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Abstract 

TEM Characterization of Microstructure and Chemistry in Magnesium Diboride 

Superconductor 

 

Ye Zhu 

under the supervision of Professor Paul M. Voyles at the University of Wisconsin-

Madison 

 

MgB2 is a superconductor with promising properties, but to meet application 

requirements, the properties of MgB2 have to be improved through microstructure 

modifications: chemical doping, introduction of precipitates, and atomic-scale control of 

defects.  The small length scale of these modifications means that structure and chemistry 

characterization using the transmission electron microscope (TEM) are required to better 

understand the correlation between MgB2’s superconducting properties and its 

microstructure. 

We have used TEM-based techniques to characterize microstructures of pure MgB2 

bulks, SiC-doped MgB2 tapes, pure and C-doped MgB2 thin films prepared by hybrid 

physical-chemical vapor deposition (HPCVD) method with different carbon precursors, 

degraded pure HPCVD thin films, and O-doped MgB2 thin films prepared by molecular 

beam epitaxiy.  Characterization results and effects of microstructure on superconducting 

properties are discussed for each material.   
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We have found that in pure MgB2 the main contaminating current-blocking phases 

are MgO grains and amorphous MgO + boron + BxOy phases.  Both second phase nano-

segregations and grain boundaries are effective pinning defects in MgB2, which can 

enhance Jc(H) at high fields.  However, second phases also act as current-blocking phases 

that reduce the measured Jc, which suggests that MgB2 samples with small grain size and 

without any boundary second phases are desirable to achieve higher Jc. 

Extensive studies have been made to understand the Hc2 enhancement mechanisms in 

MgB2.  Both carbon dopant and grain boundaries in MgB2 can cause more electron 

scattering that increases Hc2.  Degradation in MgB2 leads to the formation of the 

amorphous boundary phase which also enhances Hc2 by introducing electron scattering.  

The over 60 T Hc2
||(0 K) obtained in C-doped HPCVD MgB2 films is caused by the two-

band nature and strong π-band scattering of MgB2.  We believe that the strain fields 

generated from c-axis tilt boundaries and coherent MgO nano-platelets are responsible 

for the anomalous π-band scattering. 
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I. INTRODUCTION 

This chapter will provide the background knowledge for later discussion of the 

correlation between MgB2 microstructure and physical properties.  It will briefly 

introduce the applied superconductivity theory, basic properties of the MgB2 

superconductor, and some promising MgB2 materials with potential for applications.  

Basics of the transmission electron microscopy (TEM) characterization techniques will 

also be presented. 

 

1.1 Introduction to Applied Superconductivity 

Superconductors are materials that will conduct electricity without resistance below a 

critical transition temperature Tc.  The zero-resistivity state below Tc is called the 

superconducting state which has lower entropy and a higher degree of order than the 

normal resistive state.  In conventional superconductors “superelectron” Cooper pairs 

form through phonon-mediated coupling in the superconducting state, and Cooper pairs 

can pass through the material without scattering, unless the thermal energy is high 

enough to break up the pairs, which happens above Tc.  The energy which is required to 

split up the Cooper pairs is defined as the energy gap between the superconducting and 

the normal states 2∆.  Besides temperature, Cooper pairs can also be broken if a 

sufficiently strong magnetic field or a sufficiently large electric current is applied.   Thus 
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a given material is only superconducting if its critical transition temperature Tc, critical 

magnetic field Hc, and depairing current density Jd are not exceeded.  For every 

superconductor there exists a critical surface in the temperature - magnetic field - current 

density space as shown in Fig 1.1.  The critical surface connects Tc, Hc, and Jd, separating 

the superconducting phase from the normal phase.  It can also be seen from Fig 1.1 that 

Tc, Hc, and Jd are interdependent.  For example, Hc decreases with increasing temperature 

or current density, and when T = Tc or J = Jd, Hc is zero [1, 2].   

For 22 years after the first discovery of superconductivity by Kamerlingh Onnes [3] it 

was assumed that a superconductor was no different from a resistanceless metal.  

However, in 1933 Meissner and Öchsenfeld [4] found that superconductors have an 

additional property that a merely resistanceless metal would not possess: a material in 

superconducting state will repel surrounding magnetic field completely, so that no net 

flux is allowed to exist in its interior, which is perfect diamagnetism or the Meissner 

effect.  The Meissner effect is characteristic of the superconducting state.  However, 

some superconductors which allow some penetration of magnetic field while remaining 

superconducting were identified as type-II superconductors by Abrikosov in 1957 [5].  

Type-II superconductors - also known as the "hard" superconductors - differ from type-I 

in that a mixed state between the superconducting and the normal states can exist.  As 

shown in Fig. 1.2, a type-II superconductor is perfectly diamagnetic like type-I (Fig. 

1.2(b)), up to the lower critical field Hc1.  Above Hc1 the field starts to penetrate the bulk 

of the type-II superconductor (Fig. 1.2(c)) in the form of individual quantized flux 

bundles which are called fluxons [2].  Each fluxon is a tube of radius of the London 
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Figure 1.1 The schematic temperature-magnetic field-current density 
phase diagram [6].  

d 

Figure 1.2 (a) Magnetization versus applied magnetic field for type-I and type-II 
superconductors. (b) - (d) Magnetic flux distribution around a bulk superconductor 
for the (b) perfect diamagnetism, (c) mixed state, and (d) normal state.   
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penetration depth λ(T), in which a cylindrical normal core is surrounded by 

superconducting vortex currents.  The radius of the normal core is characterized by the 

coherence length ξ(T) which represents the size of a Cooper pair, and the flux in each 

fluxon is equal to the flux quantum Φ0 = h / 2e = 2.07×10-15 Wb. Due to the repulsive 

interaction of fluxons, they will form a periodic array which is called the fluxon lattice 

[3].  With an increase of applied field, more and more fluxons enter the superconductor 

and the normal cores pack closer together, so that the flux density B in the 

superconductor increases and magnetization M decreases gradually.  When Hc2(T) = Φ0 / 

2πµ0ξ(T)2 is reached, the normal cores collapse and the whole material goes to the normal 

state (Fig. 1.2(d)).  Type-II superconductors generally have better properties for 

applications than type-I superconductors, and as Hc1 is usually very low (a few tens of mT) 

while Hc2 is high, type-II superconductors are used in practice in the mixed state. 

Superconductors can carry bulk current only if there is a macroscopic fluxon density 

gradient [7] as defined by the Maxwell’s equation curl B = µ0J, which is only possible 

for Type-II superconductors in the mixed state.  However, when a current is flowing there 

will be a Lorentz force per unit fluxon length between the current and the fluxons Fl = J 

× Φ0.  If the fluxons move under the Lorentz force the superconductor goes to the flux-

flow state and cannot sustain the transport current.  The motion of the fluxons can be 

prevented by pinning the vortices at structural defects whose dimensions are close to ξ(T),  

which is known as flux pinning.  Then the critical current density Jc can be defined as the 

current density which creates just enough Fl to detach the fluxons from the pinning 

centers, Fp = Fl = Jc × Φ0, where Fp is the average pinning force over all microstructural 
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pinning defects. Thus Jc strongly depends on the pinning force, and increasing 

temperature and field reduce Fp and reduce Jc(T, H).  The field dependence of Jc gives 

rise to another parameter, the irreversibility field H*, which is the field at which Jc 

vanishes.   

Superconductivity is very sensitive to structure and chemistry of materials.  Like Jc 

and H*, which strongly depend on defects and associated flux pinning force, Hc2 is also 

defect-dependent through the coherence length ξ.  ξ for an impure superconductor is 

approximately (ξo•le)1/2, where ξo is the intrinsic coherence length for a perfectly pure 

superconductor and le is the electron mean free path, which describes the density of 

electron-scattering defects.  For a dirty-limit superconductor (le < ξo), ξ mostly depends 

on the density of electron-scattering defects inside the material.  Introducing defects or 

disorder to reduce ξ is a fundamental way to improve Hc2 of superconductors. 

 

1.2 Basic Properties of MgB2  

MgB2 has been known as a metallic compound since the early 1950s, but in 2001 it 

was discovered to be a superconductor with the highest critical temperature (Tc ~ 40 K) 

among the known electron-phonon superconductors [8].  MgB2 has a simple hexagonal 

structure with 6-fold rotation symmetry (P6/mmm) composed of graphite-type boron 

layers separated by hexagonal close-packed magnesium layers.  As can be seen from Fig. 

1.3, each magnesium atom is located at the center of a hexagon of boron atoms.  The 

magnesium atoms donate electrons to the boron layer as predicted by band structure 
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c 
b 

a 

Mg 

B 

Figure 1.3 Structure of MgB2 unit cell. 

Table 1.1 List of properties of bulk MgB2 [10], and references therein 

Property Values 

Density (ρ) 2.55 g/cm-3 

Pressure Coefficient (dTc/dP) -1.1 ~ -2 K/GPa 

Carrier density ns(300 K) 1.7 ~ 2.8×1023 holes/cm3 

Isotope effect αT = αB + αMg = 0.3 + 0.02 

ξ||ab(0) ~ 6.5 nm Coherence lengths 

(single crystals) ξ||c(0) 1.6 ~ 3.6 nm 

Penetration depths λ(0) 85 ~ 180 nm 

Debye temperature ΘD 750 ~ 880 K 

Hc1 27 ~ 48 mT 
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calculations [9], and the boron layer is believed to play a major role in the 

superconductivity in MgB2 by supporting two conducting bands: a 2-D σ-band in plane, 

and a more 3-D π-band out of plane. 

The basic properties of bulk MgB2 are summarized in Table 1.1.  Most of its 

properties, such as the isotope effect and the decrease of Tc under pressure, resemble 

those of conventional type-II superconductors.  However, MgB2 is a special 

superconductor with two weakly coupled superconducting gaps ∆σ(4.2 K) ≈ 7.2 meV and 

∆π(4.2 K) ≈ 2.3 meV, which has been verified by both ab initio calculations and various 

experiments [11].  The presence of two gaps leads to multiple scattering channels (σ and 

π intraband scattering, and interband scattering between them) with distinct effects on 

MgB2 superconducting properties.  Theory has shown that increasing interband scattering 

couples the bands and mainly reduces Tc, while increasing intraband scattering enhances 

Hc2 without much Tc suppression [12].  As discussed later, the weakly coupled nature of 

the two gaps makes it possible to tune scattering rates within each band without 

increasing the pair-breaking interband scattering, which leads to great enhancement of 

Hc2 in MgB2 [11].  The layered structure of MgB2 also introduces a modest anisotropy 

into its superconducting properties.  Like the high-Tc superconducting (HTSC) cuprates, 

the upper critical field Hc2, irreversibility field H*, and coherence length ξ of MgB2 are 

anisotropic, and they are highest for field applied parallel to the ab plane (H||ab). 

Although the Tc of MgB2 (~40 K) is considerably lower than that of HTSC cuprates 

such as YBa2Cu3O6+x (YBCO, Tc = 93 K) [13] and Bi2Sr2Ca2Cu3O10+x (Bi-2223, Tc = 110 

K) [14], it has many practical advantages over HTSC as summarized in Table 1.2.  MgB2 
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is cheap and has a lower anisotropy η, larger coherence length ξ, and no weak-link 

problem, which make it a good candidate for both large-scale applications and electronic 

devices [10]. 

 

 

Table 1.2 Comparison between MgB2 and HTSC materials 

 MgB2 HTSC 

Raw materials 
Mg and B are cheap, 

light, and plentiful 

HTSC wires are 70% Ag [15] 

which is expensive 

Anisotropy  

η=Hc2
||ab(T)/ Hc2

┴ab(T) 
1.7 ~ 2.7 [10] 

YBCO : 5 ~ 7 

Bi-2223: 50 ~ 100 [16] 

In-plane coherence 

length ξ||ab(0) 
6.5 nm [10] 1.5 nm [17] 

ρ(Tc)  0.2 ~ 1 µΩ•cm [18] 
YBCO : 40 ~ 60 µΩ•cm  

Bi-2223: 150 ~ 800 µΩ•cm [17] 

Grain Boudaries No weak-link effect [19] 
Weak-link at high angle grain 

boundary: Jc = J0 exp(-θ/θc) 

 

 

One important application of superconductors is to make high-field magnets, which 

are currently based on two low-Tc superconductors, Nb-Ti alloy and Nb3Sn.  How does 

MgB2 compare to them?  Table 1.3 summarizes the important superconducting properties 

of the five most widely used superconductors.  Just like HTSCs, at low temperature 

MgB2 has high critical current density Jc and Hc2 values which are at least comparable 

with Nb-Ti and Nb3Sn, but it has a low irreversibility field H* value which means its Jc 
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drops rapidly with increasing magnetic field.  Thus H* or the field-dependence of Jc is the 

major obstacle for MgB2 for high-field magnet applications. 

 

Table 1.3 Comparison between MgB2, HTSC, NbTi and Nb3Sn materials [17] 

Superconductors Tc(K) Jc(A/cm2) Hc2(T) H*(T) η =Hc2
||/ Hc2

┴

Nb47wt%Ti 9 4×105 (5 T) 12 (4 K) 10.5 (4 K) 1 

Nb3Sn 18 ~ 106 27 (4 K) 24 (4 K) 1 

MgB2 39~40 ~ 106 15 (4 K) 7 (4 K) 1.7~2.7 

YBCO 92 ~ 107 >100 (4 K) 5~7 (77 K) 7 

Bi-2223 108 ~ 106 >100 (4 K) 0.2 (77 K) 50~100 

 

 

1.3 Key Issues in MgB2 

Although pure MgB2 has low intrinsic H* and high-field Jc values, both can be 

dramatically improved by modifying the structure and composition of MgB2.  One 

relevant target is that Jc must be 104~105 A/cm2 in fields of 0.1~10 T at above 20 K [17].  

For a given MgB2 sample, H* and Hc2 are usually strongly correlated (H* ~ 0.8Hc2
┴ab 

[11]), and both can be enhanced by introducing more electron scattering.  ρ(Tc), the 

lowest normal-state resistivity, is a diagnostic quantity for disorder-induced electron 

scattering, since phonon-scattering has been significantly suppressed at Tc of MgB2 (~40 

K).  For example, for a clean MgB2 bulk material with ρ(40 K) ~ 1 µΩ•cm and H*(4.2 K) 

~ 7 T, annealing in magnesium vapor for 10 hours, which is believed to introduce more 

disorder into the magnesium sites, can increase its H*(4.2 K) to 14.5 T with ρ(40 K) = 18 
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µΩ•cm [20].  Other ways to introduce more scattering defects into MgB2 include 

irradiation [21-23], high energy ball milling [24], and chemical doping [25].   

 

Due to the unusual two weakly coupled superconducting gaps in MgB2, it is possible 

to independently tune scattering rates within each band to achieve remarkable Hc2 

enhancement.  Although Hc2 in MgB2 is controlled by scattering in both bands, the dirtier 

band has the shorter coherence length which determines the Hc2.  Gurevich showed that 

strong π-band scattering compared to σ-band scattering gives rise to an upward curvature 

near 0 K, as shown in Fig. 1.4, leading to anomalously high Hc2(0 K).  The upward 

Figure 1.4 Relative Hc2 curves predicted theoretically for both σ- and π-bands, 
and the global Hc2 curve of MgB2 calculated from Gurevich’s model assuming 
scattering in π-band is 10 times stronger as compared to σ-band (Dπ = 0.1Dσ).  
Adapted from Gurevich [27]. 
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curvature in Hc2(T) curve caused by strong π-band scattering was first seen in pulsed 

laser deposited (PLD) ex situ MgB2 films [11], and has been seen most consistently in C-

doped hybrid physical-chemical vapor deposition (HPCVD) films which have Hc2
||(0 K) 

> 60 T [26].  Such high Hc2 values suggest a promising future for MgB2 superconducting 

magnets, but as no bulk MgB2 material has yet shown Hc2
||(0 K) >45 T.  Our 

characterization results on high Hc2 C-doped HPCVD films in section 3.2-3.3 suggest that 

the nanoscale c-axis disorder and the coherent MgO platelets may preferentially cause π-

band scattering in epitaxial MgB2 thin films, and be responsible for >60 T Hc2
||(0 K).  On 

the other hand, due to the two-gap superconductivity in MgB2, the relationship between 

Hc2 and ρ(Tc) is not straightforward, as it is possible that Hc2 is controlled by one band 

and ρ(Tc) is dominated by the other. 

The absence of the weak-link effect at grain boundaries means that Jc in MgB2 is 

mainly determined by pinning.  The low Jc of MgB2 at high field indicates that the 

pinning force of pure MgB2 is strongly field dependent and becomes rather poor in 

modest magnetic fields.  Like Hc2 and H*, Jc can be greatly enhanced by introducing more 

pinning centers.  All defects with dimensions close to the MgB2 coherence length (ξ||ab(0) 

~ 6 nm) can be effective pinning centers, including dislocations, stacking faults, nano-

precipitates and grain boundaries.  There is evidence for grain boundary pinning in MgB2 

[28-31], and the fact that Jc increases with decreasing grain size suggests using low-

temperature fabrication of MgB2 to produce a fine grain size.  Precipitation pinning has 

also been verified in doped MgB2 materials [32].  On the other hand, which (if any) 

defects are effective intragrain pins is still largely unknown.  
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Increasing both pinning defects and scattering defects will result in an increase of 

normal state resistivity of MgB2.  Thus it may seem like higher resistivity samples should 

always give better superconducting properties.  This is generally true for Hc2, but the 

measured Jc is strongly limited by low connectivity in many MgB2 samples, which can 

cause extremely high resistivity.  The two factors that limit connectivity are porosity and 

current-blocking second phases at grain boundaries.  Rowell proposed a way to estimate 

the intergrain connectivity by comparing ∆ρ = ρ(300 K) – ρ(40 K) of a particular sample 

with ∆ρ obtained from pure, dense and fully connected samples such as single crystals 

(~7.3 µΩ•cm [33]).  Then with the formula Af = 7.3/∆ρ, Af can be taken as the portion of 

the cross-section carrying the current.  Following this approach it has been found that 

doped, high-resistivity MgB2 samples usually have lower intergrain connectivity [33], 

indicating the presence of second phases segregated at grain boundaries.  By purifying 

raw materials, especially removing oxygen from magnesium and boron powders, 

connectivity can be improved by up to a factor of two [24].  On the other hand, the 

relatively high porosity in bulk MgB2, which is probably due to the ~34% volume-

contraction of the reaction Mg + 2B = MgB2 [35], means that hot isostatic pressing (HIP), 

which makes dense MgB2 bulks, is another way to achieve high Jc in MgB2. 

Another negative effect of introducing defects into MgB2 is Tc suppression.  Doping 

in MgB2 contributes electrons filling the σ hole-states close to the Fermi-level, resulting 

in an increase in the Fermi-level energy and a decrease of the superconducting gaps, and 

thus Tc [36].  The interband scattering caused by nonmagnetic impurities also reduces the 

electron-phonon coupling strength, and this pair breaking effect lowers Tc [37].  Lattice 
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compression caused by substitution doping also contributes to the Tc suppression.  Both 

irradiation [38] and high energy ball milling [24] have a qualitatively similar effect 

lowering Tc as does for chemical doping, which is presumably attributed to an increase of 

the interband scattering in MgB2 [38]. 

 

1.4 MgB2 Preparation and Doping 

After superconductivity was discovered in MgB2, various forms of MgB2 have been 

synthesized: single crystals, powders, bulk polycrystals, thin films, tapes and wires [10].  

In this report we will focus on a few samples which are of particular interest from both 

physical properties and microstructure point of view.  First we start with pure MgB2 

bulks to show the intrinsic properties and microstructure of MgB2.  Then we will 

introduce the C- and SiC-doped MgB2 bulks which are by far the two most promising 

MgB2 materials and have significant potential for industrial applications.  Pure and doped 

MgB2 thin films are also very interesting due to their superior properties which provide a 

promising future for MgB2 bulks. 

 

1.4.1 MgB2 bulks 

a. Pure MgB2 bulks 

Pure bulk materials are always necessary to study intrinsic properties and 

microstructure of a novel material.  High quality MgB2 single crystals need to be grown 
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under high pressure (1-6 GPa) and high temperature (>1400˚C) using the Mg-B-N system, 

and the grown crystals are sub-mm in size [39, 40].  Polycrystalline MgB2 bulk materials 

can be prepared under normal pressure and below 1000˚C.  However, due to the 

oxidation of magnesium and boron, which always occurs in commercial magnesium and 

boron powders [34], oxygen phases such as MgO or MgBxOy are always present to some 

extent in MgB2 bulk materials.  Such second phases could block the current especially if 

they form wetting phases at grain boundaries [41]. 

Jiang and Hellstrom have developed a practical method to purify amorphous boron 

powder so that there is less MgO in MgB2 bulks [34].  X-ray diffraction (XRD) shows 

that the purifying process eliminates B2O3 effectively from the as-received boron powder, 

and also reduces the MgO content in the reacted MgB2 bulk.  Rowell analysis indicates 

that the connectivity increases by a factor of two after the purifying process (from 25% to 

48%).  These results demonstrate that B2O3 provides oxygen to form MgO which is an 

important current barrier in MgB2.  Based on scanning electron microscope (SEM) 

observation, the authors suggested that in unpurified samples MgO forms a wetting phase 

at grain boundaries, so it is interesting to check the grain boundary structure and MgO 

distribution of these samples in transmission electron microscope (TEM).  As these 

samples are composed of large single-crystal grains with the size a few hundred nm, they 

are perfect for structure and defects analysis in TEM and the results can be taken as a 

reference for doped MgB2 materials.  Results from these samples are shown in section 2.1. 
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b. C-doped MgB2 bulks 

Doping in MgB2 can enhance Hc2 and Jc.  Unfortunately MgB2 resists doping with 

most elements except aluminum and carbon.  Aluminum and carbon substitute for 

magnesium and boron respectively, and both add electrons into the hole-band at the 

Fermi level, which depresses Tc [29].  Adding aluminum into MgB2 gives only a weak 

increase of Hc2 for small concentrations, and otherwise a significant decrease [43], while 

adding carbon increases Hc2 more effectively by introducing electron scattering centers 

with only a moderate decrease in Tc [11, 40, 44]. 

C-doped MgB2 single crystals were grown by Lee’s group [45] and Karpinski’s group 

[40], both under high temperature uniaxial pressing with BN media.  Two sets of single 

crystals show the very similar C-doping effect: the MgB2 a lattice parameter decreases 

linearly with increasing carbon content, while c lattice parameter remains almost content; 

Tc decreases with increasing C-doping, and approaches zero at x ~ 15% in the formula 

Mg(B1-xCx)2; normal-state resistivity increases rapidly with carbon addition, while ∆ρ = 

ρ(300 K) – ρ(40 K) increases more gradually; Hc2 increases with increasing C-doping [40, 

45].  Results from the polycrystalline MgB2 filaments made by a chemical vapor 

deposition (CVD) process [44] agree well with the single crystal results, and the carbon 

content relationships, particularly the lattice parameter dependence on x, apply generally 

for C-doped bulk MgB2.  The highest carbon content obtained in single crystal MgB2 is x 

= 15-18%, which may represent the carbon solubility limit for the system at the growth 

temperature (1600-1700˚C) [40, 45].   
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Benefited from C-doping, the Hc2(0 K) of C-doped MgB2 wires or bulks is typically 

~35 T [44, 46], whereas >40 T Hc2(0 K) has been achieved in carbon nanotube-doped 

MgB2 [47].  The maximum Hc2 ~ 35-45 T may represent the limit of Hc2 enhanced by σ-

band and interband scattering with weak π-band scattering.  C-doping also increases in-

field Jc(H) as it enhances Hc2 and H*.  However, connectivity of MgB2 usually decreases 

with increasing C-doping, as reported by Senkowicz et al. in ex situ C-doped MgB2 bulk 

prepared using high-energy ball milling [48], which makes it complicated to optimize 

Jc(H) in C-doped MgB2.  Jc(8 T, 4.2 K) > 5 × 104 A/cm2 was achieved for x ~ 4-7% (x in 

Mg(B1-xCx)2) in Senkowicz’s samples, which is among the best reported for C-doped bulk 

MgB2 [48]. 

Although the carbon content in MgB2 is crucial for superconducting properties, it is 

very difficult to directly measure the carbon concentration due to the similar scattering 

factors for carbon and boron in x-ray and neutron diffraction [40, 49].  Surface analysis 

techniques such as x-ray photoemission spectroscopy (XPS), scanning auger 

spectroscopy (SAM), and wavelength dispersive x-ray spectroscopy (WDS) have to deal 

with the surface oxidation problem and their spatial resolution is not enough to 

discriminate carbon inside MgB2 grains and carbon in second phases.  Surface 

hydrocarbon contamination in TEM column also makes electron energy loss 

spectroscopy (EELS) quantification difficult [41].  Fortunately, the smaller size of carbon 

atom as compared to boron means that adding carbon into MgB2 results in shorter lattice 

parameters of the MgB2 unit cell, as verified by C-doped single crystal MgB2 results.  

Thus it has been proposed to use the change of lattice parameters (∆a [44, 46] or ∆(c/a) 
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[49]) to estimate the carbon content in MgB2, such as ∆a = –0.3153•x, where x is the 

carbon content given by Mg(B1-xCx)2 [46]. 

 

c. SiC-doped MgB2 tapes  

SiC doping of MgB2 leads to large enhancements in both Hc2 and Jc [33, 50].  SiC 

added to precursor powders decomposes at typical bulk MgB2 synthesis temperatures, 

and (among other possible effects) is believed to act as a source of C-doping [32].  The 

solubility of silicon in MgB2 is very small: at the very high temperatures and pressures 

necessary to synthesize single-crystal MgB2, carbon is incorporated into the MgB2 lattice, 

but silicon is not [40].  Dou et al. have shown that besides increasing Hc2, adding SiC to 

bulk MgB2 also significantly improves Jc at high fields [35], perhaps by introducing a 

high density of structural nanodefects and nanoscale precipitates [32].  The size of the 

SiC particles also has an effect: using smaller SiC particles leads to higher Hc2 and H*
 in 

MgB2 wires [25].  Another effect of SiC is to decrease the formation temperature of 

MgB2 so that low temperature heat-treatment (~600˚C), which leads to finer grains, is 

possible [51].  So far the best properties obtained from SiC-doped MgB2 bulks are Jc(20 

K, 3 T) ~ 105 A/cm2, Jc(5 K, 10 T) ~ 2×105 A/cm2, and H*(0 K) ~ 29 T [50], which is 

already close to the application target above.  We have significantly expanded on the 

previous limited microstructural characterization of SiC-doped MgB2 [32, 50, 52], as 

reported in section 2.2.  However, the best ways to optimize the superconducting 

properties of SiC-doped MgB2 are still far from fully understood. 
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For practical applications of MgB2 such as magnets and cables, it is necessary to 

develop tapes and wires.  The fact that MgB2 is mechanically hard and brittle makes the 

powder-in-tube (PIT) method the most popular way to achieve high quality wires and 

tapes [10].  The PIT technology has been commercially validated by the production of 

high-performance Nb3Sn and Bi-2223 wires and tapes.  For MgB2 usually the PIT 

method consists of the following procedure:  MgB2-reacted powder (ex-situ) or a mixture 

of magnesium and boron powders with the stoichiometric composition (in-situ) is packed 

into metal tubes.  The filled tubes are rolled into tapes or drawn into wires, followed by a 

heat-treatment.  Among various sheath metals including Nb, Cu and Ni, Fe has been 

found to be a good material which acts as a diffusion barrier for the volatile and reactive 

magnesium without degrading the superconductivity [10].  The final heat-treatment has 

been found to be critical to increase core density, sharpen the superconducting transition 

and raise Jc by more than a factor of ten [53].  However, there is no need for prolonged 

heat treatments as several minutes sintering gives the same Jc as a longer sintering time 

[54]. 

In 2006 Matsumoto et al. found Hc2(0 K) > 42 T in SiC-doped MgB2 tapes fabricated 

by a PIT process from MgH2 [33].  The use of MgH2 rather than Mg powder also gives 

higher Jc values in MgB2 tapes by improving the connectivity of the MgB2 grains and 

reducing the oxygen content of the sintered materials [51].  Results of a microstructure 

analysis on these MgB2 tapes as a function of SiC content and reaction temperature will 

be presented in section 2.2. 

 



 

19 

1.4.2 MgB2 thin films 

MgB2 films have been fabricated by different deposition methods: PLD, co-

evaporation, deposition from suspension, magnesium diffusion into sputtered amorphous 

boron, magnetron sputtering [10], molecular beam epitaxy (MBE) [55], HPCVD [56], 

and reactive evaporation deposition [57].  Superior properties have been obtained, such as 

Tc = 41.8 K in pure MgB2 HPCVD thin films [58], extrapolated Hc2
||(0 K) >60 T in C-

doped MgB2 HPCVD thin films [59], and Jc(4.2 K, 10 T) = 105 A/cm2 in an O-doped 

MgB2 PLD thin film [28].  Although the difference between MgB2 bulk and thin films is 

not yet fully understood, the thin film data demonstrate the potential for further 

improving the performances of MgB2 wires and tapes. 

 

a. Pure and C-doped HPCVD MgB2 films  

HPCVD has been the most effective technique for depositing epitaxial MgB2 thin 

films [82].  HPCVD films are deposited on 4H-SiC (a = 3.073 Å and c = 10.053 Å) 

substrates with an epitaxial orientation of (0001) ]0211[  MgB2 // (0001) ]0211[  SiC, and 

diborane (B2H6) and bulk magnesium (99.95% purity) are used as precursors.  By heating 

bulk magnesium around the substrate to 720-760˚C in a H2 flow, the high magnesium 

vapor pressure necessary for MgB2 growth is generated.  Film growth is then carried out 

by passing B2H6 in H2 into the reactor.  A carbon precursor, such as metalorganic 

magnesium (C6H7)2Mg, can be introduced with a secondary H2 flow, and the carbon 

content is controlled by the secondary flow rate [60]. 
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The pure MgB2 HPCVD film has ρ(Tc) < 1 µΩ•cm and Tc ~ 41.8 K, which is one of 

the cleanest MgB2 materials.  The higher-than-bulk Tc is attributed to the biaxial tensile 

strain caused by the coalescence of initially nucleated discrete islands [61].  By doping 

carbon using the (C6H7)2Mg precursor, ρ(Tc) of the HPCVD film increases rapidly while 

Tc decreases much more slowly with increasing carbon content, indicating that only part 

of the carbon is incorporated into the MgB2 lattice and the rest forms high resistance 

second phases at the grain boundaries [60].  Af of the C-doped films can be as small as 

20%.  The best C-doped MgB2 thin films prepared by HPCVD have the highest Hc2 

(Hc2
||(0 K)) > 60 T) of all MgB2 materials [26].  The extremely high Hc2

||(0 K) and the 

shape of the Hc2
||(T) curve obtained in doped films can be explained by Gurevich’s 

multiband superconductor model and indicate a dirtier π-band upon C-doping [62], which 

may be related to the c-axis tilt disorder as shown in section 3.2. 

To improve the C-doping process and achieve high Hc2 without forming insulating 

boundary phases, new carbon sources have been tried, such as CH4 and B(CH3).  Zhuang 

et al. have developed the hot-filament-assisted (HFA) HPCVD process to deposit MgB2 

thin films using CH4 as a carbon source [63].  They installed an additional tungsten 

filament to decompose CH4 at ≥1200˚C.  The tungsten filament is sufficiently far (>20 

cm) from the 4H-SiC substrate so that MgB2 film growth is not disturbed by its high 

temperature.  The carbon content is controlled by the CH4 flow rate, and the nominal 

carbon atomic concentrations were measured by the X-ray energy-dispersive 

spectroscopy (XEDS).  Although increasing C-doping still leads to higher ρ(Tc) and 

lower Tc in CH4-sourced films, compared to (C6H7)2Mg-sourced films, the resistivity 
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increase is less when Tc is suppressed by the same value, indicating the lack of second 

phases at grain boundaries [63].  High field results measured by Hunte show that the film 

grown with 10 sccm (standard cubic centimeters per minute) CH4 flow rate has ~60 T 

Hc2
||(0 K) and the obvious upward curvature at low temperature, which is a sign of strong 

π-band scattering.  The higher Jc(H) at high fields obtained in CH4-sourced films also 

indicates the presence of more pinning defects [63].  By studying the microstructure 

improvement in the CH4-sourced films, as shown in section 3.3, we have gained more 

insights about the Hc2 and Jc enhancement mechanisms in HPCVD MgB2 films. 

Another new carbon source for doping in HPCVD MgB2 thin films is B(CH3)3.  

Wilke et al. first demonstrated B(CH3)3-sourced MgB2 films with higher Tc and lower 

residual resistivity as compared to (C6H7)2Mg-sourced films [64].  Af of these films are 

50-70%, which is much higher than high-Hc2 (C6H7)2Mg-sourced films (Af ~ 20%) and 

even higher than pure MgB2 bulk samples discussed in section 1.4.1.a (Af ≤ 48%).  Such 

high Af values indicate that the films are high-quality epitaxial and contain homogeneous 

MgB2 without many second phases present.  Benefiting from the high connectivity, Jc of 

B(CH3)3-sourced MgB2 films is high, and can achieve ~106 A/cm2 at 5 K and 8 T parallel 

field.  On the other hand, Hc2
||(0 K) of B(CH3)3-sourced films is only ~40 T [64], lower 

than the best SiC-doped MgB2 tapes discussed in section 1.4.1.c (Hc2(0 K) > 42 T), which 

is probably due to the lack of microstructural disorder.  Microstructure analysis on these 

films and comparing with other HPCVD films doped with different carbon sources has 

provided us with important information such as the effective electron scattering defects in 

MgB2 thin films and the optimal MgB2 microstructure. 
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Recently Dai et al. have developed new B(CH3)3-sourced MgB2 films with -dHc2
||/dT 

(Tc) ~ 5-7.5 T/K [65].  Although high field experiments have not been carried out on 

these films to measure Hc2
||(0 K), the slope of a Hc2

||(T) curve around Tc can be taken as 

an indication of Hc2
|| at low temperature.  As both (C6H7)2Mg- and CH4-sourced films 

which showed ~60 T Hc2
||(0 K) only have -dHc2

||/dT(Tc) ~ 3 T/K, much higher Hc2
||(0 K) 

is expected to be obtained in the new B(CH3)3-sourced films.  The residual resistivity 

ρ(Tc) of the new films is also considerably higher than the previous low Hc2 B(CH3)3-

sourced films, which demonstrates a correlation between Hc2 and ρ(Tc) in MgB2 HPCVD 

films.  Jc of the new films is not much lower than that of the previous B(CH3)3-soured 

films, suggesting that HPCVD process using B(CH3)3 as the carbon source may be the 

most promising way to achieve the optimal superconducting properties in MgB2. 

 

b. O-doped MBE MgB2 films 

High oxygen content was identified in the first high-Jc MgB2 films of Eom [28], 

which stimulated the growth of O-doped MgB2 films using MBE method by Newman et 

al. [66].  The MgB2 films are synthesized in an ultra-high-vacuum (UHV) MBE chamber 

with a base pressure of ~5×10-10 Torr.  Magnesium is evaporated from a Knudsen cell 

and boron is deposited using an electron-beam evaporator source.  The flux of each 

component is adjusted to optimize the adsorption-limited MgB2 film growth.  The films 

are deposited on (0001) sapphire (a = 4.758 Å and c = 12.991 Å), and the substrate 

temperature is varied between 270˚C and 310˚C with the system pressure of 10-7-10-6 Torr 

during deposition.  Oxygen is introduced into MgB2 films by simply slowing the growth 
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rate of the film, so as to allow more oxygen to be incorporated, and Rutherford 

backscattering spectrometry (RBS) is used to determine the oxygen concentration and 

film thickness.  Oxygen inside the MBE films is non-uniform, and is both incorporated 

inside MgB2 grains and segregated at grain boundaries.  Similar to C-doping, adding 

oxygen to MgB2 reduces Tc and enhances Hc2.  O-doping considerably changes the 

temperature dependence of Hc2, and Hc2
||(0 K) ~ 53 T have been obtained in these MBE 

films [67].  Although Jc changes very little with increasing O-doping, at 4.2 K with no 

externally applied field Jc of the O-doped films is as high as 2×107 A/cm2.  High-field Jc 

values in these films can achieve 4×105 A/ cm2 at 4.2 K and 8 T, higher than that 

obtained for C- and SiC-doped bulk samples and (C6H7)2Mg-sourced HPCVD films [67].   

Recently a new cold-grown-annealing procedure was developed by Newman et al. for 

MgB2 MBE films [67].  The films are first deposited at room temperature on (0001) 

sapphire with Mg to B ratio >0.5, followed by annealing at 375˚C for two hours and then 

at 450˚C for four hours.  The best film prepared by this two-step annealing process has 

dHc2
||/dT (Tc) ~ -2.5 T/K and Tc ~ 28 K, which suggests very high Hc2

||(0 K) comparable 

to that of C-doped MgB2 HPCVD films can be achieved [67].   

 

c. Pure MgB2 films by reactive evaporation 

By studying the Mg-B phase diagrams, Liu et al. have pointed out that due to the high 

volatility of magnesium, MgB2 films can be grown only under very high magnesium 

vapor pressure (HPCVD) or at fairly low growth temperature (MBE) [68].  Another 

effective way to deposit epitaxial MgB2 films is the reactive evaporation method utilizing 
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a rotating pocket heater developed by Moeckly et al. [69].  The heater behaves like a 

quasi-black-body radioactive oven, and contains a rotating platter that holds the 

substrates by contacting only at their outside edge and spins them at several hundred rpm.  

Magnesium vapor is introduced into the interior of the heater, and is well sealed inside to 

maintain a relatively high pressure necessary for MgB2 film growth.  During about a third 

of one rotation cycle, the substrates are exposed to the vacuum chamber via a window so 

that boron can be deposited in vacuum (10-7-10-6 Torr) using an e-beam.   

High purity MgB2 films as large as four inches in diameter can be made with this 

method at 400-600˚C growth temperatures.  The films can have ρ(Tc) ~ 2.6 µΩ•cm and Tc 

~ 38-39 K, which are only bettered by HPCVD films [69].  Detailed TEM microstructure 

characterization has shown that high-quality epitaxial films can be obtained on various 

substrates including c- and r-plane sapphire, MgO, 4H-SiC, and even polycrystalline 

alumina [70].  Although MgO transition layers are detected at interfaces between MgB2 

and Al2O3-based substrates [70], both RBS and TEM results show very little MgO phase 

present inside the films [69].  Besides the large film size, another advantage of reactive 

evaporated films are that they are stable and can survive in de-ionized (DI) water for 24 

hours with only a small increase of normal-state resistivity [69].  The slow degradation in 

water makes these films robust for various processing compared to HPCVD films, which 

will be discussed in the next section.  
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1.4.3 Degradation in MgB2  

Due to the high reactivity of magnesium and boron, MgB2 degrades when exposed to 

water and moisture.  Zhai et al. first studied the degradation in MgB2 films prepared by e-

beam evaporation by exposing them to DI water [71].  They observed the destruction of 

the films with increasing exposure time using SEM, and both ρ(40 K) and ∆Tc increase 

with degradation.  Serquis et al. studied degradation in bulk MgB2 when exposed to air, 

and oxidation of magnesium as well as more carbon and oxygen are observed at the 

degraded surface layer of MgB2 samples [72].  Formation of MgO and MgB4 by reacting 

MgB2 with O2 and H2O was also proposed by Senkowicz et al. [73].  Increased resistivity, 

depressed Tc, and enhanced Hc2 of MgB2 are observed with increasing contact with air, 

which indicate more electron scattering after degradation. 

Compared to bulk MgB2 materials, MgB2 HPCVD films are even more susceptible to 

degradation, and Si or MgO capping layers are always needed to protect the film.  Cui et 

al. found that by submerging pure HPCVD MgB2 films in water, a transparent and 

insulating degraded material was formed from the film surface [74].  During the exposure 

to water, the normal-state resistance increases and both film thickness and Tc decrease 

until entire films degrade.  Such degradation also occurs when exposing HPCVD films to 

methanol and acetone, but in a slower way, and water absorbed in these solvents may still 

be responsible.  Increasing temperature also accelerates the degradation process [74].  

Our characterization work on degraded pure HPCVD films, as shown in section 3.5, 

provided microstructure information of the degraded phase and explained more electron 

scattering in degraded films.  
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1.5 TEM Characterization Techniques 

1.5.1 Conventional TEM techniques 

Conventional TEM techniques including selected-area diffraction (SAD), bright-field 

(BF), dark-field (DF) and high-resolution TEM (HRTEM) imaging, have been fully 

developed to image microstruture and characterize defects such as dislocations, stacking 

faults and grain boundaries [75].  SAD is able to show structure and orientations of 

crystalline materials in a localized region as small as a few tens nm, and HRTEM can 

imaging atomic structure around defects or at the grain boundaries and interfaces.  

BF and DF imaging choose a certain diffracted beam to form an image so that grains 

with different orientations show quite different contrast, which is useful to image grain 

morphologies and to measure grain size distributions.  The diffraction information carried 

in BF and DF images can also be used to characterize intragrain defects such as 

dislocations and stacking faults.  For example, due to the stain field of dislocations, 

lattice planes will be bent which will give rise to dislocation contrast in BF/DF images.  

The intensity of diffraction contrast at dislocations depends on the value of g·b, where g 

is the chosen diffraction vector to form the image and b is the Burgers vector.  Then by 

choosing different diffracted beams to image the same dislocation, its Burgers vector b 

can be derived from the intensity change with different g. 
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1.5.2 Scanning TEM (STEM) techniques 

Figure 1.4 shows the details of a STEM imaging system. The electron beam from the 

source is focused to a small spot using a strong lens before the sample and the scan coils 

are used to apply a local magnetic field to scan the beam on the specimen.  Then the 

signal generated from every point on the specimen is collected by a detector to form a 

STEM image.  In STEM, the resolution of images is controlled by the size of the probe, 

which can be sub-Å in size. 

In STEM there are two types of detectors to collect an image [75].  A BF detector 

collects the electrons with very small scattering angles and gives an image essentially 

identical to a BF TEM image.  An annular-dark-field (ADF) detector collects electrons 

with large scattering angles.  When the collection angle of the ADF detector is large 

enough, it gives a high-angle ADF image in which the intensity is proportional to Z1.7 (Z - 

atomic number) which is also called a Z-contrast image.  For single crystal samples on a 

zone-axis, probe channeling effects complicate the simple interpretation of the Z-contrast 

image, but for a randomly-oriented polycrystalline samples, such high-symmetry zone 

axes occur only rarely. 

 

1.5.3 Electron Energy Loss Spectroscopy (EELS) 

EELS analyses how electrons in TEM lose energy within a sample [76].  When a high 

energy electron passes through the sample, one way it can lose energy is by transferring it 

to inner shell electrons.  If more than the critical ionization energy is transferred to an 
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Figure 1.4. Imaging system of STEM. 
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inner shell electron, that electron will be excited to the empty states above the Fermi level, 

so that this energy loss process is directly related to the transitions from the occupied 

inner shell states to the empty states.  The probability of the energy loss process, which is 

also called cross-section σ, is proportional to the transition rate R(∆E) which can be 

calculated by the Fermi’s golden rule: )()()(
2

EEEEirqfER fi ρδ ∆−−⋅∝∆
rr , where 

|i> and <f|  represent the initial and final states of the excited electron, ρ(E) is the empty 

density of states (DOS) and qr  is the momentum transfer. 

After interacting with the specimen, the beam electrons travel through a magnetic 

prism where they are deflected by a magnetic field.  As the electrons of the same kinetic 

energy will be deflected to the same position on the detector, a spectrum is formed which 

describes the distribution of energy loss probability σ(∆E) as a function of ∆E, as shown 

in Fig. 1.5.  It can be seen that the intensity of an EEL spectrum which corresponds to 

σ(∆E) falls off rapidly as ∆E increases, and σ(∆E) jumps at the ionization energy of 

atoms, which gives rise to the ionization edges in Fig. 1.5.  Based on the intensities of 

ionization edges concentrations of elements can be derived by, using a K-edge as an 

example, Ik / I = n σk, where n is the atomic area density (atoms/cm2), σk is the K-shell 

ionization cross-section, Ik is the background subtracted K-edge integral and I is the total 

spectrum integral.  Therefore the concentration of elements will be directly proportional 

to the integrated intensity of corresponding EELS edges after background subtraction.   

As can be seen from the Fermi’s golden rule, EELS is also a powerful technique to 

probe the empty DOS above the Fermi level and provides band structure and chemical 

bonding information.  Figure 1.6(b) shows the calculated boron p-DOS and simulated 
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boron K-edge EEL spectrum based on density functional theory (DFT) calculation.  They 

are very similar except that the EEL spectrum is broadened to account for the real 

instrumental resolution (~0.3eV).  Only the boron p-DOS is considered because the initial 

boron 1s state couples only to p-type final states, which is expected by the quantum 

mechanics selection rule (∆l = ±1).  EELS also measures collective excitations like 

plasmons, which are not considered in this work. 

A STEM spectrum image is acquired by stepping a focused electron probe from one 

position to the next on the specimen, and acquiring a spectrum at every position.  The 

resulting data cube is shown schematically in Fig. 1.7.  Due to the high localization of the 

inner shell ionizations of atoms, the STEM-EELS spectrum imaging is very useful to 

probe the chemical information with high spatial resolution, which can even approach the 

atomic scale.   

Heavy elements whose EELS edges are at high-energy-loss region with relatively low 

intensity are difficult to be detected by EELS spectrum image due to the low signal-to-

noise ratio (S/N).  STEM-XEDS uses characteristic x-rays with better S/N to form 2-D 

elemental maps, which is effective for heavy elements but less reliable for elements 

lighter than oxygen due to the XEDS detector window absorption.  Combining EELS 

spectrum imaging with XEDS elemental mapping in STEM, we are able to detect both 

light and heavy elements with nanometer or better spatial resolution.  
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Figure 1.7. Schematic diagram showing the STEM-EELS spectrum imaging. 
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1.6 Summary 

All together, relatively low costs of fabrication, the simple structure, high Tc, Jc and 

Hc2, large coherence lengths, and the absence of weak-link grain boundaries make MgB2 

a promising material for applications above 20 K so that liquid H2 is a possible cryogen 

(Tboiling(H2) = 20.13 K).  However, to meet application requirements, the properties of 

MgB2 have to be improved through microstructure modifications: chemical doping, 

introduction of precipitates, and atomic-scale control of defects such as vacancies, 

dislocations and grain boundaries.  The small length scale of these modifications means 

that structure and chemistry characterizations using TEM are required to get a better 

understanding of the correlation between MgB2’s superconducting properties and its 

microstructure. 

The objective of this research is to understand how Hc2 and Jc of MgB2 are correlated 

with microstructure.  The ultimate goal of the larger collaborative project is to identify 

the methods which can effectively engineer the structure to achieve optimal properties of 

MgB2 for magnet applications. 

To achieve this goal, we have used TEM to obtain various structural and chemical 

information at the sub-nm, or even atomic length scale, from different MgB2 materials.  

As will be shown in the following sections, TEM-based characterization techniques, 

including BF and DF imaging, SAD, convergent-beam electron diffraction (CBED), 

HRTEM imaging, Z-contrast STEM imaging, XEDS, and EELS, are very powerful to 

explore the microstructure of MgB2.  Along with the characterization results for each 
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MgB2 material, the effects of microstructure on superconducting properties are discussed.  

Crossing-cutting themes and conclusions are presented in the last chapter. 
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II. MICROSTRUCTURE IN BULK MGB2 MATERIALS 

This chapter presents our characterization results on pure and doped bulk MgB2 

materials.  The correlation between microstructure and superconducting properties was 

made and provided us with important information such as effective pinning and electron 

scattering defects in MgB2.  Microstructure in C- and metal-diboride-doped MgB2 bulks 

is not included in this thesis, because results from those samples are similar to what we 

discovered in SiC-doped MgB2 tapes and do not provide more insight about Hc2 and Jc 

enhancement mechanisms in MgB2. 

 

2.1 Pure MgB2 Bulks 

2.1.1 Introduction and experimental details 

Pure MgB2 bulk samples prepared by Jiang et al. [34] were used to study the intrinsic 

defects structure of MgB2.  As-received amorphous boron powder (Alfa-Aesar 99% 

purity) was pressed into 8-10 mm diameter pellets by cold isostatic pressing, and then 

purified at 950˚C for 48 hours in flowing 4% H2 in Ar to remove B2O3 contamination.  

MgB2 bulk samples were made by reacting such boron pellets with magnesium vapor at 

950˚C for 24 hours.  The samples have Tc ~39 K and Af ~48%, indicating that they 

contain high-quality MgB2 crystals [34].  Hc2(20 K) of these samples, defined as 90% 
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points on the resistive transition curves, is ≤9 T which is typical for pure bulk MgB2 

materials [34]. 

TEM specimens were prepared by mechanical wedge polishing MgB2 samples on an 

Allied TechPrep polishing wheel with the Multiprep sample holder assembly [47].  To 

prevent sample degradation, denatured alcohol was used as a lubricate instead of water.  

Samples were thinned to <100 nm thick at the edge using diamond plastic lapping films, 

followed by limited ion milling at 5~10˚ angle of incidence with a 5 mA, 5 keV ion beam.  

Ion milling damage in MgB2 creates cellular features in the images, which we did not 

observe.  As an additional check for damage, low-resolution TEM observations were also 

made on mechanically thinned samples without ion milling and no difference was seen.  

A CM200 TEM operated at 200 keV was used for BF and HRTEM imaging of MgB2 

grains.  A LEO912 TEM operated at 120 keV equipped with an in-column omega 

spectrometer was also used to do EELS and spectrum imaging analysis, although due to 

the relatively large energy spread of the thermionic LaB6 electron gun the energy 

resolution for LEO912 is worse (~2 eV) as compared to the JEOL-2010F TEM which has 

a field emission gun (~1 eV).   

 

2.1.2 Characterization results 

Figure 2.1(a) shows a large MgB2 grain with a high dislocation density in a pure bulk 

sample.  Such a high dislocation density suggests low defect energy in MgB2.  In some 

regions precipitates with the size ~50 nm are associated with dislocations, as shown in 
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Figure 2.1 BF images taken from pure MgB2 bulk, showing (a) high density 
dislocations in a large MgB2 grain; (b) dislocations possibly originating from 
precipitates.  The short line defects in the lower-right corner of (b) are pairs of partial 
dislocations parallel to the electron beam direction. 

(a) (b) 

1101 - 1120 -

Figure 2.2 BF images shows one MgB2 grain at (a) a ( 0111 ) diffraction condition 
and (b) a ( 0211 ) diffraction condition.  Most dislocations become invisible in (b), 
indicating they are [0001] dislocations. 

(a) (b) 
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Fig. 2.1(b). They are either MgO particles or small MgB2 grains with different 

orientations.  Partial dislocations with stacking faults parallel to the ab plane are also 

present.  With the simple tilting experiments carried out during TEM observation as 

shown in Fig. 2.2, some dislocations observed at a ( 0111 ) diffraction condition become 

invisible when the grain is tilted to a ( 0211 ) diffraction condition, which indicates that 

they have the Burger’s vector [0001].   

Figure 2.3(a) is another BF image taken from a pure MgB2 bulk sample.  There are 

small particles sitting both inside MgB2 grains and along the grain boundaries which are 

similar to the precipitates in Fig. 2.1(b).  EEL spectra in Fig. 2.3(b) show that those 

particles contain much more oxygen but less boron than the surrounding matrix, 

indicating they are MgO.  The particles still have some boron signal due to the poor 

spatial resolution of this measurement and the projection through the sample thickness.  

The MgO particles, especially those at the grain boundaries with the dimension ~100 nm, 

will block the current flow and reduce the connectivity of MgB2. 

Grain boundary structure has also been studied in pure MgB2 samples.  In these bulk 

samples MgB2 grains grow together with random orientations.  Grain boundaries are 

generally clean, as shown in Fig. 2.4(a), with the presence of MgO particles along the 

boundaries.  Figure 2.4(b) shows an example of amorphous wetting phase at grain 

boundaries, but we cannot tell whether they form during the MgB2 grain growth or from 

degradation after TEM sample preparation.  Results from degradation in pure HPCVD 

films indicate that the wetting phase contains amorphous MgO and boron. 
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Figure 2.3 (a) BF image taken from a pure MgB2 bulk, with MgO particles indicated 
by red circles. (b) Background-subtracted oxygen K-edge EEL spectra taken from a 
particle and from a matrix region.  Both spectra have been normalized by the pre-
edge background intensity so that the intensities are meaningful.  The inset shows 
the B K-edge EEL spectra taken from a particle and from a matrix region.   

(a) 

(b) 

[0001] 
Zone-axis

(1101) 
- 

Figure 2.4 (a) HRTEM image taken from a pure MgB2 bulk, showing a clean grain 
boundary between two MgB2 grains.  The grain in the lower-right part is at [0001] 
zone-axis while the grain in the upper-left corner shows MgB2 (1 1 01) lattice fringes. 
(b) HRTEM image showing 20 nm wide amorphous wetting phase between two MgB2 
grains.  The fringes correspond to MgB2 ab planes. 

(a) (b) 
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2.1.3 Discussion and summary on pure MgB2 bulks 

The intrinsic defects in MgB2 are a high density of dislocations and grain boundaries.  

As Hc2 in these samples is not much higher than that of single crystal MgB2, the intrinsic 

defects in pure samples with large grains are not very effective in causing electron 

scattering that enhances Hc2 and H*, and microstructure control such as chemical doping 

is needed to improve MgB2 properties. 

Due to the high reactivity of magnesium and boron, it is very easy to form second 

phases between MgB2 grains so that connectivity is always low even in pure MgB2 

materials.  After the purifying process in H2, MgO is reduced but still present because of 

its low formation energy (∆Ηf
ө(298.15 K) = -601.83 kJ/mol compared to ~-156 kJ/mol 

∆Ηf
ө(298.15 K) for MgB2 [78]).  Both MgO particles and amorphous wetting phases at 

grain boundaries are responsible for only 25-48% Af even in pure MgB2 materials. 

 

2.2 SiC-doped MgB2 Tapes Prepared by PIT 

(Contains material published in J. Appl. Phys. 102, 013913 [79]) 

2.2.1 Introduction and experimental details 

The MgB2 tapes were prepared by Matsumoto et al. using an in-situ PIT process [33].  

MgH2 was used instead of Mg to reduce oxidation.  MgH2 and B powders were mixed in 

the 1:2 atomic ratio in iron tubes, with additions of 0, 5, and 10 at. % of 30 nm diameter 

SiC nanoparticles and then rolled to tapes.  Samples were reacted for one hour at 
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temperatures of 600˚C, 700˚C, 800˚C, and 900˚C, making a matrix of 12 samples whose 

properties exhibited systematic trends as a function of doping and reaction temperature 

[33].  The Fe sheaths were mechanically removed before electromagnetic and 

microstructure characterization.  The 10% and 90% points on the resistive transition 

curves in fields up to 60 T were used to define a transition breadth ∆H and Hc2.  Jc(H,T) 

was calculated based on magnetization measurements in a 14 T vibrating sample 

magnetometer. 

The outer 4 samples of the matrix were characterized by TEM (600˚C-pure, 600˚C-

10%SiC, 900˚C-pure, and 900˚C-10%SiC).  TEM specimens were prepared with the same 

procedures described in section 2.1.1.  A CM200 TEM was used for SAD, BF and DF 

imaging of the MgB2 grains.  We used the Particle package of the DigitalMicrograph 

program to measure the grain size from DF TEM images, although contrast from 

intragrain defects had to be erased by hand first.  The reported grain size is the circular 

approximation diameter to each grain.  Several thousand grains were measured for each 

sample so as to get statistical meaningful size distributions for grains larger than 5 nm.  

The objective aperture was centered on a portion of the MgB2 {1101}  ring in the 

polycrystalline diffraction pattern, but was large enough to admit some diffraction from 

second phases such as MgO.  Those second phases are therefore also represented in the 

grain size distributions. 

Chemical microanalysis was performed using Z-contrast STEM imaging, XEDS, and 

EELS with a ~0.5 nm electron probe on a JEOL-2010F.  The Z-contrast image intensity 

scales as the atomic number of the sample Z1.7, projected along the beam direction.  
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Elemental maps were acquired for magnesium, silicon, oxygen, and carbon with a Noran 

EDS system with a Thermo-Noran Norvar thin window, but the sensitivity and precision 

of the oxygen and carbon maps are limited by window absorption.  EEL spectra and 

spectrum line scans were acquired with an acquisition time of about 0.2 s per spectrum 

using a Gatan Imaging Filter.  The spacing between spectra in the line-scans was 1-7 nm, 

much larger than the total specimen drift during any of the line scan acquisitions.  

Elemental distributions were derived from the EELS scans by integrating the 

corresponding background-subtracted EELS edges, then normalizing by the O-K pre-

edge background intensity in order to reduce the effects of thickness variations along the 

scan lines.  EELS quantification was performed using Hartree-Slater cross-sections in 

DigitalMicrograph.  All samples were cleaned with a plasma cleaner before being put 

into the STEM in order to reduce the surface hydrocarbon contamination.  As noted later, 

there is always some residual hydrocarbon contamination, but incorporating a silicon 

sample with our MgB2 sample enabled us to estimate the amount of surface hydrocarbon 

and derive the real carbon content inside the MgB2 lattice. 

 

2.1.2 Characterization results 

Properties of the 4 samples (600˚C-pure, 600˚C-10%SiC, 900˚C-pure, and 900˚C-

10%SiC) are summarized in Table 2.1 [33].  The trends are clear: increasing reaction 

temperature increases Tc, Jc(1 T, 25 K) and connectivity but decreases ρ(40 K), Hc2 and 

∆H (Hc2 –H*); while adding SiC decreases Tc and connectivity, and increases ρ(40 K), 
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high-field Jc(5 T, 4.2 K), Hc2 and ∆H.  Af in all samples is considerably less than one, and 

decreases as reaction temperature declines or SiC increases.  The intermediate samples in 

the set of twelve follow the same trends.  The fact that the trends are systematic indicates 

that they arise from those deliberate changes, not the uncontrolled variability which can 

plague some forms of MgB2 synthesis.  The most striking result is that 600˚C-10%SiC 

has Hc2(0 K) ~ 42 T which is one of the highest Hc2(0 K) values ever obtained in MgB2 

bulk materials [33].   

 

 

Table 2.1 Properties of the MgB2 samples as a function of reaction temperature and SiC addition [33] 

sample Tc(K) ρ(40K) 

(µΩcm)

RRR Af (%) Jc(5T, 

4.2K) 

(A/cm2)

Jc(1T, 

25K) 

(A/cm2) 

∆H(10K) 

(T) 

Hc2(10K) 

(T) 

600˚C-pure 36.0 116 1.70 9.0 3.5 x 104 4.1 x 104 6.3 24.7 

900˚C-pure 37.5 31 2.40 16.6 1.2 x 104 4.5 x 104 3.5 17.2 

600˚C-10%SiC 32.0 324 1.27 8.2 3.5 x 104 0.6 x 104 10.2 31.6 

900˚C-10%SiC 35.5 100 1.58 12.7 4.0 x 104 5.5 x 104 3.8 26.7 

 

 

Figure 2.5 shows a BF image and the corresponding DF image taken from the 900˚C-

10%SiC sample.  The MgB2 grains are small, and most grains show a lot of interior 

contrast generated by intragrain defects.  Figure 2.5(c) shows the grain size distributions 

derived from DF TEM images similar to Fig. 2.5(b), while Table 2.2 gives the average 

grain size for each sample.  All four samples show a large portion of grains less than 50 

nm in diameter, while the samples processed at 900˚C have more large grains due to 
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Figure 2.5 (a) BF and (b) DF images of the 900˚C-10%SiC sample. The DF 
image is formed with an aperture centered on part of the MgB2 {1101}  diffraction 
ring. (c) Grain size distributions for the samples, measured from DF images 
similar to (b). 

Table 2.2 Average grain sizes in four MgB2 tapes 

 
600˚C 
pure 

600˚C 
10% SiC 

900˚C 
pure 

900˚C 
10% SiC 

Number of grains 
measured 2129 3070 1400 867 

Average grain 
size (nm) 29.2 27.3 54.1 47.6 
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(b) (a) 

(c) 

Figure 2.6 TEM results from the 600˚C 
samples. (a) SAD pattern from the 
10%SiC sample with the MgO {111} 
diffraction ring indicated. (b) SAD 
pattern from the 600˚C-pure sample 
showing no MgO.  (c) BF image of the 
10%SiC sample with a large single 
crystal Mg2Si grain at the center. The 
inset shows the Mg2Si [110] SAD 
pattern of that grain. 

Figure 2.7 Z-contrast image taken from 600˚C-10%SiC sample. Bright regions in 
this image are heavy (high atomic number) phases such as MgO and SiOxCy. Dark 
regions are light phases including MgB2 and Mg2Si.  Relative phase intensities 
with respect to MgB2 are summarized in the right table. 

Table 2.3 Phase intensities 
relative to MgB2 
MgB2C2 0.75 

MgO 1.60 

Mg2Si 1.03 

SiC 1.56 

SiO2 1.45 
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grain growth at high temperature.  Although the grain size is dominated by the heat 

treatment temperature, Table 2.2 shows that doped samples have smaller grain size than 

pure samples, as seen also in the distribution plot (Fig. 2.5(c)) for the 900˚C samples.  It 

suggests that SiC addition introduces some small effect slowing grain coarsening at 

900˚C, although this may also be due to a greater contribution from second phases which 

are small in size but high in density in the doped samples.  Our results agree with 

previous mean grain size estimates [37].  

There are a number of second phases present in SiC-doped MgB2 samples.  Figure 

2.6(a) shows a SAD pattern taken from the 600˚C-10%SiC sample in which the MgO 

{111} diffraction is clearly visible.  Similar MgO diffraction is observed in the 900˚C-

10%SiC sample; MgO is ubiquitous in both doped samples.  The MgO grains are quite 

small and uniformly distributed over the few-hundred nm length scales probed by SAD.  

In pure samples, the MgO diffraction ring is much weaker and in some cases not present 

at all, as shown in Fig 2.6(b).  Figure 2.6(c) shows a large Mg2Si grain which is identified 

from its SAD pattern.  The Mg2Si we observed in these samples is in the form of single 

crystals ≥300 nm, much larger than average MgB2 grain size.  Such large Mg2Si grains 

have also been reported in literature [37, 48] although the driving force to form large 

Mg2Si from nanoscale SiC particles is still unclear.  

Figure 2.7 shows a Z-contrast image of the 600˚C-10%SiC sample.  If there are no 

large changes in thickness at very short length scales, which is usually true for small 

areas in TEM samples, the intensity difference in an image like Fig. 2.7 comes from 

differences in local sample chemistry.  Table 2.3 summarizes the predicted Z-contrast 
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intensities for various phases that might be present in this sample, relative to the intensity 

of MgB2.  Thus, while Mg2Si has a higher Z per formula unit than MgB2, it also has a 

larger unit cell, so that its Z-contrast intensity is only slightly higher.  Figure 2.7 shows 

many domains of different chemistry with the dimension 10-60 nm, which is consistent 

with our grain size measurement results.  Clumps of MgO or SiOxCy with size of 10-20 

nm are very common, many outlining grains of MgB2.  

The dark grey regions in Fig. 2.7 are mostly MgB2 domains.  They make up a 

majority of the sample and are similar in size to the crystal grains found in conventional 

TEM.  Figure 2.8 shows a Z-contrast image of a single MgB2 domain in the same sample 

and its surroundings, together with the boron, carbon, and oxygen EELS edge intensities 

as a function of position along the line indicated in the figure.  The dark grey region is B 

rich compared to its surroundings, indicating it is a MgB2 grain surrounded 

discontinuously by heavier and therefore brighter C- and O-rich regions.  Figure 2.9 

shows a similar Z-contrast image, this time with XEDS maps of the magnesium, silicon, 

and oxygen intensity, again from the 600˚C-10%SiC sample.  The magnesium signal is 

uniform across the dark grey region, confirming that it is MgB2.  It is again clear that the 

MgB2 grain is practically surrounded by intragranular phases that are Si- and O-rich. 

The carbon signal inside the MgB2 indicates carbon doping, and is much smaller than 

it would be in the compound MgB2C2.  Unfortunately, there is some build-up of 

hydrocarbons on the sample surface in the STEM, which makes it difficult to quantify the 

carbon concentration from this data.  Similarly, the oxygen signal from inside the MgB2 

domain in Fig. 2.8 may indicate some incorporation of oxygen into the MgB2, as has been 
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Figure 2.8 Z-contrast image taken from 
600˚C-10%SiC sample and the boron, 
carbon, and oxygen elemental 
distributions from an EELS line scan 
along the line in the image. EELS 
spectra were acquired every 6.7 nm 
[79]. 
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Figure 2.9 XEDS elemental map of the 
600˚C-10%SiC sample. (a) Z-contrast 
image with a MgB2 domain at the 
center and silicon, magnesium, carbon, 
and oxygen maps of the same region 
[79]. 
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reported in other samples [28], but it may also be due to surface oxidation of the sample 

after thinning for TEM.   

In a separate experiment, pure silicon pieces were glued to these MgB2 samples 

during thinning for TEM, so that the surface hydrocarbon contamination rate could be 

estimated from the silicon side.  The sample geometry is shown in Fig. 2.10.  We then 

assume that the surface contamination is uniform across the whole sample and correct for 

its effects on the MgB2 side.  Since the results show lower carbon EELS intensity from 

silicon pieces than from the MgB2 pieces, we conclude that there is carbon doping of the 

MgB2 in Fig. 2.8.  Based on the differences between carbon intensity from silicon pieces 

and from MgB2 pieces, we used standard EELS quantification methods to estimate the 

carbon concentration in the MgB2 lattice.  In the formula Mg(B1-xCx)2, x = 1.5±3% for 

600˚C-10%SiC sample and x = 2.1±5% 900˚C-10%SiC sample from EELS, as shown in 

the table of Fig. 2.10.  The large standard deviations are due to inhomogeneities in doped 

samples and uncertainties in the contamination rate subtraction, but the EELS 

quantification results are remarkably close to the carbon concentration derived from the 

change in lattice parameter measured by XRD and calibrated against C-doped single 

crystal results [80], which yields x ~ 1.4% and 2.2% for 600˚C and 900˚C-10%SiC 

samples respectively.   

The bright regions in the Z-contrast images in Figs. 2.7-2.9 are various second phases.  

Figure 2.8 shows that the surfaces of the MgB2 domain are rich in carbon and oxygen.  

Figure 2.9 shows that the surfaces are also rich in silicon, which has been essentially 

excluded from the MgB2.  Although the oxygen and especially the carbon XEDS maps 
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Figure 2.11 XEDS elemental map of the 600˚C-10%SiC sample. (a) Z-contrast 
image with a second phase domain at the center and silicon, magnesium, carbon, 
and oxygen maps of the same region. 

MgB2(+SiC) 
Pure Si 

2MgBinsurfacetotal CCC =−

Samples C% of MgB2 
(from MgB2 side)

C% surface 
contamination
(from Si side)

C% in 
MgB2 
lattice 

C% 
from 
XRD 

600˚C-10%SiC 6.2±3% 4.7±1% 1.5±3% 1.4% 
900˚C-10%SiC 6.8±4% 4.7±3% 2.1±5% 2.2% 

 
Figure 2.10 Si/MgB2 TEM cross-section sample from which the C-doping 
concentration inside MgB2 was derived, as shown in the table below. 
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have detector-limited sensitivity, Fig. 2.9 shows the same trend of smaller carbon and 

oxygen concentration inside the MgB2 than outside seen in the EELS results of Fig. 2.8.  

O-rich regions have also been identified in pure MgB2 samples, although fewer of them 

and smaller than in SiC-doped samples.  Figure 2.11 shows a Z-contrast image of the 

600˚C-10%SiC sample with one of the second0-phase regions at the center and the 

corresponding XEDS elemental maps.  The bright domain is significantly Si-rich and 

contains magnesium, suggesting it might be Mg2Si, but that is not consistent with the Z-

contrast intensities of Table 2.3, or with the enhanced carbon and oxygen concentrations 

from the XEDS maps.  We are left with the conclusion that there are SiOxCy second 

phases, possibly also containing magnesium, which we cannot quantitatively identify.  

These elemental maps show that silicon atoms are rejected from MgB2 domains and form 

second phases with carbon and oxygen at the nanometer scale.  From a positive point of 

view these particles are 50 nm or less and not superconducting, making them candidates 

for strong vortex pinning sites.  But Figs. 2.7-2.9 also show that they cluster at grain 

boundaries, where they are capable of significantly degrading the connectivity from one 

grain to another and contributing to the small values of connectivity seen in Table 2.1.  

The results from the 900˚C-10% SiC sample are broadly similar.  Figure 2.12 shows a 

Z-contrast image taken from the 900˚C-10%SiC sample and EELS and XEDS elemental 

concentration results.  We identify the bright region at the center of the image as an MgO 

particle, since it contains very little boron or carbon and has a high concentration of 

oxygen.  XEDS results confirm that there is very little silicon but more magnesium and 

oxygen in this particle.  In addition, the MgO particle in Fig. 2.12 shows less carbon than 



 

51 

O K-edge 

90 120 150 180 210

SiO2

In
te

ns
ity

Energy Loss (eV)

SiOxCy

530 540 550
 

Figure 2.13 Background-subtracted 
EEL spectra of the silicon L2,3-edge 
of two different areas of the 900˚C-
10%SiC sample.  The upper 
spectrum shows fine structure and a 
core-level shift typical of SiOxCy, 
and the lower spectrum is typical of 
SiO2.  The inset shows the oxygen 
K-edge from the same two regions. 

Figure 2.12 (a) Z-contrast image taken from 900˚C-10%SiC sample and the boron, 
carbon, and oxygen elemental distributions derived from an EELS line scan along the 
line in the image.  EEL spectra were acquired every one nanometer.  (b) Silicon, 
magnesium, and oxygen XEDS elemental maps of the same region. 
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the neighboring MgB2, confirming the conclusion drawn from carbon analysis of the 

Si/MgB2 side-by-side sample that the carbon signal in Fig. 6 is due to carbon in the MgB2 

lattice, not just surface contamination. 

Figure 2.13 shows two EEL spectra taken from the 900˚C-10%SiC sample, acquired 

at high enough dispersion for fine structure to be visible and with the low energy 

background before the silicon L2,3-edge subtracted away.  The core-level shifts and near-

edge fine structure in these spectra are similar to published spectra [49] of SiC or SiOxCy 

for the upper spectrum and SiO2 for the lower spectrum, which is also verified by higher 

oxygen K-edge intensity of the lower spectrum as shown in the inset.  This shows that 

similar Si-O-C phases are present in both the 900˚C and 600˚C-10%SiC samples and 

further that some of the magnesium observed in Fig. 2.10 may not be in the bright second 

phase particle, but instead above or below it in projection through the sample thickness. 

 

2.2.3 Discussion  

a. Second Phases 

The second phases we have identified in the four samples are summarized in Table 

2.4.  Only MgO is found in the pure samples and even then only in very small quantities, 

leading us to conclude that synthesizing bulk MgB2 from MgH2 powder is promising as a 

way to reduce MgO contamination.  As pointed out in section 2.1, oxygen introduced as 

an unintended tramp with the boron can form extensive MgO nodules at grain boundaries 

that act as current blockers.  However, the SiC nanoparticles in these samples apparently 
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introduce significant additional oxygen, presumably as a surface adsorbed contaminant as 

verified by the presence of Si-O phases, which are not removed by the in situ reaction 

with MgH2.  This oxygen then formed MgO or other phases.  Both 10%SiC-doped 

samples show stronger MgO diffraction and more O-rich regions in XEDS and EELS 

than do the pure samples.  Similar to the need to reduce the oxygen contamination of the 

boron powder, it appears that pre-reducing the SiC powders would be beneficial to 

producing purer end product with better connectivity. 

 

 

Table 2.4  Second phases identified in MgB2 tapes 

Samples Identified Phases Possible Phases 

600˚C-pure MgO (from EELS and XEDS)  

600˚C-10%SiC MgO, SiOxCy, Mg2Si SiC, MgB2C2 

900˚C-pure MgO (from SAD and XEDS)  

900˚C-10%SiC MgO, SiO2, SiOxCy Mg2Si, SiC, MgB2C2 

 

 

 

Besides MgO, we found various Si-O-C phases in the doped samples.  In the 600˚C-

10%SiC sample, silicon is always found with both carbon and oxygen, while in the 

900˚C-10%SiC sample SiO2 is identified explicitly by its EELS fine structure.  This 

suggests more oxidation of silicon at higher temperature.  In both doped samples, Si-O-C 

phases are generally <50 nm in size and are dispersed between the MgB2 grains, where 
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they can be at least partially responsible for the anomalously high normal state resistivity 

values seen in Table 2.1.  Large Mg2Si grains, as shown in Fig. 2.6(c) in the 600˚C-

10%SiC sample, were not found in the 900˚C-10%SiC sample, but their presence cannot 

be excluded due to the limited area it was possible to examine in TEM.  We did not 

observe any large amorphous boron pockets as reported by Hata et al. [52] in any of our 

samples. 

The fact that we observe some carbon inside the MgB2 but a higher concentration in 

the intergranular second phases suggests that the carbon has reached equilibrium in the 

MgB2 and second phases at each reaction temperature; if so, our measured values of x = 

0.014 and 0.021 should represent the solid solubility of carbon in MgB2+SiC system at 

600˚C and 900˚C.  Both EELS quantification and XRD analysis based on the change in 

lattice parameter agree on these values.  It is curious, however, that this is a significantly 

lower carbon concentration than the optimum of 0.04-0.05 found in the higher 

temperature reaction studies using single crystals [40], CVD filaments [44], and ball-

milled carbon and MgB2 [46].  In those cases there is a good agreement both on the 

optimum value of x and that the optimum Hc2
|| of bulk samples is ~35 T, rather than the 

~42 T value found here for x ~ 0.015.  We conclude that there are additional scattering 

centers present in these films, such as the large boundary area of small MgB2 grains and 

second phase particles with size 10-20 nm, much smaller than the clean mean free path of 

pure MgB2. 

The small fraction of the cross sectional area available to carry current reported in 

Table 2.1 may be explained by the non-superconducting and generally insulating second 
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phases present in all the samples and by the samples’ high porosity.  Porosity in these 

samples has been attributed to volume contraction during decomposition of MgH2, the 

escape of decomposed H2, and the volume contraction on reacting magnesium and boron 

[51].  There are more types of second phases and also more oxidation in the doped 

samples, which is consistent with their decreased connectivity.  Figures 2.6-2.11 provide 

many examples of non-superconducting phases clustering at the grain boundary, where 

they must seriously degrade the connectivity.  The increase of connectivity with 

increasing reaction temperature is less well explained.  However, the average grain size at 

900˚C is almost twice that at 600˚C, meaning that if the impurity phases occur at the 

same volume fraction, they should be less blocking due to smaller grain boundary area at 

higher temperature.  Although most second phases are generally <50 nm in size and 

should therefore provide effective pinning force and enhance Jc, these samples show a 

lower Jc than earlier SiC-doped MgB2 [50].  The presence of Si-O phases limiting 

connectivity may be one of the reasons for this low Jc.  This would be consistent with 

earlier work showing that SiO2 does not increase Jc in tapes synthesized from MgH2+B 

[51]. 

 

b. Hc2 and Jc 

Table 2.1 shows that the doped samples have higher Hc2 than the pure ones and it is 

natural to consider that this must be due in part to C-doping into the MgB2 lattice.  

However, the 600˚C-10%SiC sample has Hc2(0 K) ~ 42 T, which is considerably higher 
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than C-doped MgB2 bulk materials [44, 46] and even the 600˚C-pure sample has Hc2(0 K) 

~ 30 T, one of the highest Hc2 values reported in pure MgB2 bulk material [11].  This 

indicates that the low temperature reacted pure tapes contain more electron-scattering 

defects than MgB2 tapes fabricated by other methods, a conclusion which is consistent 

with the lowered Tc values shown in Table 2.1.  The very small MgB2 grains in low 

temperature reacted samples have huge grain boundary area, which we believe is 

responsible for the additional electron scattering in these samples, although we cannot 

rule out the possibility of scattering from the extended intragrain defects visible in the 

TEM images of Fig. 2.5(a) and (b), and point defects caused by low temperature reaction.  

The grain boundaries and other possible disorder must have a comparable effect on Hc2 to 

C-doping:  Table 2.1 shows that adding 10% SiC to MgB2 tapes can increase Hc2(10 K) 

by 6-9 T, while lowering reaction temperature from 900˚C to 600˚C also increases Hc2 

by 5-8 T for both doped and pure samples.  Combining the grain boundary scattering and 

the C-doping effect, the very high Hc2 is achieved in the 600˚C-10%SiC sample.  On the 

other hand, the breadth of the resistive transition is large, suggesting considerable point-

to-point variation of the sample properties. 

The higher Jc(5 T, 4.2 K) values in Table 2.1 for doped samples indicate at least some 

of the second phases introduced by SiC addition act as effective pinning centers at high 

fields.  This is also confirmed by the pinning force curves for these samples [33].  The 

higher Jc in the 600˚C-pure sample compared to the 900˚C-pure sample is consistent with 

the smaller grain size associated with low temperature reacting (Fig. 2.5), as grain 

boundaries have been shown to be important pinning centers in MgB2 films [28-31].  On 
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the other hand, larger grain boundary area may also lead to more second phases which 

block the current flow and lower the grain connectivity.  The poor connectivity values in 

Table 2.1 suggest that the local, vortex-pinning Jc of our samples is up to an order of 

magnitude higher than the measured macroscopic values. 

This work shows that the lower the reaction temperature, the higher Hc2.  Earlier work 

has shown that MgB2 reaction occurs around 600˚C with the presence of SiC addition, 

which suggests that 600˚C is optimal heating temperature for the current MgH2+B+SiC 

system.  This conclusion differs from that proposed of Sumption et al., who used 

commercial magnesium and boron and found that 800˚C reactions were optimal for SiC-

doped PIT MgB2 wires [25].  Such differences suggest that the fine nanostructural details 

presented here can vary considerably from one preparation method to another, and that 

they have multiple, complicated effects on scattering and connectivity which 

considerably complicate the optimization of MgB2 for magnet applications. 

 

2.2.4 Summary on SiC-doped MgB2 tapes 

MgB2 tapes synthesized by powder-in-tube reaction at low temperature using MgH2 

as a magnesium source and alloyed with SiC nanoparticles show exceptionally high Hc2(0 

K) > 40 T.  TEM analysis shows that synthesis with MgH2 limits the formation of MgO 

in pure samples.  Adding SiC inserts some carbon into the MgB2 but also brings in 

oxygen, which is presumably due to surface oxidization of the SiC nanoparticles.  SiC 

also introduces Si-related second phases such as Mg2Si and (Mg-)Si-O-C compounds.  
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Various non-superconducting second phases enhance the high-field Jc by providing 

pinning, but also reduce the overall connectivity, which limits the measured Jc. 

The grain size in all these samples is very small, providing strong grain boundary 

pinning and perhaps also the scattering that increases Hc2.  The grain size nearly doubles 

between 600˚C and 900˚C reaction temperature.  The higher reaction temperature also 

improves the connectivity.  The very high Hc2 of the 600˚C-10%SiC sample is caused by 

C-doping, intrinsic lattice defects in the MgB2, and the very fine grain structure.  Due to 

the very complicated structure of these small-grain multiphase polycrystalline samples, it 

is difficult to identify the nature of the electron scattering defects and disorder, but our 

results suggest that removing surface oxygen from the SiC nanoparticles would be 

beneficial to the superconducting properties. 
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III. Microstructure in MgB2 Thin Films 

MgB2 thin films are important for both fundamental research and electronic and 

magnetic applications.  MgB2 thin films can have much better superconducting properties, 

such as higher Tc, Hc2, and Jc values, than bulk MgB2 materials, which points towards 

further possible improvements in the performances of MgB2 wires and tapes.  However, 

the difference between MgB2 bulk and thin films is not yet fully understood, making 

microstructural characterization of MgB2 films necessary.  As addressed in section 2.2, 

doped MgB2 bulk materials usually have complicated small-grain, multiphase 

polycrystalline structure, so doped MgB2 epitaxial thin films are better samples to study 

the nature of the electron scattering and pinning defects in MgB2. 

 

3.1 Pure MgB2 HPCVD Films 

3.1.1 Introduction and experimental details 

HPCVD has been the most effective technique for depositing epitaxial MgB2 thin 

films [82].  Pure HPCVD films are so far the cleanest MgB2 materials, and have higher-

than-bulk Tc due to the tensile strain generated at the coalescence stage of the Volmer-

Weber islands growth process [61].  Microstructure characterization in these pure films 

helped us understand the structure of the HPCVD films, and the results were taken as a 

reference for further characterization on more complicated doped MgB2 HPCVD films.  
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A ~200 nm MgB2 HPCVD thin film was deposited by A. V. Pogrebnyakov on an 

(0001) 4H-SiC substrate at 720˚C.  Details of the HPCVD process have been introduced 

in section 1.4.2.a.  The film had ρ(40 K) ~ 0.5 µΩ•cm and Tc ~ 41 K, indicating high 

purity of the MgB2 phase [60].  MgB2 HPCVD films degrade on exposure to water and 

air [74], so 10-50 nm of amorphous silicon was sputtered on top of the film to prevent 

degradation before TEM sample preparation.  Plan-view and cross-section TEM 

specimens were prepared by mechanical wedge polishing as described in section 2.1.1, 

and polishing oil was used as a lubricate because the denatured alcohol used for bulk 

MgB2 sample preparation still caused degradation in HPCVD films.  Figure 3.1 shows 

the geometry of both cross-section and plan-view TEM specimens with the direction of 

MgB2/SiC c-axis indicated.  Plan-view samples were polished from the substrate side 

only, leaving free-standing MgB2 from the top portion of the film.  Diffraction and 

HRTEM experiments were carried out on a CM200UT TEM. 

 

3.1.2 Results and discussion 

Figure 3.2(a) shows a BF image taken from a cross-section pure film sample.  There 

are very few defects observed inside the film, except the vertical moiré fringes caused by 

overlapping of MgB2 grains with different orientations.  The SAD pattern in Fig. 3.2(b) is 

single-crystal-like, verifying the high-quality epitaxial growth.  Some weak diffraction 

spots which seem to be generated from MgB2 grains with their c-axis parallel to the 

interface are present.  Such intergrowth has not been directly observed by TEM imaging.  
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MgB2 

SiC  C 

Plan-view TEM sample 

MgB2 film 

SiC  

C 

Cross-section TEM sample 

SiC

MgB2

Figure 3.1 Geometry of plan-view and cross-section TEM samples prepared from 
MgB2 thin films.  The arrows indicate the direction of MgB2/SiC c-axis. 

(a) 

(b) 

(c) 

MgB2 

Figure 3.2 (a) BF image taken from a cross-section pure film sample.  (b) ]0211[  
zone-axis SAD pattern taken from the same sample.  (c) ]0211[  HRTEM image 
from the same sample, showing the perfect MgB2 lattice.  



 

62 

On the other hand, most part of the pure film has a perfect MgB2 lattice as shown in Fig. 

3.2(c).  

Figure 3.3(a) shows a BF image taken from a plan-view pure film sample.  MgB2 

grains are over 100 nm in size and separated by high density dislocation arrays, which 

could form when MgB2 columns coalesce.  Such a microstructure is consistent with the 

Tc enhancement through tensile strain theory, as the high density dislocation regions 

where MgB2 columns coalesce may have lower atomic density, so that the attractive 

interatomic forces in these regions make the neighboring MgB2 grains in tension [83].  

Dislocations have also been observed inside grains which are similar as we observed in 

pure MgB2 bulk shown in section 3.1.  The inset of Fig. 3.3(a) shows a [0001] zone-axis 

SAD pattern taken from the same region.  It again shows single-crystal-like MgB2 

diffraction with some weak diffraction spots in between.  Some of them are believed to 

be caused by dynamical diffraction, which commonly occurs when the sample consists 

two different materials through the thickness, such as MgB2 and SiC as we have here.  

Other weak spots can be attributed to the presence of some MgB2 grains rotated by 30˚ 

about the c-axis.  Figure 3.2(b) shows a 30˚-rotated pure MgB2 grain at the center, which 

is identified by its CBED pattern explicitly.  The lower-right CBED pattern taken from 

the central grain shows two sets of diffraction disks with a 30° with respect to each other: 

one from matrix MgB2 (the same as the upper-right inset) and the other from the central 

30˚-rotated MgB2 grain (also see the model in Fig. 3.5(b)).  Both patterns are present 

because the CBED probe was larger than the central, 30˚-rotated grain. 
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Figure 3.3 (a) BF image taken from a plan-view pure film sample.  The inset is a 
SAD pattern taken from the sample region.  (b) BF image taken from the same 
sample.  A rotated MgB2 grain sits at the center, as indicated by their CBED 
patterns showing in the insets. 

(a) (b) 

Figure 3.4 (a) HRTEM image taken along ]0211[  in the pure HPCVD film sample 
IRR40, showing moiré fringes generated from the overlap of two MgB2 grains 
with a 30˚ rotation in between. (b) Power spectrum generated from the dashed 
square in (a). 

MgO 

SiC 

MgB2 MgB2 
(1100)-

d1 

d2 

(a) 
(b) 
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Figure 3.4(a) shows a HRTEM image taken from a cross-section pure MgB2 HPCVD 

film sample, in which we observed a 30˚-rotated pure MgB2 grain at the center.  Figure 

3.4(b) is the power spectrum of the center of Fig. 3.4(a).  The matrix MgB2 is at ]0211[  

zone-axis with MgB2 (0001) and )0011(  lattice planes visible, while the central 30˚-

rotated grain is at ]0011[  zone-axis which shows (0001) and )0211(  planes.  The MgB2 

)0011(  diffraction vector has the magnitude 3.74 nm-1, and the MgB2 )0211(  diffraction 

vector has the magnitude 6.48 nm-1, so by overlapping these two sets of planes through 

the thickness, moiré fringes with super-period can be formed as seen in Fig. 3.4(a).  At 

this configuration, the possible new diffraction vectors, which is the inverse of the super-

period in real space, are MgB2 )0211(  – )0011(  = 6.48 – 3.74 nm-1 = 2.74 nm-1 (d1 in Fig. 

3.4(b)) and MgB2 )0011(  – [MgB2 )0211(  – MgB2 )0011( ] = 3.74 – 2.74 nm-1 = 1 nm-1 (d2 

in Fig. 3.4(b)).  Both of these diffraction vectors are observed in Fig. 3.4(b), and d2 = 1 

nm-1 matches the period of moiré fringes in Fig. 3.4(a).  Therefore only when we consider 

the presence of both MgB2 )0011(  and )0211(  diffractions from two grains with a 30˚-

rotation in between, can the power spectrum and moiré fringes be explained.  While the 

origin of these 30˚-rotated MgB2 grains is not known, the film-substrate interface is 

reported to cause a similar 30˚ rotation in other hexagonal thin films [84-86], which is 

also consistent with the observed 30˚-rotated grain originating from the interface in Fig. 

3.4(a).  The microstructure of 30˚-rotated MgB2 grains is also presented in section 3.2.2 

for C-doped HPCVD films. 
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3.2 MgB2 HPCVD Films Doped using (C6H7)2Mg 

(Contains material published in Appl. Phys. Lett. 91, 082513 (2007) [91]) 

3.2.1 Introduction and experimental details 

C-doped MgB2 thin films prepared by HPCVD have the highest Hc2 (Hc2
||(0 K)) > 60 

T) of all MgB2 materials [26].  The extremely high Hc2
||(0 K) and also the shape of the 

Hc2
||(T) curve can be explained by multiband superconductor model and indicate a dirtier 

π-band upon carbon doping [62].  Microstructure analysis in the C-doped films provided 

us important information about the effective π-band scattering defects in MgB2 and the 

optimal MgB2 microstructure. 

A ~200 nm C-doped MgB2 thin film was deposited by Pogrebnyakov, using a similar 

HPCVD process as for the pure films [60].  Carbon came from (C6H7)2Mg, a 

metalorganic magnesium precursor, added to the H2+diborane gas flow in the reactor.  

The film had ρ(40 K) ~ 640 µΩ•cm and Tc ~ 30 K, which are in the range for very high 

Hc2 [59, 60].  The extremely high ρ(40 K) indicates that the sample was poorly connected 

and Af is only ~25%.  10-50 nm of amorphous silicon was sputtered on top of the film for 

protection.  Plan-view and cross-section TEM specimens were prepared by the same way 

as for pure film samples.  Diffraction and HRTEM experiments were carried out on a 

CM200UT TEM.  STEM and EELS experiments were performed in a similar way as 

described in section 2.2.1.  Samples were plasma cleaned before STEM to reduce surface 

hydrocarbon contamination. 



 

66 

3.2.2 Results and discussion 

Figure 3.5(a) shows a [0001] zone-axis SAD pattern taken from a plan-view sample.  

Comparing to the pure film sample which has a single-crystal-like diffraction pattern (Fig. 

3.3(a)), Fig. 3.5(a) shows a lot of disorder in the doped film, in the form of 30˚ rotation 

about the c-axis, and some additional orientation spread about the c-axis.  The brightest 

spots in Fig. 3.5(a) correspond to [0001] MgB2, as expected for an epitaxial thin film.  

The other strong spots form another pattern rotated 30° with respect to the main MgB2 

diffraction.  Figure 3.5(b) shows the arrangement of all strong spots in Fig. 3.5(a), with 

black spots for the main MgB2 diffraction and grey for the rotated pattern.  This cartoon 

can also be used to describe the CBED pattern in the inset of Fig. 3.3(b).  Based on 

diffraction intensity in Fig. 3.5(a) and in the inset of Fig. 3.3(a), there are many more 

30˚–rotated MgB2 grains in the doped films using (C6H7)2Mg, which makes us believe 

that carbon doping introduces more in-plane rotation.  DF TEM images in Fig. 3.5(c) and 

(d) further show that the 30˚-rotated grains comprise 10-20% of the film.  From these and 

other images, we estimate that the MgB2 grain size in the film is 5-40 nm. 

The diffraction spots in Fig. 3.5(a) have low-intensity arcs on both sides caused by 

rotations up to ±10° about the c-axis of the MgB2 grains.  These small rotations are not 

observed in pure MgB2 HPCVD films (the inset of Fig. 3.3(a)), so we attribute them to 

the addition of carbon.  Weak second phase diffraction is also observed in Fig. 3.2(a) as 

indicated by the arrow.  This phase has a similar structure as MgB2, but a = 2.7 Å instead 

of 3.086 Å for MgB2 a lattice parameter.  As verified in MgB2 HPCVD thin films doped 

using CH4 shown in section 3.2, these spots arise from MgB2C2 as a second phase. 
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(c) 

(b)(a) 

Figure 3.5 (a) [0001] zone-axis SAD pattern taken from a plan-view carbon-
doped film using (C6H7)2Mg.  (b) The model to explain the SAD pattern in (a).  
(c) DF image showing unrotated MgB2 grains (white regions).  (d) DF image 
showing 30˚-rotated MgB2 grains (white regions). 

(d) 
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The microstructure of rotated MgB2 grains has also been imaged using HRTEM, as 

shown in Fig. 3.6.  There are two MgB2 grains along the [0001] direction, rotated by 30˚ 

with respect to each other, with a ~5 nm wide amorphous region in between.  This is 

common, although some 30˚-rotated MgB2 grains have clean boundaries, as shown in the 

upper-right inset of Fig. 3.6.  The lower-left inset shows two MgB2 grains misoriented by 

4.5˚ with respect to each other, which is consistent with the extended diffraction streaks 

observed in Fig. 3.5(a).  At the interface of these rotated grains boundary dislocations are 

present.  

We used EELS in the STEM to measure the carbon content in the MgB2 and 

amorphous phases.  Figure 3.7(a) shows a Z-contrast image of the same plan-view sample 

as in Fig. 3.6.  Fig. 3.7(b) and (c) show CBED patterns taken from a bright region 

(position b) and a dark region (position c).  The bright region is a crystal with 6-fold 

symmetry, and thus Mg(B1-xCx)2, and the dark region is amorphous, and thus the 

boundary phase of Fig. 3.6.  The contrast in Fig. 3.7(a) arises primarily from composition 

variation, so the amorphous regions are darker because they have a lower average atomic 

number.  Figure 3.7(d) shows the ratio C/(C+B) derived from a series of EEL spectra 

acquired every 1.3 nm along the black line in Fig. 3.7(a), which crosses a small MgB2 

grain.  The composition was quantified from the spectra using Hartree-Slater cross-

sections in DigitalMicrograph.  At the middle of the scan line which corresponds to an 

MgB2 grain the carbon content is ~5%, while in the surrounding regions the carbon 

content is ~40%.  Due to possible residual surface hydrocarbon contamination, the carbon 

concentration in Fig. 3.7(d) is an upper limit on the carbon concentration inside the 
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Figure 3.7 (a) Z-contrast image taken from a plan-view, (C6H7)2Mg-sourced film 
sample.  (b) and (c) CBED patterns taken from spot b and c in (a), respectively.  
(d) Carbon distribution derived from EELS line-scan along the black line in (a). 

Figure 3.6 HRTEM image taken along [0001] showing an amorphous region 
between two 30˚-rotated MgB2 grains.  The upper-right inset shows a clean 
boundary between two MgB2 grains, and the lower-left inset shows two MgB2 
grains with a 4.5° rotation angle with respect to each other.  
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Mg(B1-xCx)2.  The real carbon content therefore must be ≤5%, and most of the carbon in 

the film is in the amorphous second phase, possibly a BxCy compound as previously 

suggested [60].  We have not measured the magnesium or oxygen concentrations in the 

amorphous region, but the reduced Z-contrast intensity suggests that the Mg content is 

lower than in the Mg(B1-xCx)2. 

Figure 3.8(a) shows a ]0211[  zone-axis SAD pattern taken from a cross-section 

sample.  Most of the bright spots are from the MgB2 film, although there are some weak 

spots from the SiC substrate.  The diffraction spots with a component along the c-axis, 

such as (0001) and )1110( , are extended into arcs, indicating that some grains have their 

c-axes tilted away from the substrate normal by up to ±12°.  (Rotations about the c-axis 

are invisible in this orientation.)  This c-axis tilt is also seen in HRTEM as shown in Fig. 

3.8(b): the fringes are the MgB2 ab planes, which are tilted in the left part of the image 

with respect to the right.  The apparent sub-nanometer domain size in Fig. 3.8(b) is 

caused by the projection through the sample thickness inherent to TEM imaging and the 

nano-scale c-axis tilt disorder.  HRTEM image simulations using JEMS software verified 

this.  Figure 3.9(a) shows the model we used for the simulation, in which three MgB2 

grains with the size ~5 nm are constructed with different c-axis orientations.  By 

projecting this structure along the ]0011[  direction which is the zone-axis we used to 

obtain Fig. 3.8(b), the simulated HRTEM image reproduced the observed contrast, as 

shown in Fig. 3.9(c).  We observed dislocations with displacements along the c-axis 

between tilted grains; similar dislocations have been reported by Wu et al. in pure MgB2 

HPCVD films [87].  However, neither they nor we observe diffraction arcs in ]0211[  
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5.55 nm 

(a) 

(b) 

(c) 

Figure 3.9 (a) Supercell with dimensions 22.55×5.55×0.35 nm, containing 3 
MgB2 grains with their c-axes tilted 0˚, 12˚, and -8˚ respectively.  Red spheres 
represent Mg atoms and yellow ones represent B.  (b) ]0011[  projection of the 
supercell.  (c) Simulated ]0011[ projected HRTEM image under similar 
conditions as the CM200 TEM using JEMS package. 

Figure 3.8 (a) ]0211[ zone-axis SAD pattern 
taken from a cross-section (C6H7)2Mg-sourced 
film sample.  (b) HRTEM image taken along 

]0211[  showing c-axis tilt disorder.  (c) BF 
image taken from the same orientation.  

MgB2

SiC
(a) 

(b) 

(c) 
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SAD from pure films, as seen in Fig. 3.2(b), so there are many more tilted grains in the 

doped films, again presumably caused by carbon. 

Figure 3.8(c) shows a BF TEM image taken from the same cross-section sample.  It 

is an on-zone-axis BF image of a thin sample, so crystalline regions appear dark due to 

their strong diffraction and amorphous (or off-zone-axis) regions appear bright.  The 

overall microstructure therefore consists of columnar nano-grains with brighter 

amorphous regions in between.  The crystalline dark regions are somewhat more dense 

near the substrate, and the amorphous regions are more dense near the surface.  This 

indicates that although the Mg(B1-xCx)2 grains are separated by a non-superconducting 

amorphous second phase in the plan-view images of Fig. 3.5-3.7, in the lower part of the 

film the grains are better connected.  The boundary phase does limit the current-carrying 

cross section, dramatically increasing ρ(40 K) and decreasing the measured Jc, which 

explains why the C-doped films have lower self-field Jc than the pure MgB2 films [60].  

Compared to the BF image taken from the pure film (Fig. 3.2(a)), the high density moiré 

fringes in Fig. 3.8(c) indicate poorer alignment caused by carbon doping 

In another HPCVD film sample with lower C-doping level (ρ(40 K) ~ 230 µΩ•cm 

and Tc ~ 35 K), we observe an MgO second phase at the interface, as shown in Fig. 

3.10(a).  It is surprising because HPCVD films are grown in very reduced H2 atmosphere 

and pure films show no oxidation at the interface as reported in literature [87].  Instead of 

forming a uniform interface layer, MgO in Fig. 3.10(a) is present in the form of 

individual islands with a few monolayer thick.  Figure 3.10(b) shows the atomic 

arrangement of the MgB2 lattice grown on top of an MgO island.  The MgO phase does 
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2 nm2 nm

MgO

MgB2

SiC

Figure 3.11 HRTEM image taken 
from a ]0211[  cross-section 
(C6H7)2Mg-sourced film sample, 
showing c-axis tilt disorder 
originating from MgO interface 
islands.

Figure 3.10 (a) HRTEM image taken from a ]0211[  cross-section (C6H7)2Mg-
sourced film sample.  An MgO island is identified at the interface.  (b) Model 
showing the orientation relationship between the MgB2 film and the MgO 
interface layer in (a).  Blue circles represent magnesium atoms, orange ones 
represent boron, and yellow ones represent oxygen. 
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not change the orientation relationship between MgB2 and SiC 

( (0001)MgB2//(111)MgO//(0001)SiC and ]0011[ MgB2// ]121[ MgO// ]0011[ SiC ), so 

that the film is still able to grow epitaxially.  Figure 3.11 is another HRTEM image 

showing an MgO interface island.  A boundary line breaks ab planes of MgB2 in the 

middle of Fig. 3.11 and seems to originate from the edge of the MgO island.  Although 

the in-plane mismatch between MgO (111) and MgB2 (0001) is small (<3.5%), the 

spacing between MgO (111) planes is 2.44 Å, quite different from MgB2 c lattice 

parameter (3.52 Å), so that non-uniform MgO islands may cause discontinuity of MgB2 

ab planes and c-axis tilt disorder as shown in Fig. 3.11.  

 

3.2.3 Conclusions 

All the forms of disorder we have observed in films doped using (C6H7)2Mg are 

summarized in Fig. 3.12.  The observed disorder includes: 30˚-rotation about the c-axis 

and small-angle rotation about the c-axis, shown on top surface; c-axis small-angle tilt, 

shown on the front face; MgO second phase islands at the interface, and an amorphous C-

rich second phase between Mg(B1-xCx)2 grains, indicated by the grey regions.  The 

amorphous second phase explains the ~25% Af in high resistivity (C6H7)2Mg-sourced 

films and is caused by incomplete carbon incorporation during the film growth.  Although 

30˚-rotation about the c-axis and c-axis dislocations have also been observed in pure 

MgB2 HPCVD thin films (section 3.1.2), they are much more common in doped films, 
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Figure 3.12 Schematic drawing showing the microstructure of carbon-doped 
films. Orange arrows indicate grains rotated by 30˚, yellow triangles indicate 
grains with small-angle rotation about the c-axis, and shadowed rectangles 
represent MgO islands at the interface (see text for details). 

30°rotation about c-axis  

MgO at interface 
small rotation about c-axis 
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suggesting that carbon doping increases structural disorder, possibly by changing MgB2 

lattice parameters and thus introducing bigger lattice mismatch between MgB2 and SiC.  

What then is responsible for the remarkable Hc2 of MgB2 HPCVD films doped using 

(C6H7)2Mg?  It cannot be increased incorporation of carbon into the MgB2 lattice.  In 

high temperature synthesized bulk MgB2, the maximum Hc2
||(0 K) is ~35 T and occurs at 

x ~ 5% [44, 46]; we find the same carbon content in the HPCVD films.  Nor is it the 

small grain size.  The bulk samples with the very highest Hc2 have similar very small 

grains (section 2.2), but Hc2 of only 45 T [33].  Both mechanisms presumably increase 

Hc2
||(0 K) in these films, but not to >60 T. 

From the two-band theory for Hc2(T) [62], the high Hc2 of the HPCVD films 

demands very strong π-band scattering compared to σ-band scattering.  Carbon 

substitution for boron in bulk MgB2 produces primarily σ scattering [44], and grain 

boundaries in randomly oriented polycrystalline bulks should add scattering to both 

bands.  We propose that the carbon-induced c-axis tilt that we observe on the scale of the 

grain size 5-40 nm in these films disturbs the pz π orbitals, preferentially causing strong π 

scattering [11] and leading to very high Hc2
||(0 K).   
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3.3 MgB2 HPCVD Films Doped using CH4 

3.3.1 Introduction and experimental details 

By using the carbon sources such as CH4 and B(CH3), the C-doping process can be 

improved relative to (C6H7)2Mg so that better superconducting properties can be achieved 

without forming insulating boundary phase.  The HFA-HPCVD films doped using CH4 

show both high Hc2 and in-field Jc(H).  By studying the microstructure improvement in 

the CH4-sourced films, we gained more insights about the Hc2 and Jc enhancement 

mechanisms in HPCVD MgB2 films. 

A HFA-HPCVD MgB2 thin film doped using CH4 was deposited on (0001) 4H-SiC 

by C. G. Zhuang et al. [88].  The HPCVD process is generally similar as described in 

section 3.1.1, except that a tungsten filament at ≥1200˚C was used to decompose CH4.  A 

10 sccm CH4 flow rate was used for carbon doping.  The film had ρ(42 K) ~ 100 µΩ•cm 

and Tc ~ 34 K, and higher Jc(H) under magnetic field than the pure films, which indicates 

more flux pinning defects caused by CH4 doping [88].  The film was then sent to the 

Pennsylvania State University where MgO layers of ~10 nm were sputtered on top of the 

film as a capping layer to prevent degradation by water and air [74].  Twin samples 

deposited under the same conditions were used for high-field measurements and TEM 

characterization.  Both the ~60 T Hc2
||(0 K) and the shape of the Hc2

||(T) curve indicate 

strong π-band scattering inside the film [89].  Cross-section and plan-view TEM sample 

preparation and TEM characterization experiments are performed using the same way as 

described in section 3.1.1. 
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3.3.2 Results and discussion 

Figure 3.13(a) shows a BF image of a cross-section film sample doped using CH4, in 

which the MgO capping layer, film and SiC substrate have been labeled.  There are two 

layers inside the film, each about 100 nm thick.  The upper layer is well-aligned with few 

defects, while the bottom layer has lots of disorder.  SAD experiments show that they 

contain different phases, as shown in Fig. 3.13(b) and (c).  The SAD pattern taken from 

the upper layer (Fig. 3.13(b)) shows two sets of diffraction spots: the outer diffraction 

spots indicated by arrows match the MgB2C2 structure, while the inner spots are from 

]0211[  MgB2.  In the SAD pattern taken from the lower layer (Fig. 3.13(c)), all the 

MgB2C2 diffraction spots disappear, leaving only MgB2 diffraction.  (The weak spots 

come from the SiC substrate.)  This suggests that the two layered structure in Fig. 3.13(a) 

is an MgB2C2 layer grown on top of the MgB2 film, and both layers are epitaxial as 

indicated by the diffraction patterns.  We also notice from Fig. 3.13(c) that there is no 

obvious streaking of the MgB2 diffraction spots as observed in Fig. 3.8(a), indicating that 

the CH4-sourced film has better grain alignment and lack of c-axis tilt disorder compared 

to the previous HPCVD films doped using (C6H7)2Mg. 

The MgB2C2/MgB2 structure has also been verified by chemical analysis in STEM.  

Figure 3.14(a) shows a Z-contrast STEM image of the same cross-section sample.  Due to 

the lower average atomic number per volume of MgB2C2 than that of MgB2, as seen from 

the density data in Table 3.1, the upper layer in Fig. 3.14(a) appears darker than the lower 

MgB2 layer.  XEDS measurements summarized in Table 3.1 show that there is less Mg 

signal from the upper layer, which is also consistent with the lower Mg atomic density of 
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Figure 3.14 (a) Z-contrast STEM image of a cross-sectional CH4-sourced film 
sample. (b) Carbon distribution derived from EELS line scan in (a).  

(a) (b) 

Figure 3.13 (a) BF image of a cross-sectional CH4-sourced film sample. (b) - (c) 
]0211[  zone-axis SAD patterns taken from the upper layer (b) and lower layer (c), 

respectively. The upper layer shows the presence of MgB2C2 diffraction while the 
lower layer does not, as indicated by arrows.   

(a)

(b)

(c)
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MgB2C2 compared to MgB2.  Figure 3.14(b) shows x = C/(C+B) derived from EEL 

spectra acquired at the black spots in Fig. 3.14(a), quantified using Hartree-Slater cross 

sections in DigitalMicrograph.  There is about 2-13 at. % carbon concentration in the 

lower MgB2 layer, while the upper layer has about the same amount of carbon and boron 

(x~0.5), further confirming that it is MgB2C2. 

We also characterized microstructure in another film sample grown at 7 sccm CH4 

flow rate for comparison, and the results from cross-section samples are shown in Fig. 

3.15.  This film has a ~20 nm MgB2C2 layer (Fig. 3.15(a)), much thinner than the 100 nm 

MgB2C2 layer in the 10 sccm CH4-sourced film (Fig. 3.15(b)).  The diffraction patterns 

also show much weaker MgB2C2 diffraction in the 7sccm sample (Fig. 3.15(c)) than in 

the 10sccm sample (Fig. 3.15(d)).  This result shows that the MgB2C2 layer thickness 

depends on the CH4 flow rate.  We believe that both MgB2 films were overdoped even at 

7 sccm CH4 flow rate and that excess carbon is rejected from the Mg(B1-xCx)2 to form the 

MgB2C2 second phase.  The formation of MgB2C2 phase with the presence of excess 

carbon is consistent with the calculated Mg-B-C phase diagram [90].  As Jc was 

calculated using the total film thickness, which could be twice as high as the MgB2 

superconducting layer thickness [88], the actual Jc of these samples is even higher than 

the published values. 

The lower MgB2 layer contains small, coherent MgO platelets.  Figure 3.16(a) is a Z-

contrast image taken near the substrate from a cross-section sample, showing many 

bright-line defects inside the MgB2 film.  The HRTEM image in Fig. 3.16(b) shows that 

these defects are a few nm thick MgO platelets, which are coherent with the MgB2 lattice 
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Figure 3.15 [(a) and (b)] BF images of cross-sectional film samples grown at 7 
sccm (a) and 10 sccm (b) CH4 flow rate, respectively.  The MgB2C2 layer in (a) 
is indicated by an arrow.  [(c) and (d)] ]0211[  zone-axis SAD patterns of cross-
sectional film samples grown at 7 sccm (c) and 10 sccm (d) CH4 flow rate, 
respectively.  The arrows indicate MgB2C2 {040} diffractions. 
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Table 3.1 Information for MgB2 and MgB2C2 

 MgB2 MgB2C2 Ratio 
Density 
(g/cm3) 2.57 2.4 1.1 

Mg 
(atoms/A3) 0.034 0.021 1.6 

XEDS Lower Upper  

Mg signal 1.724 1.275 1.4 
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Figure 3.16 (a) Z-contrast STEM image of a cross-section 10 sccm CH4-sourced 
film sample.  (b) HRTEM image taken along ]0211[  from the same sample as (a), 
showing MgO platelets which are coherent with the surrounding MgB2 lattice. 
(c) EEL spectra from MgB2 (gray) and MgO (black) regions as indicated in (a). 
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Figure 3.17 (a) BF image taken from a plan-view 10 sccm CH4-sourced film 
sample. Dark regions in this image correspond to MgB2 grains.  (b) [0001] zone-
axis SAD pattern taken from the same sample. 
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(MgO (111) // MgB2 (0001)) as identified from the lattice fringes.  There is also a 

continuous MgO layer at the interface, as compared to MgO islands observed in the 

(C6H7)2Mg-sourced film (Fig. 3.10).  As MgO is heavier than MgB2, the MgO platelets 

appear as bright lines in the Z-contrast image.  EEL spectra taken from the bright line 

region and surrounding MgB2 region (Fig. 3.16(c)) verify the excess oxygen associated 

with the defects.  The small oxygen signal from the MgB2 region arises from surface 

oxidation of the TEM sample.   

Pure HPCVD films grown in a reactor without the hot filament do not show these 

platelets (section 3.1.2).  Pure films grown in this reactor have similar ρ(42 K) ~ 0.6 

µΩ•cm, so they are probably also without platelets.  This suggests that O is introduced by 

the CH4 gas flow or by heating the filament.  These MgO platelets have the length scale 

close to the MgB2 coherence length (~6 nm), so they should be effective pinning centers 

which enhance Jc.  Due to different lattice spacing between MgO (111) planes (2.4 Å) 

and MgB2 (0001) planes (3.5 Å), the lattice mismatch at the boundaries causes distortion 

and strain in MgB2 lattice.  As discussed later, this strain may be a source of electron 

scattering which contributes to the high Hc2 obtained in these films. 

Figure 3.17(a) is a bright-field TEM image taken from a plan-view sample, in which 

dark regions are MgB2 grains.  The MgB2 grains are 50-100 nm in size and show better 

grain connectivity than the (C6H7)2Mg-sourced films (Fig. 3.5(c)).  The [0001] zone-axis 

SAD pattern taken from the same sample is shown in Fig. 3.17(b).  The strong diffraction 

spots in Fig. 3.17(b) are from the epitaxial MgB2 and MgB2C2 layers, and there are 

diffraction rings which come from the polycrystalline MgO capping layer.  We also 
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observed MgB2 diffraction rings with some c-axis component such as MgB2 (0001) and 

)0111( .  They should not appear in the [0001] zone-axis SAD, because for an epitaxial 

thin film (0001) and )0111(  g-vectors are not perpendicular to the electron beam 

direction.  This suggests that some MgB2 grains have different orientations from the 

matrix epitaxial film, as verified in Fig. 3.18.  Figure 3.18(a) is a BF image taken at high 

magnification, in which we can see big MgB2 grains with the size 50-100 nm (big black 

regions) and also many <10 nm small particles dispersed inside the sample.  The HRTEM 

image (Fig. 3.18(b)) taken from the same region shows that many of the small particles 

show MgB2 )0111(  lattice fringes, the most easily observed lattice fringes in 

polycrystalline bulk MgB2 samples.  We therefore conclude that these small particles are 

MgB2 grains with random orientations, which give rise to the c-axis component MgB2 

diffraction rings observed in Fig. 3.18(a).  We did not observe the high density of 

amorphous regions as in previous (C6H7)2Mg-sourced HPCVD films, verifying that 

excess C goes into the MgB2C2 layer in the CH4-sourced film instead of forming 

amorphous boundary phase, which leads to a better grain connectivity in MgB2 film. 

After characterizing the microstructure of the CH4-sourced MgB2 film, we propose a 

model to describe the film growth process as shown in Fig. 3.19.  At the first stage when 

the H2+B2H6+CH4 gas is passed into the chamber, the C-doped epitaxial Mg(B1-xCx)2 

forms on top of SiC substrate perhaps because of its smaller unit cell or better lattice 

match to the SiC substrate.  The MgO interface layer and the platelets also form due to 

the presence of oxygen.  Some carbon is incorporated into the MgB2, but much less than 

is supplied and the excess carbon atoms are ejected to the film surface.  As the Mg(B1-
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(a) 

Figure 3.18 (a) BF image taken from a plan-view 10 sccm CH4-sourced film 
sample.  Dark regions in this image correspond to MgB2 grains. (b) HRTEM 
image taken at [0001] zone-axis.  Most fringes in the image correspond to MgB2 

)0111(  lattice planes. 

(b)

Figure 3.19 Model to show the growth process of CH4-sourced MgB2 HFA-
HPCVD films (see text for details). 
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xCx)2 film becomes thicker, more and more carbon is at the surface so that it becomes 

favorable to nucleate MgB2C2.  Due to the similar atomic arrangement of MgB2C2 and 

MgB2, the MgB2C2 layer can still grow epitaxially, and it can consume all the carbon 

atoms.  However, there is more boron than carbon supplied, so that in the local region 

where boron is rich, MgB2 is still able to nucleate and forms randomly oriented small 

grains.  Eventually the two-layered structure forms: the top MgB2C2 layer contains 

randomly oriented small MgB2 grains, and the bottom Mg(B1-xCx)2 layer has MgO nano- 

platelets inside (Fig. 3.19).  The CH4 flow rate controls the MgB2C2 thickness: lower CH4 

flow means that it takes longer for the carbon surface concentration to reach the level 

necessary to form MgB2C2, resulting in a thinner MgB2C2 film.  On the other hand, Tc 

decreases with increase CH4 flow [88], so additional carbon supply must increase 

incorporation into the MgB2 layer.  

Figure 3.20(a) shows shows the temperature dependence of parallel Hc2
||(T) and the 

perpendicular Hc2
⊥(T) for the film grown with 10 sccm CH4 flow rate, measured by F. 

Hunte from ASC.  The film has Hc2
||(0 K) = 60 T, about the same as the best Hc2

|| 

obtained in HPCVD films doped using (C6H7)2Mg [26].  Both measured Hc2(T) curves in 

Fig. 3.20(a) exhibits an upward curvature at low temperature, which is a clear sign of 

strong π-band scattering as compared to σ-band scattering.  This result provides another 

example of the correlation between high Hc2 and strong π-band scattering.  The carbon 

content inside the film is <13%, and due to possible residual surface hydrocarbon 

contamination, this is an upper limit on the substitutional carbon concentration inside the 

Mg(B1-xCx)2.  Therefore the carbon doping level in the CH4-sourced film is not higher 
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Figure 3.21 Calculated (a) displacement map and (b) strain map around a 
5nm×1.5nm MgO precipitate in MgB2 lattice. The intensity in (a) corresponds to the 
displacement along the c-axis in the unit of Angstrom, while the intensity in (b) 
corresponds to strain along the c-axis. The vertical axis is along the c-axis and the 
horizontal axis is along the ]0011[  direction in MgB2 lattice. 
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than that achieved in bulk MgB2 materials [44, 46], and should not be responsible for 

~60T Hc2 in these films.  The randomly oriented MgB2 grains are quite small (<10 nm), 

but grain boundaries in randomly oriented polycrystalline bulks should add scattering to 

both bands, so the <10 nm small MgB2 grains should not be the origin of anomalous π-

band scattering in these films.  Diffraction patterns in Fig. 3.13 and 3.15 also show that 

there is not much c-axis tilt disorder as we found in previous (C6H7)2Mg-sourced films. 

We propose that the necessary π-band scattering leading to high Hc2 is created by the 

MgO platelets in Fig. 3.16. The coherent MgO platelets could generate anomalous π-

band scattering by distorting the MgB2 lattice, a mechanism that has been suggested in 

the ex situ PLD MgB2 films [11].  The plane spacing of MgO (111) is 2.44 Å and MgB2 

(0001) is 3.52 Å.  Despite this large mismatch, we see few defects at the edge of the MgO 

platelets, as shown in Fig. 16(c), perhaps because the MgO layers are very thin.  If the 

MgO/MgB2 interface is coherent, there will be a fairly large, long-range strain field in the 

MgB2.  Maps of the displacement and strain of MgB2 lattice around a 5 nm long, 1.5 nm 

thick MgO platelet, calculated using the approach of Ashby and Brown [92] assuming 

isotropic elasticity are shown in Fig. 3.21.  The strain is particularly large along the c-axis: 

~10% around the MgO platelet and still significant up to 10 nm away from the platelet.  

The spacing between MgO platelets is <20 nm (Fig. 3.21(a) and (c)), so a significant 

fraction of the sample has this c axis strain, which disturbs the out-of-plane pz π orbitals, 

preferentially causing strong π scattering.  The enhanced Hc2 and anomalous π scattering 

observed in ex situ PLD MgB2 films may have a similar origin, since they also had c-axis 

disorder which was caused by 5-10 nm MgO inside the MgB2 grains [28].  As chemical 
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doping of MgB2 always introduces second phases which limit the grain connectivity, this 

result suggests that introducing MgO coherent nano-platelets may be a more effective 

way to obtain high Hc2 and Jc simultaneously in MgB2. 

 

3.3.3 Conclusions 

In summary, we provided microstructural evidence that explains why HFA-HPCVD 

using CH4 as a carbon source is an effective way to achieve remarkable Hc2 in MgB2 

without the massive decrease in connectivity found in the thin films doped using 

(C6H7)2Mg.  The very high Hc2 in the C-doped films using CH4 is from the anomalous π-

band scattering, which may be caused by the strained MgB2 lattice created by coherent 

MgO nano-platelets.  The improvement of grain connectivity is due to the fact that excess 

carbon dopant forms an MgB2C2 layer on top of MgB2, instead of the amorphous grain 

boundary phase.  The MgO nano-platelets may also act as effective pinning centers 

further increasing Jc. 

 

3.4 MgB2 HPCVD Films Doped using B(CH3)3 

3.4.1 Introduction and experimental details 

Doped MgB2 HPCVD thin films using B(CH3)3 as the carbon source have the 

highest-quality epitaxial structure among doped MgB2 films.  A C-doped MgB2 thin film 

using B(CH3)3 as the carbon source was deposited by R. H. T. Wilke et al. [64], on (0001) 
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4H-SiC with the similar HPCVD process as described in section 3.1.1.  The film was 

grown with a 10 sccm B(CH3)3 flow rate at 810˚C substrate temperature, higher than 

720˚C used for other HPCVD films.  A 10 nm MgO capping layer was deposited on top 

of the film to prevent degradation.  The preliminary characterization performed by Wilke 

showed that the film had ρ(42 K) ~17 µΩ•cm, Tc ~ 36 K, Af ~ 0.5, and Jc(5 K, 8 T) ~ 

7.4×105 A/cm2 with the parallel field configuration, indicating homogeneous carbon 

doping and high MgB2 grain connectivity.  High-field experiments carried out by Hunte 

at the NHMFL show that the as-grown film has Hc2
||(4.2 K) ~ 37 T, but after aging for a 

few months it is increased to ~45 T, which makes Hc2(0 K) ~ 50 T.  The low Hc2 value as 

compared to C-doped MgB2 films using (C6H7)2Mg and CH4 and no sign of upward 

curvature indicate lack of strong π-band scattering in the B(CH3)3-sourced film.  The 

aged film was used for TEM characterization and cross-section and plan-view TEM 

samples preparation and TEM observation were performed using the same way as 

described in section 3.1.1.  The results were compared to the other doped HPCVD films 

in the next section.  Side-by-side comparisons of the results from all the doped films, 

including the B(CH3)3-sourced one, provided more insight about the effective electron 

scattering defects in MgB2 thin films and the optimal MgB2 microstructure. 

 

3.4.2 Results and discussion 

Figure 3.22 shows BF images taken from cross-section pure and C-doped MgB2 

films using (C6H7)2Mg, CH4, and B(CH3)3 as the carbon sources, all at the ]0211[  zone-
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(a) 

Figure 3.22 BF images taken at the ]0211[  zone-axis from cross-section (a) pure, 
(b) (C6H7)2Mg-sourced,  (c) 10 sccm CH4-sourced, (d) 10 sccm B(CH3)3-sourced 
MgB2 films. 

(b) 

(c) (d) 
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(a) (b) 

(d) 

Figure 3.23 ]0211[  zone-axis SAD patterns taken from cross-section (a) pure, (b) 
(C6H7)2Mg-sourced, (c) 10 sccm CH4-sourced, (d) 10 sccm B(CH3)3-sourced 
MgB2 films.  

(c) 
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axis.  The film doped using (C6H7)2Mg seems to have the highest density of defects, as 

indicated by the moiré fringes largely present in Fig. 3.22(b).  The film doped using CH4 

(Fig. 3.22(c)) has the two layers and the bottom MgB2 layer also has lots of disorder such 

as MgO coherent platelets as identified in section 3.3.2.  The film doped using B(CH3)3 

(Fig. 3.22(d)) has the thickness 50-90 nm, rather than ~200 nm for all the other HPCVD 

films, and the large thickness variance is due to the higher deposition temperature so 

there is less deposition rate control of the B(CH3)3-sourced film.  On the other hand, the 

B(CH3)3-sourced film does not have the complex contrast as seen in the (C6H7)2Mg- and 

CH4-sourced film, and is more like the pure HPCVD film shown in Fig. 3.24(a), 

indicating the high quality epitaxial thin film without many defects. 

The high quality epitaxial structure of the B(CH3)3-sourced film is confirmed by the 

SAD patterns as shown in Fig. 3.23.  As talked in section 3.2.2, the streak associated with 

each diffraction spot originates from the variation of the certain crystallographic 

orientation.  Therefore the sharp spots in Fig. 3.23(a) and (d) suggest that the pure and 

doped film using B(CH3)3 are single crystal films with all MgB2 grains having almost the 

same orientations, while the films doped using (C6H7)2Mg and CH4 have c-axis tilt 

disorder as indicated by the diffraction steaks associated with MgB2 (0001) diffractions in 

Fig. 3.23(b) and (c).  The film doped using CH4 has less c-axis tilt disorder as compared 

to the film doped using (C6H7)2Mg, which can be seen from the less intensity spread of 

the diffraction streaks in Fig. 3.23(c). 

Figure 3.24 shows BF images taken from the same set of four films in plan view.  

From these images MgB2 grains sizes can be estimated and they follow the order: the 
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(a) (b) 

(d) 

Figure 3.24 BF images taken at the [0001] zone-axis from plan-view (a) pure, (b) 
(C6H7)2Mg-sourced, (c) 10 sccm CH4-sourced, (d) 10 sccm B(CH3)3-sourced 
MgB2 films.  

(c) 
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Figure 3.25 [0001] zone-axis SAD patterns from plan-view (a) pure, (b) 
(C6H7)2Mg-sourced, (c) 10 sccm CH4-sourced, (d) 10 sccm B(CH3)3-sourced 
MgB2 films.  

(c) 
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(C6H7)2Mg-sourced film (5-40 nm) < the CH4-sourced film (50-100 nm) < the B(CH3)3-

sourced film (over 100 nm) < the pure film (over 200 nm).  There is a clear correlation 

between the MgB2 grain size and the degree of inhomogeneity inside the film: the large 

amount of C-rich amorphous boundary phase (the gray regions in Fig. 3.24(b)), 

indentified in section 3.2.2, may significantly limit the MgB2 grain size in the 

(C6H7)2Mg-sourced film, while MgB2 grain size increases with reducing such boundary 

phase in the CH4-sourced film.  The large MgB2 grains in the B(CH3)3-sourced film 

seems to be fully connected without any boundary phase, which is consistent with the 

large Af and Jc values obtained in the film.  This indicates a uniform carbon doping.  

Carbon concentration measurements using EELS experiments on the plan-view B(CH3)3-

sourced film show that x = C/(C+B) is ~7% on average, which is an upper bound on the 

substitutional carbon concentration inside the Mg(B1-xCx)2. 

SAD patterns taken from these plan-view film samples are shown in Fig. 3.25.  The 

sharp diffraction spots in Fig. 3.25(d) further verify that the B(CH3)3-sourced film has the 

single crystal structure with little disorder like the pure film, while the diffraction streaks 

in Fig. 3.25(b) and (c) are caused by defects such as small-angle rotation about the c-axis.  

Fig. 3.25(b) and (c) also show that 30˚-rotation and MgB2C2 phase are present in both 

(C6H7)2Mg- and CH4-sourced films, and the extra diffraction rings in Fig. 3.25(c) are 

generated from the randomly oriented small MgB2 grains and the MgO capping layer. 

Figure 3.26 are two HRTEM images taken from the interface and surface regions of 

the cross-section B(CH3)3-sourced MgB2 film.  The epitaxial MgO interface layer with a 

uniform thickness in Fig. 3.26(a) is similar to what we observed in the CH4-sourced film 
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in Fig. 3.16(b), but there is no any MgO platelets present inside the film.  This indicates 

that there are two oxygen sources: oxygen introduced by oxidation at the SiC substrate 

surface which leads to the formation of MgO interface layer, and oxygen introduced by 

either the CH4 gas flow or heating the hot filament which gives rise to the MgO platelets 

in the CH4-sourced film.  Figure 3.26(b) shows that the top MgO capping layer is also 

epitaxial, in contrast to the polycrystalline MgO capping layer in the CH4-sourced film 

(Fig. 3.13(a)).  As MgB2 (0001), MgO (111), and MgB2C2 (001) planes all have very 

similar atomic arrangements, MgO should be able to grow epitaxially on both (0001) 

MgB2 and (001) MgB2C2.  The reason MgO on (001) MgB2C2 is polycrystalline in the 

CH4-sourced film may be that the film degraded during the sample transfer from Peking 

University to PSU so that the MgO capping layer was deposited on top of an amorphous 

degraded layer, which is consistent with the observed gray region between MgO and 

MgB2C2 layer in Fig. 3.13(a).  There is no MgB2C2 phase observed in the B(CH3)3-

sourced film. 

As mentioned in section 3.4.1, Hunte found that after aging for a few months, 

Hc2
\\(4.2 K) of the B(CH3)3-sourced MgB2 film increased from ~37 T to ~45 T, which 

piqued our interest to study the Hc2 enhancement mechanism in the degraded MgB2 films.  

Figure 3.27 show two cross-section HRTEM images taken from the top part of the 

B(CH3)3-sourced film, in which an amorphous degraded phase between MgB2 lattice 

regions can be observed.  Chemical analysis was not performed on this sample, but 

results from the degraded pure HPCVD film (section 3.5.2) suggest that the degraded 

phase is amorphous MgO, BxOy, and boron which formed by reaction between MgB2 and 
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(a) (b) 

(d) 

Figure 3.26 HRTEM images taken from (a) the interface region and (b) the surface 
region of the cross-section B(CH3)3-sourced MgB2 film. 

(c) 

SiC MgO MgB2

MgO MgB2

Figure 3.27 HRTEM images taken from the cross-section B(CH3)3-sourced MgB2 
film, showing degraded region between MgB2 lattice in the top part of the film.  
The fringes correspond to MgB2 ab planes. 
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H2O at the film surface.  Such amorphous boundary phase should be responsible for the 

Hc2 enhancement by causing more electron scattering. 

 

3.4.3 Conclusions 

After comparing the microstructure of the B(CH3)3-sourced film with other HPCVD 

films, we can see that by using B(CH3)3 as the carbon source, uniform carbon doping can 

be achieved without forming any C-rich second phases, such as the amorphous boundary 

phase in the (C6H7)2Mg-source film or the MgB2C2 phase in the CH4-source film.  The 

homogeneous epitaxial structure in the B(CH3)3-sourced film is close to the pure film, 

which explains its low ρ(42 K) and high Af and Jc values.  On the other hand, the low Hc2 

in the B(CH3)3-sourced film is probably due to the lack of structural disorder and can be 

improved by forming amorphous degraded phase between MgB2.  The ~106 A/cm2
 Jc(5 K, 

8 T H||ab) of the B(CH3)3-sourced film is one of the highest in-field Jc values in MgB2, 

which suggests that HPCVD process using B(CH3)3 as the carbon source are the most 

promising way to make high Jc MgB2 materials. 

 

3.5 Degradation in Pure MgB2 HPCVD Films 

3.5.1 Introduction and experimental details 

As pointed out in section 1.4.3, HPCVD MgB2 films are very susceptible to 

degradation, and Si or MgO capping layers are always needed to protect the film.  
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Recently Ferdeghini et al. found that in the neutron irradiated pure HPCVD film, aging 

enhances Hc2 as well as the normal-state resistance [93].  Similar aging effect has also 

been observed in the B(CH3)3-sourced film by Hunte, as mentioned in section 3.4. 

We chose a high-quality plan-view sample which was prepared around July 22nd, 

2006 from an as-grown pure MgB2 HPCVD film.  Although we deposited amorphous Si 

capping layer on top of the film for protection right after we received it, after the TEM 

sample was made, degradation was still able to occur as part of the film was exposed to 

air and moisture, as shown in Fig. 3.28.  After initial characterization in TEM, the sample 

was stored in a rough vacuum desiccator to minimize the degrading process.  We re-

examined this sample on Oct. 31st, 2007, ~15 months after the sample was made.  We 

managed to find the same sample area which we characterized right after the sample was 

made, so that by comparing the microstructure from the as-made sample and the sample 

after 15 months, we were able to figure out the degradation mechanism in pure HPCVD 

MgB2 thin films.  We used a CM200UT TEM to do CBED, HRTEM, and XEDS 

experiments, and a LEO912 was used for EELS analysis. 

 

3.5.2 Results and discussion 

The microstructure of the pure HPCVD film before and after 15-month degradation 

is shown in Fig. 3.29.  The gray regions in Fig. 3.29(b) are the degraded phase, which are 

not observed in the as-grown film in Fig. 3.29(a).  Comparing these two images taken 

from the same area, we can see that degradation occurs only at grain boundaries and high 
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MgB2 

SiC

α-Si 

C 

SiC  C

α-Si 
MgB2

Figure 3.28 Models showing (a) an amorphous Si capped HPCVD MgB2 thin film, 
and (b) a plan-view TEM sample prepared from (a).  The degradation happens 
along the arrow direction where no capping layer protects the film. 

(b)(a) 

Figure 3.29 BF images taken at the [0001] zone-axis from the same area of the (a) 
as-grown and (b) degraded plan-view pure MgB2 film.  The degraded regions are 
indicated by arrows in (b). 
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density defect regions, as indicated by the arrows in Fig. 3.29(a).  It is not surprising 

because these regions usually have the nonequilibrium atomic structure and possibly 

reduced density, so that degradation is easy to initiate.  The morphology of the gray 

regions in Fig. 3.29(b) suggests that the degraded regions are growing into the MgB2 

grains.  We also observed porosity in the gray regions in Fig. 3.29(b), indicating that the 

degraded phase is not dense and probably peels off easily, so that degradation may occur 

continuously into the MgB2.  On the other hand, only small amount degradation was 

observed even after 15 months, which suggests that such degradation process can only 

happen very slowly in the vacuum desiccator. 

Chemical analysis indicates that the amorphous degraded phase in pure MgB2 

HPCVD film contains magnesium, boron and oxygen.  EEL spectrum taken from the 

degraded region (Fig. 3.30(b)) shows that boron is still present, but B-K edge has a quite 

different fine structure as compared to B-K edge of the MgB2 phase (Fig. 3.30(a)).  Our 

boron EEL spectrum taken from the degraded region is remarkably similar to the B-K 

edge taken from the amorphous boron phase in literature (Fig. 3.30(d)), indicating that 

the amorphous boron forms after degradation, either in pure form or bonded with oxygen.  

XEDS spectra in Fig. 3.31(a) show that magnesium is also present in the degraded region, 

but the strong oxygen signal suggests that MgB2 must be oxidized after degradation.  

HRTEM image taken from the square region in the inset of Fig. 3.31(a) verifies that the 

degraded phase is all amorphous, as shown in Fig. 3.31(b). 

Structure information derived from CBED experiments further shows that the 

amorphous MgO and BxOy are present after degradation.  Figure 3.32(a) is a CBED 
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Figure 3.31 (a) XEDS spectra taken from a degraded region and an MgB2 grain 
respectively.  The inset is a BF image which is the same as the inset in Fig. 3.29(a)).  
The blue and purple circles indicate the places where the XEDS spectra  were taken.  
(b) HRTEM image taken from the square region indicated in the inset in (a), showing 
amorphous degraded phase between MgB2 grains. 

Figure 3.30 [(a) and (b)] EEL spectra with boron K-edges taken from (a) an MgB2 
grain and (b) a degraded region.  The inset in (a) is a BF image showing the places 
where the EEL spectra (a) and (b) were taken.  [(c) and (d)] EEL spectra showing B-
K edges from (a) MgB2 and (b) amorphous boron phases [94].  
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pattern taken by forming a focused electron beam onto a degraded region in the inset.  

The fuzzy rings in the pattern are generated from the amorphous degraded phase as seen 

in Fig. 3.31(b), while the diffraction disks come from the surrounding MgB2 regions due 

to the finite electron beam size and large interaction volume as compared to the area of 

the degraded region.  Figure 3.32(b) is intensity line profile along the dashed line in Fig 

3.32(a).  The diffraction rings are submerged in the intensity tail of the direct beam, and 

to identify the positions precisely, we used power-law fitting to simulate the direct beam 

background and subtracted it, which is a routine procedure for EELS analysis in 

DigitalMicrograph.  Although power law might not be a good model to fit the direct 

beam intensity profile, this background subtraction method successfully revealed two 

peaks (A and B in Fig. 3.32(b)) which correspond to the two diffraction rings in Fig. 

3.32(a).  Calibration results showed that peak A corresponds to a period of 2.18 Å which 

is close to the Mg-O bonding length (2.11 Å) in MgO, while peak B corresponds to a 

period of 1.41 Å, which seems to be B-O bonding length (1.37-1.48 Å).  The amorphous 

nature of the degraded phase makes it difficult to unambiguous show the exact 

composition of the magnesium and boron oxides.  EEL spectra (not shown) indicate that 

there is more boron present in the degraded region than oxygen, which suggests that not 

all boron atoms are bonded to oxygen. 

Figure 3.33 shows two BF images taken from the same degraded region before and 

after TEM characterization.  Some material at the edge of the degraded region 

disappeared after being exposed to electron beam, so that the degraded region expanded.  

This indicates that the electron beam in TEM can damage the MgB2 HPCVD sample and 
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Figure 3.32 (a) CBED pattern taken from a degraded region as shown in the inset.  
(b) Intensity line profile along the dashed line in (a).  The black solid line is the 
original data, the gray dashed curve is calculated background intensity from 
power-law fitting of the direct beam, and the gray solid curve is the intensity 
profile after background subtraction.  Peak A corresponds to a period of 2.18 Å 
and peak B corresponds to a period of 1.41 Å. 

Figure 3.33 BF images taken at the [0001] zone-axis from the degraded plan-view 
pure MgB2 film, showing a degraded region (a) before and (b) after beam damage.
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accelerate the degradation process. 

 

3.5.3 Conclusions 

Combining all above information, we conclude that in pure MgB2 HPCVD films, 

MgB2 may react with H2O to form Mg(OH)x, BxOy and boron which further give rise to 

amorphous MgO, BxOy and boron mixture.  Such an amorphous phase at grain 

boundaries may cause more electron scattering which is responsible for the increase of 

normal state resistance and Hc2. 

 

3.6 O-doped MBE Cold-Grown-Annealing MgB2 Films 

3.6.1 Introduction and experimental details 

The films are first deposited by Newman et al. at room temperature on (0001) Al2O3 

with Mg to B ratio >0.5, followed by annealing at 375˚C for 2 hours and then at 450˚C 

for 4 hours [67].  Oxygen is introduced into the MgB2 films by simply slowing the 

growth rate of the film, so as to allow more oxygen to be incorporated, and Rutherford 

backscattering spectrometry (RBS) shows that the film has Mg:B:O = 1.05:2:0.04.  After 

RBS experiments, a ~100 nm SiO2 capping layer was deposited to protect the film.  

Measurements performed on the sister sample which was grown in the same batch with 

the same annealing treatment suggest that the film has Tc ~29 K, ∆Tc ~3 K, and -dHc2
||/dT 
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(Tc) ~1.7 T/K.  Cross-section sample preparation and TEM characterization experiments 

are performed as described in section 3.1.1.   

 

3.6.2 Results and discussion 

Figure 3.34 (a) and (b) are BF and DF images taken from the same area of a cross-

section film sample.  The film is ~290 nm thick and contains very small (≤ 10 nm), and 

dispersed MgB2 grains as seen in Fig. 3.34(b), in contrast to the columnar structure 

observed in HPCVD films (Fig. 3.22).  The SAD pattern taken from the same sample 

shows that the film may be textured with lots of in-plane rotations and c-axis tilt disorder, 

quite different from the nearly epitaxial structure in HPCVD films (Fig. 3.23).  Such 

small MgB2 grains with large orientation variance is probably due to the low growth 

temperature (<450℃) as compared to HPCVD process (~720℃).  Figure 3.34(d) is a 

HRTEM image showing ~5 nm MgO grains around the interface, suggesting that oxygen 

doping introduces small MgO particles into the film. 

The small MgB2 grains, textured but non-epitaxial structure, and the small MgO 

particles are also present in the earlier high-resistivity PLD film grown by Eom’s group.  

Such a similarity suggests that the new O-doped MBE cold-grown-annealing MgB2 films 

also have high Hc2 and H* values, probably caused by electron scattering from MgB2 

grain boundaries and small MgO particles.  Flux pinning by grain boundaries and small 

MgO particles should also enhance Jc, but such an effect may be compromised by O-

related current-blocking second phases segregated grain boundaries.  
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Figure 3.34 (a) BF and (b) DF images taken from the cross-section MgB2 MBE 
film sample.  (c) SAD pattern taken from the same sample.  (d) HRTEM image 
showing MgO particles around the interface.  The fringes are MgO (111) planes in 
the upper grain and MgO (110) planes in the lower grain. 
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IV. CONCLUSIONS 

The objective of this thesis is to understand how superconducting properties of MgB2 

such as Hc2, are correlated with microstructure.  This work investigated the 

microstructure of various MgB2 materials, including pure MgB2 bulks, SiC-doped MgB2 

PIT tapes, pure and C-doped HPCVD films, and O-doped MBE films.  Although the 

small domain size and the presence of many chemical phases in MgB2 make complete 

characterization challenging, with our results so far, we are able to draw the following 

conclusions. 

The main contaminating current-blocking phases in pure MgB2 materials are MgO 

grains and an amorphous wetting phase, which contains amorphous MgO, boron, and 

BxOy as identified in degraded pure MgB2 HPCVD films.  Oxygen and moisture in air 

degraded MgB2 from surface, which enhances Hc2 by introducing more electron 

scattering, but also reduces Af and blocks the superconducting current flow. 

Both nanoscale second phase segregations and the grain boundary interface itself are 

pinning defects in MgB2.  However, it is unclear which form of disorder provides pining 

force more effectively.  Purer samples usually also have larger MgB2 grains and less 

grain boundary area, as seen in SiC-doped MgB2 tapes and HPCVD films, which makes 

it difficult to isolate the two factors.  On the other hand, the generally low high-field Jc in 

pure MgB2 materials suggests that intragrain defects such as dislocations and stacking 

faults provide little pinning force at high fields. 

Chemical doping enhances Jc and Hc2 but always introduces second phases which 



 

110 

reduce Af (SiCxOy, MgO, C-rich amorphous phase).  This suggests that, even though the 

highest Jc so far for MgB2 bulk materials was obtained in complicated SiC-doped MgB2 

bulks ( Jc(5 K, 10 T) ~ 2×105 A/cm2 ) [50], MgB2 samples with small grain size and 

without any boundary second phase may be desirable to achieve higher Jc.   

Effective electron scattering defects in MgB2 include carbon dopant and grain 

boundaries as identified in SiC-doped MgB2 tapes, and the amorphous boundary phase as 

identified in degraded pure HPCVD films.  Intragrain defects such as dislocations in pure 

MgB2 bulks and HPCVD films are not very effective in causing electron scattering and 

increasing Hc2.  Results from C-doped HPCVD films suggest that grain boundaries with 

small tilt angles between the ab planes of the grains and nanoscale coherent MgO 

platelets may cause significant π scattering and give rise to Hc2
||(0 K) ≥ 60 T. 

Results from C-doped MgB2 films suggest that an epitaxial MgB2 film with lots of 

lattice strain and without second phases at grain boundaries may have both high Hc2 and 

Jc.  HPCVD process using B(CH3)3 as the carbon source is a promising way to achieve 

such an optimal microstructure.  Intentionally introducing oxygen to form coherent MgO 

nano-platelets as in CH4-sourced HPCVD films may also be an effective way to 

introduce lattice strain. 

 

6.1 Future Work 

Although we have made progress on characterizing C-doped HPCVD films and 

correlating the microstructure with superconducting properties, there is still another 
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possibility to explain the difference between C-doped MgB2 films and bulks that we 

cannot rule out.  X-ray results have shown that both a and c lattice parameters measured 

from HPCVD films doped using (C6H7)2Mg increase with increasing C-doping [60], 

while as pointed out in section 1.4.1.b, the substitutional insertion of carbon to replace 

boron should decrease a lattice parameter and have little effect on c lattice parameter.  

This suggests that carbon dopant atoms in HPCVD films may sit at special interstitial 

sites, rather than the substitutional doping obtained in C-doped bulk MgB2 [90].  Special 

doping sites could cause anomalous π-band scattering and may explain the difference 

between MgB2 films and bulks.  However, RBS or ion channeling methods which are 

often used to identify dopant atoms does not have sufficient spatial resolution to 

characterize small MgB2 domains amidst second phases.  Currently the TEM instruments 

we have access to do not have enough chemical sensitivity to detect dopant atoms at the 

sub-nm scale and therefore identify the doping sites. 

The recent development of aberration-corrected STEM has made smaller probes with 

high beam current possible, and we will have one of these advanced microscopes at UW-

Madison in early 2009.  The new STEM is supposed to achieve ≤1.2 Å Z-constrast 

imaging resolution routinely (compare to ~2 Å that we have now for both HRTEM and 

STEM imaging) and ~2 Å EELS line-scan resolution, both of which are enough to 

resolve MgB2 structure at the atomic level.  Such a microscope will enable us to probe 

carbon or oxygen dopant atoms distribution with much higher spatial resolution and 

better chemical sensitivity.  The most interesting experiment we would like to do with the 

new STEM is to combine Z-contrast imaging with EELS line-scans, both at the atomic 
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resolution, to probe the carbon or oxygen dopant atoms in MgB2 lattice.  The information 

we expect to obtain includes: 

Where do carbon (or oxygen) dopant atoms sit in MgB2 lattice?   

How is the bonding between carbon (or oxygen) and magnesium or boron atoms like? 

How does carbon (or oxygen) doping affect the electronic structure of MgB2? 

This information will be very helpful to physically understand how chemical doping 

affects Hc2 and what is the limit of Hc2 that can be obtained in doped MgB2.   

Our new STEM system will also allow us to do simultaneous 2-D EELS and XEDS 

mapping from the same sample area, which will provide a complete chemical map for all 

the elements, both heavy (Mg) and light (B, C, O).  It is a perfect tool to probe the 

composition of small MgB2 grains and second phase nanometer-sized clusters at the grain 

boundaries, and it will provide us information such as the optimal doping amount for 

doped MgB2 materials. 
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