure 4.16(b). The second gap feature is suppressed
by a small magnetic field ~0.03 T.

Figure 4.16. (a) Normalized point contact spectra on the NbSe2/16 QL Bi2Se3 heterostructure at
low magnetic fields. The sample temperature is ~ 43 mK. Curves are shifted vertically for clarity.
The black lines are BTK fits to the experimental data. (b) The conductance differences between
the experimental data and simulations vs. bias V at different magnetic fields. Curves are shifted
vertically for clarity.
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There are several possible origins of multiple proximity effect induced gap values. In
“soft” point contact measurement, the silver paint contact area is much larger than the real
electrical contact size, parallel conductance channels may form in the contact area. In this case, a
second gap measured from another contact will be present in the spectra. However, in our data,
the second gap feature is quickly suppressed at ~0.45 T or by a magnetic field of ~0.03 T.
Therefore, it is not likely from the parallel contact channels to non-uniform sample surface.

NbSe2 is a multiband superconductor. High resolution scanning tunneling microscopy
(STM) measurements on pure NbSe2 single crystal reveals a main tunneling peak at 1.2 meV with
a shoulder at 0.75 meV.[130,131,132,133] Only one gap ~1.2 meV is visible down to low
temperature in the PCAR spectra on NbSe2 and NbSe2/Bi2Se3 heterostructure when Bi2Se3
thickness is below 7 QL (see Figure 4.11(b)). In addition, the proximity effect gap value ratio
0.120/0.159 ~ 75% is far from the gap value ratio in pure NbSe2 ~62%. Therefore, the second gap
feature is not from the multiple superconducting gaps in NbSe2.

Proximity effect is greatly affected by the boundary condition.[134] In the case of S/N
bilayer samples, only one Andreev bound state, exists when the N layer thickness is much smaller
than the proximity coherence length.[135] For Bi2Se3, the proximity coherence length

 Nc 

vFc lec
40nm
is much larger than the Bi2Se3 film thickness at low temperatures.

6 k BT
T

Therefore, the second gap feature is not from the proximity effect in the bulk Bi2Se3.

A recently ARPES measurements showed that both the Bi2Se3 bulk state and the
topological surface state became superconducting due to the proximity effect in the NbSe2/Bi2Se3
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heterostructure.[114] The surface state gap decreases faster than the bulk state gap with the
increasing Bi2Se3 layer thickness. Our point contact spectroscopy result suggests the second gap
feature ~120 μeV could be a signature of the superconducting surface state at Bi2Se3 while the
main gap ~160 μeV at low T is due to the superconducting bulk state. It must be noted that the
second gap feature was only observed at ultra low temperatures below 0.45 K, which is consistent
with that signatures from the TI surface state were only observed at low temperatures.[93,94] As
the proximity effect is usually enhanced with decreasing temperature, it is possible that the
topological surface state only became superconducting at very low temperatures. Our result
suggests that cooling to ultra low temperature may be desired to resolve the superconducting
surface state from the bulk state in electron spectroscopic measurement.

4.5. Summary
In summary, we conducted point contact spectroscopy measurements on high-quality
NbSe2/Bi2Se3 heterostructures down to 40 mK. Superconductivity was successfully induced in the
3D TI Bi2Se3 due to the proximity effect. No ZBCP features were observed in the spectra. In
addition, we observed a second gap feature ~120 μeV besides the main proximity gap ~159 μeV
in the PCAR spectra of a NbSe2/16QL Bi2Se3 bilayers. The second gap feature was suppressed
when temperature was over 0.45 K or in a magnetic field of 0.03 T. Several possible origins of
the second induced gap feature were discussed. The second gap feature could be the signature of
a topological superconducting surface state. The point contact spectroscopy result suggests that
the superconducting surface state may be separated from the bulk state in the electron
spectroscopic measurement at ultra low temperatures.
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Chapter 5
Carbon-doped Magnesium Diboride Thin Films by HPCVD
Besides spectroscopic measurements on superconducting energy gap features, in this
chapter, I show a study of high-field properties of carbon-doped MgB2 superconducting thin films
prepared by hybrid physical-chemical vapor deposition (HPCVD). This work was published in
the journal of Superconductor Science and Technology [136].

5.1. Introduction and Background
Since the discovery of 39 K superconductor MgB2[2], much effort has been made to
prepare this material for high-magnetic-field applications[46,137]. The relatively low upper
critical field Hc2 (~5 T for the perpendicular field and ~ 20 T for the parallel field at low
temperature[138]) and the rapid suppression of critical current density Jc by magnetic field in
undoped MgB2 impair these applications [46,139,140].

Figure 5.1. The upper critical field Hc2 vs. temperature plots of carbon-doped MgB2 thin films
using MO source by HPCVD compared with Nb3Sn bulk and Nb-Ti bulk. The triangle and square
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data are for magnetic field in parallel (//) and perpendicular (  ) to the MgB2 ab planes,
respectively. Adapted from reference [46]

There have been many attempts to enhance the high-field performance of MgB2,
including using irradiation[141] and adding dopants such as carbon[142], SiC[143] and
ZrB2[144]. Among these methods, carbon-doping has proven to be an effective way to enhance
Hc2 and high-field Jc[145,27]. In bulk samples carbon doping has been shown to enhance Hc2
values in both H//c and H//ab directions and reduce the anisotropy ratio[146]. In carbon-alloyed
MgB2 coated fiber, Ferrando et al. reported a Hc2 of ~ 55 T [147]. A.V. Pogrebnyakov et al.
reported carbon-doped MgB2 thin films by the hybrid physical-chemical vapor deposition
(HPCVD) using a metalorganic (MO) precursor bis(methylcyclopentadienyl)magnesium
[(MeCp)2Mg] as the source of carbon[148,149]. In these samples, an even more dramatic
enhancement of Hc2 than the bulk samples has been reported, where Hc2 values as high as 70 T for
H//ab and 40 T for H//c have been reported[150,151,136]. Figure 5.1 shows the Hc2 of carbondoped MgB2 films using the MO source by HPCVD are well above with the Hc2 of bulk Nb3Sn
and Nb-Ti materials[46]. In addition, carbon-doped MgB2 fibers using the MO source by HPCVD
has been demonstrated with a Hc2 of 55 T at 1.5 K, showing great potential of MgB2 coated
conductors for superconducting magnets[152]. The high Hc2 values in carbon-doped MgB2
samples using MO source by HPCVD have not been reproduced in carbon-doped MgB2 bulk
samples and the physical mechanism behind the larger Hc2 values in thin films is not yet well
understood. A TEM study proposed that the c-axis tilt in these carbon-alloyed MgB2 thin films
disturbs pz orbits of MgB2, causing strong π band scattering, which may be the origin of the
||

exceptional high H c 2 (0K) [153]. Carbon-alloying also improves high-field critical current
density Jc(H) and the irreversibility field Hirr in HPCVD films[154]. However, the alloyed films
have highly resistive amorphous grain boundaries, which lead to reduced Jc [148,149].
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(a)

(b)

Figure 5.2. (a) The upper critical field Hc2 vs. temperature plots of carbon-doped MgB2 thin films
using HFA-HPCVD and methane source. (b) Cross-section HRSEM image showing MgO
platelets inside MgB2. Adapted from reference [156]

Using a hot-filament assistant (HFA) HPCVD and methane source (CH4), Zhuang et al.
fabricated carbon-doped MgB2 films with better grain connectivity without sacrificing high
Hc2[155]. Figure 5.2 (a) shows the Hc2(T) of a carbon-doped MgB2 thin film using HFA-HPCVD
and methane source, Hc2 values of ~60 T for H//ab and ~30 T for H//c at low T have been
demonstrated. Microstructural analysis showed that the improvement of grain connectivity in
such films is due to the formation of MgB2C2 layer on top of the MgB2 layer instead of in the
grain boundaries. The high Hc2 in these HFA-HPCVD samples is attributed to the anomalous πband scattering which may be a result of strained MgB2 lattice caused by thin MgO nanoplatelets
(see Figure 5.2 (b))[156].

According to a two-band dirty-limit theory, Hc2 of the two-gap superconductor MgB2
depends on the relative strength of scattering within the two bands and can be enhanced well
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above the estimated H c 2 (0)  0.69Tc  H c 2 (Tc ) of one-gap theory by tuning the σ and π band
'

scattering[157]. In both the metalorganic source and methane source doping cases, HPCVD films
show much higher Hc2 values than bulk samples with strong π-band scattering [150,156],
although TEM studies suggest that the strong π-band scatterings in the two types of films are
caused by different structural disorders [153,156]. It is of both scientific significance and
technological interest to understand the underlying mechanism of the Hc2 enhancement in carbondoped MgB2 films. Further, it is desirable to be able to manipulate the interband and intraband
scattering in a controllable manner.

In this chapter, I will discuss the result of doping MgB2 using a new carbon source,
trimethylboron [B(CH3)3, or TMB], which shows a different microstructure than in the previously
reported films doped using other carbon sources. A large parallel Hc2 slope near Tc [

(dH c||2 dT )Tc ~ 8.3 T/K] and an increased Hc2 anisotropy   H c||2 H c2 with doping were
observed in these films. The results are compared systematically with those in films doped with
the MO source. The different behaviors of Hc2 are attributed to the unique microstructural
characteristics in these films doped using different carbon sources.

5.2. Experimental Details
Carbon-doped MgB2 films of thickness 100 to 200 nm were grown on SiC (0001)
substrates by the HPCVD method, which has been described in details in Chapter 2. For carbon
doping, a carbon-containing gas was added to the gas stream as the carbon source. Results from
two different carbon sources, the metalorganic (MeCp)2Mg and trimethylboron (2.0% balanced in
hydrogen), are compared in this chapter. For the case of the MO source, the carbon concentration

94
was controlled by adjusting the rate of a secondary hydrogen flow passing through the
(MeCp)2Mg bubbler. For TMB, its flow rate was varied from 0 to 20 standard cm3/min (sccm) to
control the doping level in the films. Diborane gas (B2H6, 5.0% in hydrogen) was used as the
boron source and its flow rate was 10 sccm. Hydrogen was used as the carrier gas, and its gas
flow was adjusted to keep the total gas flow at 450 sccm. Pressure in the reactor chamber during
the deposition was 73 Torr. All the films were deposited at about 720°C.

All the undoped and carbon-doped MgB2 films on (0001) SiC substrates grow with their
c axis normal to the substrate surface. The in-plane and out-of-plane lattice parameters were
measured with a four-circle x-ray diffractometer (Bruker-AXS) by Chung Wung Bark at the
University of Wisconsin. The in-plane and out-of-plane lattice parameters were determined from
the MgB2 (1011) and (0002) diffraction peaks while the peaks from SiC substrate were used as
internal standards. Several (1011) and (0002) family peaks were used in order to minimize errors.
The peak position in each diffraction profile was determined by fitting to the pseudo-Voigt
function. The atomic percent carbon contents in a series of films were determined by using
wavelength dispersive x-ray spectroscopy (WDS) to establish a correlation between the carbon
concentrations in the films and the (MeCp)2Mg or TMB flow rates during deposition, which was
used to determine the nominal carbon concentrations in this study.

The TEM of carbon-doped films with TMB was studied by Dr. Xiaojun Weng at the
Pennsylvania State University. Cross-sectional TEM specimens were prepared using mechanical
polishing followed by argon ion milling. Cross-sectional TEM and electron diffraction were
carried out on a JEOL 2010F field-emission TEM operated at 200 kV.
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For the films doped with TMB, photolithography and Ar ion-beam milling were used to
pattern the samples into 200 µm long,10 µm wide and about 100 nm thick bridges for transport
measurement. A MgO layer of about 10nm was sputtered on top of the bridges to prevent sample
degradation by moisture. The samples were first measured in a Quantum Design Physical
Property Measurement System (PPMS) with a 9 T superconducting magnet. Unless noted
otherwise, the upper critical field Hc2 was extracted from resistivity vs. temperature curves under
different fields using the 90% of normal residual resistivity criterion. The critical current density
Jc was determined by transport measurement, defined by a DC voltage criterion of 1 µV
(corresponding to an electric field criterion of 50 µV/cm). For the dependence of Jc on angle θ
between the c-axis of the films and magnetic field B, the current and the magnetic field were kept
perpendicular to each other. High field Hc2 was obtained by measuring resistance versus field
sweeps at various temperatures at the National High Magnetic Field Laboratory (NHMFL) at Los
Alamos National Laboratory (up to 60 T).
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Figure 5.3. (a) Resistivity vs. Temperature curves for carbon-doped MgB2 films using TMB
source with nominal carbon concentrations of 0, 12.3, 18.9, 25.1, 29.9 and 33.5 at.% from bottom
to top. The inset shows details at the superconducting transition. (b) Superconducting transition
temperature Tc and residual resistivity ρ(42K) as a function of carbon concentration for films in
plot (a).

The transport and structural properties of carbon-alloyed MgB2 films with the MO source
have been studied in details previously [148,149,153]. For C-MgB2 films using the TMB source,
the resistivity versus temperature curves with different doping levels are shown in Figure 5.3(a).
Carbon-doping using TMB causes a considerable increase in the resistivity while the Tc only
drops slowly. The change of Tc and residual resistivity with doping level is shown in Figure
5.3(b). The rapid increase of the residual resistivity and the slow suppression of Tc with carbon
concentration resemble the previous result on carbon-alloyed MgB2 films using the MO source by
HPCVD [148,149]. The carbon doped into the MgB2 lattice reduces Tc. The reduction in Tc with
doping can be used to estimate the amount of carbon doped into MgB2. Based on the results of
carbon doped single crystals, a Tc of 33.5 K corresponds to a carbon concentration of ~ 6% in
Mg(B1-xCx)2 [158]. This is substantially smaller than the nominal carbon concentration for the
TMB doped film with Tc of 33.5 K, which is 33.5%. The rest of carbon forms resistive foreign
phase in the grain boundaries.

1/F = 8cm/[(300K)-(40K)]
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Figure 5.4. (a) MgB2 area fraction estimated using Eq. (5.1) vs. carbon concentration for films
doped by (MeCp)2Mg source [149] and TMB source. (b) MgB2 area fraction extracted from selffield Jc at 5 K and 20 K as a function of carbon concentration for MgB2 films doped with TMB
source.

The foreign phase in the grain boundaries, most likely MgB2C2 [156,159], is highly
resistive and will block the current transport and reduce the connectivity between the MgB2
grains. It will cause an increase in the experimentally measured resistivity and critical current
density [160]. The MgB2 grain connectivity can be estimated from the temperature-dependent
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part of the resistivity using Rowell’s model[161]. The model states that the resistivity of MgB2
samples can be fitted using an equation

 (T )  F [sc (T )  0 ]

(5.1)

where sc (T ) is the temperature-dependent part of the resistivity of MgB2 single crystal,  0 is
the residual resistivity, and 1/F is the current-carrying fraction of the sample cross section area
indicating how well the grains are connected. Assuming that sc (T ) does not change when
defects, impurities, and foreign phases are introduced into the pure MgB2 sample, the
experimentally measured    (300K)   (42K)  F[sc ]  F[ sc (300K)  sc (42K)]
can be used to estimate the value of F. Using sc  8cm , the fraction 1/F estimated in this
way for the carbon-doped MgB2 films by the TMB source is plotted together with the previous
result for the MO source [149] in Figure 5.4(a). Carbon-doping reduces the fraction area of the
samples. At the nominal carbon concentration of 33.5%, 1/F is ~ 0.16, a reduction of the
connectivity to about 1/6 of its original value. The dependence of the current-carrying fractional
area of the carbon-doped films by TMB is comparable to that of the previous films doped by the
MO source, in particular for high carbon concentrations. However, this is far from sufficient to
explain the rapid increase of sample resistivity. For example, while the current-carrying fractional
area reduces only about a factor of 6 in film with 33.5% nominal carbon content, the sample
residual resistivity increases over two orders of magnitude.

A more accurate way to estimate the grain connectivity is to use the reduction of selffield Jc as carbon is doped into the MgB2 films. According to Rowell et al. Jc in MgB2 samples
with reduced grain connectivity is limited by the same area factor as the resistivity [160].
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Assuming that the self-field Jc does not change with doping, a decrease in the connectivity will
reduce the experimentally measured Jc by a factor of F:

Jc  Jc0 / F

(5.2)

where Jc0 is the self-field critical current density of the perfectly connected samples. Figure 5.4(b)
shows 1/F vs. the carbon content estimated using the Jc data shown in Figure 5.12. For the
nominal carbon concentration of 29.9%, 1/F is 0.013 using the self-field Jc data for T = 5 K,
which is in a much better agreement to the experimentally measured resistivity increase in Figure
5.3(b). However, when the 20-K self-field Jc data is used, the 1/F value is even smaller,
overestimating the reduction in the grain connectivity. Further, the connectivity ought not to be
strongly temperature dependent.

From the above analysis, we can conclude that the assumptions used in both approaches
are not completely valid in dealing with the carbon doping results in our films. To correctly
account for the resistivity increase, we need to assume that the phonon contribution to the
resistivity (the temperature-dependent part of the resistivity) is enhanced as the result of carbon
doping or that the self-field Jc of the Mg(B1-xCx)2 grains is suppressed by carbon doping, in
particular for higher temperatures. Despite the uncertainties on the extent of the reduction in the
grain connectivity due to carbon doping, it is clear that it contributes to the resistivity
enhancement in the carbon-doped films.
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Figure 5.5. TEM images of carbon-doped MgB2 films by TMB taken along the SiC [1100] zoneaxis: Low-magnification cross section (a) and SAD pattern (b) taken from of a low doping film
with nominal carbon concentration of 12.3 at.% . Low-magnification cross section (c) and SAD
pattern (d) of a heavily doped film with nominal carbon concentration of 33.5 at.%. From Dr.
Xiaojun Weng in Professor Joan Redwing’s research group.

TEM studies confirm the presence of foreign phase in carbon-doped films. Figure 5.5
shows the results for two films doped with the TMB source. Figure 5.5 (a) and (b) are from a
lightly doped film with a nominal carbon concentration of 12.3 at.% and Figure 5.5 (c) and 3(d)
from a heavily doped film with a nominal carbon of 33.5 at.%. The low magnification images
show that both films have columnar grain structures, but the heavily doped film [Figure 5.5(c)] is
much more disordered than the lightly doped film [Figure 5.5(a)]. In addition, stripes parallel to
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the film surface are seen in the heavily doped film, but absent in the lightly doped film, as well as
in films doped with the MO source [153]. The selected area diffraction (SAD) images collected
from both films show diffraction spots from the MgB2 as well as the MgB2C2 phases. The
intensity of the diffraction spots corresponding to MgB2C2 is stronger in 33.5% nominal carbon
sample [Figure 5.5(d)] than in less doped sample [Figure 5.5(b)], indicating a higher volume
percentage of the MgB2C2 phase in the heavily doped sample. The existence of the MgB2C2
foreign phase in the carbon-doped MgB2 films is consistent with previously reported carbondoped MgB2 samples [156,162] and also agrees with the theoretical calculation[159]. The vertical
streaks in Figure 5.5(d) are caused by the small stripes as shown in Figure 5.5(c). The radial arcs
in the SAD patterns of both samples are similar to what have been observed in the MO-doped
films [153]. They indicate distribution in the local c axis of the film away from the substrate
normal. In addition, both MgB2 [1 100] and [1120] spots are visible in the diffraction pattern,
which suggests that part of MgB2 grains rotate 30 degree about the c axis. This has been reported
in the films doped with the MO source [153]. No stripes as those in Figure 5.5(c) are observed in
the films doped with the MO source. [153].

The lattice constants of carbon-doped films by TMB and the MO source (from [148]) as a
function of nominal carbon concentration are plotted in Figure 5.6. In both cases, the out-of-plane
lattice constant c expands with increasing carbon content and the values are similar, except that in
heavily doped films by TMB a jump occurs around 20 at.% and the c lattice constant becomes
larger than for the MO films. For the in-plane lattice constant a, we were able to measure only
one TMB film with nominal carbon concentration of 12.3 at.% due to the poor crystalline quality
of more heavily doped samples. Still, the a lattice constant displays a trend of increase with
carbon-doping as in the carbon-alloyed films by the MO source. Carbon-doping of HPCVD films
by both sources causes expansions in both the c and a lattice constants, different from the carbon-
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doped MgB2 bulk samples and single crystals where the a lattice constant decreases and the c
lattice constant remains unchanged with carbon-doping[163]. Saengdeejing et al. proposed that
the behavior of the lattice parameters in MgB2 thin films upon carbon doping is the result of the
coefficient of thermal expansion difference between Mg(B1-xCx)2 and the amorphous MgB2C2
phase in the grain boundaries [159]. Bengtson et al. also suggested that the carbon incorporated in
MgB2 lattice cannot explain the change of lattice parameters in thin films and unincorporated

a lattice constant (Å) c lattice constant (Å)

carbon or other factors lead to the effect[164].
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Figure 5.6. The c-axis lattice constant and a-axis lattice constant of the carbon-doped MgB2 films
by TMB source (closed) (a-axis lattice constant data from [164]) and (MeCp)2Mg source (open)
[148] as a function of nominal carbon content. The lines are guides to the eye.
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5.4. High-Field Properties

10

Hc2 (T)

8

undoped
12.3 at.% C
29.9 at.% C

(a)

6
4
2
0
0

Open H//c
Closed H//ab
10

20

30

40

||

-dHc2/dT (T/K)

T (K)

(b)

8
6
4
2



-dHc2/dT (T/K)

1.2

(c)

0.9
0.6
0.3 Open: (MeCp)2Mg
Closed: TMB
0.0
28
30
32
34

36

38

40

Tc (K)
Figure 5.7. (a) Upper critical field Hc2 near Tc as function of temperature T for undoped film and
two doped films using TMB source with nominal carbon concentration of 12.3 and 29.9 at.%. (b)
and (c) Temperature derivative of parallel and perpendicular Hc2 near Tc as a function of Tc for
carbon-doped MgB2 films using (MeCp)2Mg source (open triangles) and TMB source (closed
triangles).

104
The high-field behaviors near Tc of MgB2 films doped with TMB are different from those
of MO-doped films in many aspects. Figure 5.7(a) shows the temperature dependence of Hc2 near
Tc measured in a 9 T magnet for an undoped film and two samples with different carbon contents
doped using TMB. As the carbon content increases, the slope of Hc2(T) becomes steeper for both
perpendicular and parallel fields. Figure 5.7 (b) and (c) plot the parallel and perpendicular Hc2(T)
slope near Tc as a function of Tc for carbon-doped MgB2 films using TMB (closed dots) together
with the result of films doped with the MO source (open dots). While the perpendicular field
results for both doping sources are very similar [see Figure 5.7(c)], the parallel Hc2(T) slope is
much higher for films doped using TMB when Tc is lower than ~ 38 K [see Figure 5.7(b)]. A

 dH c||2 dT value of 8.3 T/K was obtained for a heavily-doped film with Tc at 32.3 K,
substantially higher than any previously reported carbon-doped MgB2 samples [145,150,155].
The largest temperature derivative of Hc2 in perpendicular direction near Tc by TMB doping is
about 0.8 T/K for a film with nominal carbon content of 33.5 at.%.
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Figure 5.8. (a) Upper critical field Hc2 vs. temperature T curves of undoped film and three doped
films using TMB source measured in pulsed field facility in LANL. The nominal carbon
concentrations are 0, 12.3, 29.9 and 33.5 at.% respectively. (b) Normalized temperature
dependence of Hc2 anisotropy γ for the four films in plot (a). The lines are guides to the eye (color
online).

Figure 5.8(a) shows the result of Hc2 measured up to 60 T in a pulsed field at the NHMFL
at LANL for four different films doped by TMB. The enhancement of the parallel Hc2 by carbondoping saturates at about 30 at.%, whereas the highest perpendicular Hc2 occurs in the sample
||

with 12.3 at.% carbon. The H c 2 values for the two heavily-doped samples - nominal carbon
concentrations of 29.9 and 33.5 at.% - are already close to 60 T at 15 K, approaching the BCS
BCS
paramagnetic limit H p [T]  1.84  Tc [K] [165]. It is worth noting here that the measured Hc2

values are much lower than the estimation from the Hc2 slope near Tc using the formula

H c 2 (0)  0.69Tc  H c' 2 (Tc ) . For heavily-doped films by TMB, parallel Hc2(T) curve exhibits a
downward curvature following the high Hc2 slope near Tc, which differs from the Ginzburg

Landau (G-L) linear temperature dependence [157]. For the perpendicular H c 2 , the maximum
value at 12.3 at.% carbon is about 20 T at low temperatures.
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The Hc2 anisotropy   H c 2 H c 2 as a function of the reduced temperature is plotted in
||



Figure 5.8(b) for the four films. As the carbon content increases, γ first decreases, but then rises
to larger values for heavily-doped films. The increasing anisotropy of Hc2 with carbon doping is
different from HPCVD films doped by the MO source, where carbon doping always causes γ to
decrease [137,146,150,166]. The temperature dependent of γ for heavily doped films is also
different from the undoped and low-doping films.

The high-field properties of the heavily-doped films by TMB are different from that of
the films using MO source. The parallel Hc2 at low temperature is similar to the samples with MO
source, close to the BCS paramagnetic limit, but its temperature derivative near Tc is much larger
than the samples doped with MO source, up to 8.3 T/K. Further, the anisotropy γ is larger in
heavily doped samples.

Figure 5.9. Cross-section HRTEM image of two doped films by TMB with nominal carbon
concentrations of 33.5% (a) and 12.3% (b). Image was collected along the SiC [1100] zone-axis
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from the same samples as in Figure 3. The dark regions are MgB2 phase and the bright regions
are MgB2C2 phase. The images were taken by Dr. Xiaojun Weng.

Table 5.1. Samples list in different properties. Tc, ρ, Hc2 slope near Tc were obtained from

measurements in a Quantum Design PPMS system with 9 T superconducting magnet. g, q and

q|| were from fitting Hc2(T) data using two-gap dirty limit theory. g is the interband scattering


parameter, q  D

( ab )

1/2

D( ab) , q||   D( ab ) D(c ) 

1/2

 D( ab ) D(c ) 

represents the electron

diffusivity ratio of π band to σ band. D is the intraband diffusivity.

ρ (300K)

Nominal
Samples

Tc (K)
C (%)

(µΩcm)

ρ (40K)

 dH c2 


 dT Tc

 dH c 2 


 dT Tc

(T/K)

(T/K)

g

q

q||

(µΩcm)

TMB4

12.3

36.9

67

54

0.59

1.8

0.03

0.093

0.122

TMB8

18.9

36.9

153

132

0.61

2.6

0.03

0.103

0.68

TMB12

25.1

36.8

238

198

0.55

4.0

0.03

0.16

0.83

TMB16

29.9

35.65

310

263

0.57

5.4

0.05

0.707

73.7 a

TMB20

33.5

33.5

503

453

0.60

7.4

0.09

2.58

14.47 a

a. Fitting using ultrathin film model with thickness 1 nm.

By a structural analysis using cross-sectional high resolution TEM (HRTEM), we found
that a unique microstructure in which several-nanometers thick carbon-doped MgB2 layers are
separated by non-superconducting layers exists in heavily-doped MgB2 films by TMB. Figure
5.9(a) shows an HRTEM image of a heavily-doped film with 33.5 at.% carbon. The dark regions
in the HRTEM image are identified to be the MgB2 phase while the bright areas are the foreign
phase MgB2C2. Long and thin MgB2 stripes are separated in the c direction by the nonsuperconducting MgB2C2 layers. The thickness of the MgB2 layers, though non-uniform, is
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around several nanometers, comparable to the estimated coherence length ξc. Such multilayer
structure is not seen in low doping films as shown in Figure 5.9(b), and also not in films doped
with the MO source. Given this microstructural difference, it is surprising to find that the grain
connectivity of the heavily-doped films by TMB are basically the same as that in MO-doped
films as shown in Figure 5.4(a).

Figure 5.10. Theoretical fitting on temperature dependence of parallel upper critical field Hc2 of
heavily-doped film by TMB with nominal carbon concentration of 33.5 at.%. Solid square dots
are from experimental measurement. Lines are fitting curve from two-gap dirty limit theory
using (a) bulk model (solid line) and (b) thin film model assuming thickness 1 nm (dash line). g is
the interband scattering parameter. q is the relative diffusivity rate of π band to σ band.

In Table 5.1, sample properties and fitting parameters using the two-band dirty-limit
theory made by A. Gurevich [157] are listed for TMB-doped films of different carbon contents.
||

Most of the experimental Hc2(T) data can be fitted well to the theory except for H c 2 (T ) of the
two heavily-doped films. As shown in Figure 5.10(a), the fitting curve of the parallel Hc2(T) for
the film with 33.5 at.% carbon does not reflect the large Hc2 slope and the downward curvature
near Tc. We then introduce a multilayer structure in which ultrathin MgB2 layers are separated by
insulating layers. Because the MgB2 layers have thickness d less than either ξπ or ξσ, Hc2 in the
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parallel field can be significantly enhanced and the temperature dependence of Hc2 near Tc will be
a square-root function rather than the Ginzburg-Landau linear dependence as in the bulk [157].
The sharp rise of the parallel Hc2(T) slope in Figure 5.7(b) when the Tc of the sample is ~ 38 K
may be an indication that such a multilayer structure starts to develop. By using equations

H c2 

0
0
||
and H c 2 
, we estimate the coherence length ξc to be about 1
2
2c (T )ab (T )
2 ab (T )

nm for the heavily-doped films. Assuming 1-nm thick MgB2 layers in a multilayer structure, we
obtained good fitting for the parallel Hc2(T) of the heavily-doped films as shown in Figure
||

5.10(b). The fitting curve extrapolates to a very high H c 2 (0K) over 70 T. However, the
parameter q obtained from the fitting is very large, implying an extremely clean π band or an
extremely dirty σ band. In analyzing many physical properties of MgB2, it was found that
considering complete four bands are necessary to count for all features observed in transport
measurement [167]. Therefore, the two-band model may be too simplified and a four-band model
should be considered.
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Figure 5.11. Angular dependence of transport critical current density under various field Jc(H) at
5 K of one heavily-doped film using TMB source with nominal carbon concentration of 33.5%
(a) and one undoped film (b). Here θ = 0°correspond to H//c. Jc as a function of perpendicular
magnetic field component is plotted for the doped film (c) and the undoped film (d).

Angular dependence of critical current density Jc(H) at 5 K was measured in an undoped
film and a TMB-doped film with 33.5 at.% carbon and the results are plotted in Figure 5.11. The
angle θ of 90°in Figure 5.11 (a) and (c) corresponds to the parallel field direction, and Hcosθ in
Figure 5.11 (b) and 13(d) represents the perpendicular component of the applied field. For the
heavily-doped film three sets of Jc data at different fields overlap on each other as shown in
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Figure 5.11(b), similar to the 2D scaling behavior demonstrated in some cuprate superconductors
with decoupled superconducting layers[168,169,170,171]. The undoped MgB2 film does not
show such scaling behavior as shown in Figure 5.11(d). This provides further support for the
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Figure 5.12. Magnetic field dependence of transport critical current density Jc(H) of four different
doping samples using TMB source at 5 K for H//ab (a) and for H//c (b) and at 20 K for H//ab (c)
and for H//c (d). The four samples have nominal carbon concentrations of 0, 12.3, 25.1 and 29.9
at.% respectively. The lines are guides to the eye.

The transport Jc of an undoped film and three TMB-doped films with different carbon
contents are plotted as a function of magnetic field H and temperature in Figure 5.12. Similar to
the case of films doped by the MO source [154], the self-field Jc of carbon-doped films by TMB
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decreases with increasing carbon-doping level. As described earlier, the decrease can be
attributed mainly to the reduction in the grain connectivity which reduces the current-carrying
cross section area, while carbon doping into the Mg(B1-xCx)2 grains also contributes to the
decrease. However, Jc(H) is much higher at high field in the doped samples. As pointed out by
Eisterer in Ref. [137], an increase in Hc2 leads to an increase of the pinning force at high magnetic
fields, thus results in an enhancement of Jc(H) even if the nature of the pinning is not changed
(remains predominantly grain boundary pinning) or the number of pinning centers remains the
same. Previously, MO-doped films have been shown that the dominant pinning mechanism
changes from grain boundary pinning to normal point pinning and back to grain boundary pinning
when the carbon content increases [154]. These effects are believed to lead to high Jc(H) in TMBdoped films as well. The results in Figure 5.12 indicates that the effect on high-filed Jc(H) is
already evident at low doping and further doping to higher levels only results in lower overall Jc.
At 5 K and H = 9 T, we have obtained Jc ~ 6 x105 A/cm2 for H//ab and Jc ~ 1 x 105 A/cm2 for
H//c. Even at 20 K, Jc > 105 A/cm2 at 9 T for H//ab and Jc > 104 A/cm2 at 5 T for H//c. These
Jc(H) values are similar to films doped using MO sources previously. .

5.6. Summary
In summary, we have studied the high-field properties of carbon-doped MgB2 thin films
by HPCVD using TMB as the carbon source and compared them with those of films doped with
the MO source previously studied in the group. For both cases, Tc decreases slowly and residual
resistivity increases noticeably with carbon-doping. The foreign phase MgB2C2 was found in the
doped films by TEM, suggesting that only part of the carbon is doped into the MgB2 lattice and
the rest is in the carbon rich foreign phase in the grain boundaries. Unlike the case of bulk
samples, both a and c lattice constants of carbon-doped MgB2 films expand with carbon
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concentration. For carbon doped films using both MO and TMB sources, carbon-doping greatly
enhances Hc2 over 70 T at low temperatures attributed to the modification of interband and
intraband scattering. In addition, structure analysis showed the unique microstructure consisting
of MgB2 layers of few-nanometer thickness spreading in the ab direction and separated by
MgB2C2 layers. This multilayer structure explains the unusual behaviors including the high

H c||2 (T ) slope and a downward curvature near Tc, the large Hc2 anisotropy, and the 2D scaling
behavior of angular dependence of Jc(H). The high Hc2 and high-field Jc(H) values are very
promising for high-field applications of MgB2.
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Chapter 6
Conclusions
In this work, two important experimental spectroscopic measurement techniques, the
planar tunnel junction and point contact Andreev reflection spectroscopy, were used to study the
energy gap features in multiband superconductor MgB2 and the superconducting proximity effect
in NbSe2/Bi2Se3 heterostructures.

For multiband superconductor MgB2, previous research in the group has demonstrated
momentum-dependent multiple gaps by studying the electron tunneling spectroscopy of high
quality MgB2/native oxide/Pb junctions. In this thesis, MgB2/native oxide/Pb and MgB2/native
oxide/Sn tunnel junctions were fabricated and the effect of scattering on superconducting energy
gap features of MgB2 were studied through electron tunneling spectroscopy. Reducing the
electron mean free path by decreasing the MgB2 film thickness or increasing the tunnel junction
resistance smeared out the fine structures in the tunneling spectra. The results showed scattering
from either the film or the junction barrier reduces the superconducting energy gap anisotropy of
MgB2. Moreover, strong scattering from junctions made from humidity-damaged MgB2 surfaces
caused an increase in the π gap value due to interband states mixing. In addition, the phonon
spectra of the native oxides barriers were derived from the conductance curves between ±124
mV, which indicates the native oxide is mainly MgO with possible hydrogen doping based on the
phonon spectra. By fitting parabolic conductance background above ±124 mV, the barrier
thickness and height information were obtained.

To study the proximity effect in topological insulator Bi2Se3, point contact spectroscopy
measurements on the NbSe2/Bi2Se3 heterostructures were carried out at low temperatures down to
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40 mK. An induced gap in Bi2Se3 from proximity effect was observed in the spectra. The gap
values decreased with increasing Bi2Se3 layer thickness and were consistent with those from
ARPES and previous STM measurements. No ZBCP features were present in the spectra on the
contrary to some early work in the field. In addition, we observed a plausible second gap feature
~120 μeV besides the main proximity gap ~159 μeV in the PCAR spectra of a NbSe2/16QL
Bi2Se3 heterostructure. The second gap feature was suppressed when temperature was over 0.45
K or in a magnetic field of 0.03 T. Possible origins of the second induced gap feature were
discussed and it could be the signature of a topological superconducting surface state. The point
contact spectroscopy result suggests that the superconducting surface state could be separated
from the bulk state in the electron spectroscopic measurement at ultra low temperatures.

Finally, the high magnetic field properties of carbon-doped MgB2 thin films using a
trimethylboron source were studied. Previous research in the group on carbon-alloyed MgB2
films by HPCVD using a metal-organic source (MeCp)2Mg showed enhanced upper critical field
Hc2 over 70 T. The effect of another carbon precursor source trimethylboron was studied.
Heavily-doped films show parallel Hc2 over 70 T at low temperatures, close to the BCS
paramagnetic limit, due to the unique microstructure consisting of MgB2 layers of few-nanometer
thickness spreading in the ab direction and separated by MgB2C2 layers. This multilayer structure
explains the unusual behaviors including the high H c||2 (T ) slope and a downward curvature near
Tc, the large Hc2 anisotropy, and the 2D scaling behavior of angular dependence of Jc(H). The
high Hc2 values are very promising for high-field applications of MgB2.
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Appendix A

HPCVD scheme and deposition procedure

Figure S1. HPCVD scheme for MgB2 growth.

The deposition procedure of MgB2 thin film by HPCVD is in the following:
1. Pre-bake the susceptor in ~70 Torr (H2 flow rate of 400 sccm) at 750°C for 5
minutes.
2. Load susceptor with pre-cleaned substrate and Mg pellets.
3. Purge N2 flow at 1200 sccm for 5 minutes.
4. Purge B2H6/H2 mixture gas at 20 sccm for 2 minutes.
5. Purge UHP H2 flow at 1200 sccm for 10 minutes.
6. Set reactor pressure to ~70 Torr with UHP H2 gas flow.
7. Heat susceptor to ~720°C.
8. Start B2H6/H2 mixture gas flow at 20 sccm for a desired period of time.
9. Switch off B2H6/H2 mixture gas flow, turn off heater.
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10. Wait for susceptor to cool down to ~70°C, pump out remaining gas in the reactor,
vent with N2, sample out.
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Appendix B

Sputtering deposition conditions
The deposition conditions of thin films of various materials by magnetron sputtering are
summarized in the following table. The Ar flow rate is 20 sccm for all depositions.

Pressure
Materials

Gun

Geometry

d (inch)

Power

Rate

(W)

(nm/min)

ac/dc?
(mTorr)

Cr

AJA

Face-on

2

4

dc

25

25

Au

KJL

Face-on

2

4

dc

50

130

Nb

KJL

Face-on

2

20

dc

200

200

Al

KJL

Face-on

2

4

dc

50

40

Al

KJL

Face-on

2

10

dc

50

30

Al

KJL

Angular

4.1

4

dc

50

8

Al

KJL

Angular

4.1

10

dc

50

6

MgO

AJA

Face-on

2.6

10

ac

100

~3.5

SiO2

AJA

Face-on

2.6

10

ac

100

~4
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Appendix C

BTK model fitting code in Origin C
#include <origin.h>
// Add your special include files here.
// For example, if you want to fit with functions from the NAG library,
// add the header file for the NAG functions here.
#include <oc_nag8.h>

struct user // parameters in the integrand
{
double delta, gamma, Z, V;

};
// Function supplied by user, return the value of the integrand at a given x.

// Function energy (E,V,delta,gamma) are all scaled by kb*T.
static double NAG_CALL f_callback(double x, Nag_User *comm)
{
struct user *sp = (struct user *)(comm->p);

double delta, gamma, Z, V;
Nag_User communication struct
delta = sp->delta;
gamma = sp->gamma;

// temp variable to accept the parameters in the
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Z = sp->Z;
V = sp->V;

double tau;

tau = 1/( 1+Z^2);

complex Nq, Np, gaE, gaE2, fenmu;

//

Nq = (x-1i*gamma) / sqrt( (x-1i*gamma)^2 - delta^2 );

//

Np = delta / sqrt( (x-1i*gamma)^2 - delta^2 );

//

gaE = (Nq - 1)/Np;

gaE = ( (abs(x)-1i*gamma) - sqrt( (abs(x)-1i*gamma)^2 - delta^2 )
)/delta;

gaE2 = gaE*gaE;
fenmu = gaE2*(tau-1)+1;

double gaEmod, gaE2mod, fenmumod;

gaEmod = (gaE.m_re)^2 + (gaE.m_im)^2;
gaE2mod = (gaE2.m_re)^2 + (gaE2.m_im)^2;
fenmumod = (fenmu.m_re)^2 + (fenmu.m_im)^2;
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return (1 + tau*gaEmod + (tau-1)*gaE2mod) / fenmumod * exp(x+V) / (
exp(x+V) + 1.0)^2;
}

//---------------------------------------------------------//
void _nlsfnag_fitting_BTK(
// Fit Parameter(s):
double A, double d, double g, double Z, double T,
// Independent Variable(s):
double v,
// Dependent Variable(s):
double& y)
{
// Beginning of editable part

// Through the absolute accuracy epsabs, relative accuracy epsrel and
max_num_subint you can
// control the precision of the integration you need
// if epsrel is set negative, the absolute accuracy will be used.
// Similarly, you can control only relative accuracy by set the epsabs negative
double epsabs = 0.0, epsrel = 1*10^(-7);

// The max number of sub-intervals needed to evaluate the function in the integral
// The more diffcult the integrand the larger max_num_subint should be
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// For most problems 200 to 500 is adequate and recommmended
Integer max_num_subint = 200;

// Result keeps the approximate integral value returned by the algorithm
// abserr is an estimate of the error which should be an upper bound for the |I result|
// where I is the integral value
double result, abserr;

// The structure of type Nag_QuadProgress,
// it contains pointers allocated memory internally with max_num_subint
elements
Nag_QuadProgress qp;

// The NAG error parameter (structure)
static NagError fail;

// Parameters passed to integrand by Nag_User communication struct
Nag_User comm;

double kbt;

kbt = 8.617342*10^(-5)*T;

struct user s;
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s.delta = d/kbt;
s.gamma = g/kbt;
s.Z = Z;
s.V = v/kbt;

comm.p = (Pointer)&s;

// Perform integration
// There are 3 kinds of infinite boundary types you can use in Nag infinite
integrator
// Nag_LowerSemiInfinite, Nag_UpperSemiInfinite, Nag_Infinite
d01sjc(f_callback, -200, 200, epsabs, epsrel, max_num_subint, &result, &abserr,
&qp, &comm, &fail);

// you may want to exam the error by printing out error message, just
uncomment the following lines
if (fail.code != NE_NOERROR)
printf("%s\n", fail.message);

// For the error other than the following three errors which are due to bad input
parameters
// or allocation failure NE_INT_ARG_LT NE_BAD_PARAM
NE_ALLOC_FAIL
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// You will need to free the memory allocation before calling the integration
routine again to avoid memory leakage
if (fail.code != NE_INT_ARG_LT && fail.code != NE_BAD_PARAM &&
fail.code != NE_ALLOC_FAIL)
{
NAG_FREE(qp.sub_int_beg_pts);
NAG_FREE(qp.sub_int_end_pts);
NAG_FREE(qp.sub_int_result);
NAG_FREE(qp.sub_int_error);
}

// Calculate the fitted value
y = A*result;

// End of editable part
}
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