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Summary
This dissertation describes the investigation of the normal-state properties of high-angle

grain boundaries in YBa2Cu3O7-δ (YBCO) and Y1-xCaxBa2Cu3O7-δ (calcium-doped YBCO).
YBCO is a high-temperature superconducting material with a superconducting transition

temperature up to 93 K. Grain boundaries are interfaces between two crystals or grains, and
severely reduce the attainable currents in practical, polycrystalline material. A grain boundary is
characterised by the misorientation angle between the two adjacent crystals, which determines
the atomic structure of the interface. The structure of low-angle grain boundaries (misorientation
angles < ~7°) is well understood; it consists of a regular array of dislocations. For higher
misorientation angles the dislocations merge and form a continuously distorted zone. The struc-
ture of these high-angle grain boundaries, and, hence, the mechanism for charge transport across
the interface, is less well understood. The current – voltage behaviour of grain boundaries below
the transition temperature of the YBCO has been investigated extensively, but less data is avail-
able of the resistive behaviour of the grain boundary in the normal state above the transition
temperature. The doping of YBCO with calcium is known to decrease its transition temperature,
but it can simultaneously improve the charge transport properties of grain boundaries in
polycrystalline material.

YBCO and calcium-doped YBCO thin films were fabricated on bicrystalline substrates.
The grain boundaries had misorientation angles between 18° and 45°. The films were processed
in order to obtain microscopic devices that made it possible to determine the resistance of the
grain boundary below and above the transition temperature. A measurement system was used
with which the voltage across the grain boundary can be measured as a function of applied
current between 5 K and room temperature. A detailed model for charge transport by tunnelling
across a grain boundary was used to interpret the results of the measurements of grain bounda-
ries. An algorithm based on this model was formulated that made it possible to calculate a shape
for the potential barrier at the grain boundary from the temperature dependence of its resistance.

The microstructure of the grain boundary was investigated using Transmission Electron
Microscopy. It was found that the grain boundary can show considerable deviations from a
straight path in line with the substrate grain boundary, but there are also locations where such
deviations are not observed.

Extensive measurements showed that the resistance of the grain boundary decreases with
increasing temperature above the transition temperature, and that resistance and the extent of
resistance variation increases with misorientation angle. The resistance below the transition
temperature was for certain misorientation angles observed to be independent of temperature at
voltages sufficiently high to exclude the influence of the superconducting behaviour of YBCO.
A reduction of the oxygen content of YBCO (higher value of δ) increases the resistance and the
temperature dependence of the resistance. The doping of YBCO with calcium decreases the
resistance of the grain boundary below and above the transition temperature.

The shape of the potential barrier at the grain boundary was calculated on the basis of
most resistance – temperature measurements. The shape and size of potential barriers are used
to explain the variation of the grain boundary resistance with misorientation angle, oxygen
content and calcium doping percentage. The model shows little validity for grain boundaries
with a higher misorientation angle and resistance, which indicates that charge transport across
the grain boundary does not necessarily take place according the tunnelling with the assump-
tions made.
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1. Superconducting materials
The remarkable properties of the superconducting state are zero resistance and perfect

diamagnetism. When a superconducting material is cooled from high temperature, it initially behaves
as a normal metal with finite resistance, until the resistance falls to zero at a certain temperature,
known as the transition temperature. This defines the temperature of a thermodynamic transition
to the state, in which electrons are paired. The other outstanding feature of superconductivity,
perfect diamagnetism, is also called the Meissner effect. A magnetic field is removed from the
interior of the superconductor as soon as the superconducting state is reached.

This chapter presents an introduction to superconductivity and superconducting materials.
The properties of junctions in superconducting materials are relevant for the understanding of the
electronic behaviour of grain boundaries and will be discussed in sections 1.2 and 1.3. The
investigated high temperature superconducting materials are Type II superconductors, of which
the characteristics will be discussed in section 1.4. Some relevant features of high temperature
superconductors will be highlighted in sections 1.5 and 1.6.

1.1 Pairing theory of superconductivity

A complete microscopic theory of superconductivity was developed by Bardeen, Cooper
and Schrieffer, which is now known as the BCS theory [1]. It is based on the idea that, in
superconducting materials, there is a weak attractive force acting between electrons near the
Fermi level. In the original BCS theory it was assumed that this attraction was due to polarisation
of the ionic lattice by the electrons, the electron-phonon-electron interaction, but any mechanisms
leading to an attractive interaction of electrons can lead to superconductivity [2]. As a result of
the mutual interaction between electrons it becomes energetically favourable for electrons near
the Fermi energy to condense into pairs, known as Cooper pairs [3]. The internal motion of the
pair has no orbital angular momentum (l=0, it is an s state), and consequently the two spins are in
a singlet antiparallel spin state.

As a consequence of the zero net spin the Cooper pairs have boson character and can
condense into a Bose condensate. The binding energy of any one pair is defined as 2∆, which is
consequently the minimum energy required to break a pair. Breaking up a pair leads to the creation
of electron-like excitations. These “quasiparticle” excitations have a fermion character and give
the system normal properties. The superconducting condensate has a set of quasiparticle excitations
in one-to-one correspondence with the excitations of the material in its normal state. The excitation
energy of the quasiparticles cannot be less than the gap parameter ∆, and there is therefore an
energy gap of 2∆ at the Fermi level in the excitation spectrum of the superconductor. It follows
that in equilibrium the number of normal excitations present will decrease as the temperature is
lowered, and the effective density of the normal fluid falls to zero at T=0.

In BCS theory the binding energy of a pair 2∆ is assumed to be much smaller than an
average phonon energy hωph, where h is the Planck constant and ωph an average phonon frequency,
and hωph is weak compared with the Fermi energy. This situation is referred to as the weak-

1. Introduction
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coupling limit and the electron pairing occurs at a definite temperature, the transition temperature
Tc (as opposed to certain strong coupling superconductors, see section 1.6). Using variational
methods, which are outside the scope of this work, it can be shown that in the BCS weak-
coupling limit the gap parameter ∆0 at T = 0 is given by

NV
phe

1

0 2
−

=∆ ωh                                                        (1.1)

where N is the density of states at the Fermi level and V is the attractive interaction between
two paired electrons. The dimensionless parameter NV is known as the BCS coupling parameter.
For the weak coupling limit NV is required to be considerably less than unity. It is not possible to
obtain an analytic solution for T > 0, but it can be shown numerically [4] that the presence of
quasiparticle excitations leads to appearance of a critical temperature, Tc, at which ∆ drops to
zero and above which the bound pair state is not stable. It can be shown that Tc is given by

NV
phcB eTk

1

14.1
−

= ωh                                                      (1.2)

where kB is Boltzmann’s constant. It follows that the ratio of the gap parameter at T = 0 and
the critical temperature has a theoretically defined value in the weak-coupling limit

53.3
2 0 =

∆

cBTk
                                                     (1.3)

Tunnelling experiments have shown this value to hold in many superconducting metals [5].
Materials with a much larger ratio (> 4) are categorised as strong coupling superconductors.
Furthermore, it can be shown that the free energy by unit volume of the BCS ground state with
respect to the Fermi sea ground state is

2
02

1 )0( ∆−=− NGG ns
                                                (1.4)

where Gs and Gn are the free energy of the superconducting and normal state, respectively,
and N(0) is the normal state density of the states at the Fermi level.

Like the gap parameter, the free energy difference decreases as a function of temperature
and goes to zero as T goes to Tc. Within BCS theory, the size of the pairs is given by the coherence
length, ξ0, and is inversely proportional to the gap parameter

0
0 ∆

=
π
υ

ξ Fh                                                            (1.5)

where υF is the Fermi velocity.
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1.2 The Josephson effects

Tunnelling or barrier penetration is a process whereby an electron confined to a region by
an energy barrier can penetrate the barrier through a quantum mechanical process and emerge on
the other side. Tunnelling, as considered in this work can take place through an insulating layer (I)
between two normal materials (N-I-N), between a normal metal and a superconductor (N-I-S),
and between two superconductors (S-I-S) [2, 4, 6]. Provided the charge carriers are fermions,
tunnelling through the barrier proceeds to energy states that are empty so that the Pauli exclusion
principle is not violated, and the total energy of the system is conserved in the process. Therefore,
single electron tunnelling occurs between levels with the same energy, and in two-electron
tunnelling, involving for example break-up of a Cooper pair, one electron gains as much energy as
the other loses. A positive bias +V on the material lowers the Fermi energy level by eV, and
electrons tunnel toward the positive bias, with the tunnelling current I flowing in the opposite
direction. Assuming that a superconductor has its energy states full below its energy gap, 2∆, and
empty above, tunnelling in the S-I-S case occurs in one direction for V < -2∆/e and in the reverse
direction for V > 2∆/e. At absolute zero no tunnelling occurs for the intermediate range of –2∆/
e < E < 2∆/e. At finite temperatures a few electrons of a normal metal are found above Ef, and
some electrons of the superconductor are excited for levels above the gap, with the result that
weak tunnelling current flows for the range of biases where it is forbidden at 0 K.

As an extension to the tunnelling of electrons through classically forbidden regions Josephson
proposed that Cooper pairs could also undergo tunnelling. The phenomena associated with this
process are called Josephson effects and the components in which they are observed are Josephson
junctions [2, 4, 7]. The Josephson effects are a direct consequence of the macroscopic quantum
nature of the superconducting state. The dc Josephson effect involves Cooper pair tunnelling
from one superconductor to another across an insulating barrier at zero bias (V = 0). The
wavefunctions for the two sides of the junction can be written in the form

1
11

θi
s en=Ψ                                                      (1.6)

2
22

θi
s en=Ψ                                                     (1.7)

12 θθϕ −=                                                         (1.8)

where ns1 and ns2 represent the Cooper pair densities in the two superconductors, and ϕ is
the phase difference across the barrier. The Josephson expressions

h
eV

dt
d 2

=
ϕ                                                        (1.9)

and

ϕsincJJ =                                                        (1.10)
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relate ϕ to the current density J through the junction and to the voltage V across it. There is
a net flow of Cooper pairs across the junction that depends on the phase difference between the
two superconductors. The Cooper pair densities determine the magnitude of the critical current
density Jc,

21 ssc nnJ ∝                                                       (1.11)

When a constant voltage is applied across the junction, (1.9), can be integrated to give

tt jπωϕϕ 2)( 0 +=                                                  (1.12)

where ωj is known as the Josephson frequency

.0

2
Φ

==
V

h
eV

jω                                                   (1.13)

Φ0 = h/2e is the flux quantum (see section 1.4). This is the ac Josephson effect, which has
the following expression for the oscillations of the critical current density

)2sin( 0ϕπω += tJJ jc
                                             (1.14)

These oscillations occur for a constant applied voltage. The current density amplitude Jc

reaches a maximum when the applied voltage is the gap voltage, V = 2∆/e.

1.3 The shunted junction model

At finite values of the voltage bias not only an ac supercurrent can flow through a barrier,
but also quasi-particles (unpaired charge carriers) can traverse it. Depending on the nature of the
barrier between the superconducting electrodes, the mode of transport of the quasi-particles can
be tunnelling (for an insulating barrier), ballistic (in case of e.g. a clean metal) or diffusive (in case
of  e.g. a dirty metal). Direct tunnelling can only occur over very small distances across defect free
insulating barriers. Indirect tunnelling can take
place through localised states in the barrier,
which can occur over longer barrier lengths.
Metallic barriers result in Ohmic behaviour of
the normal charge carrier transport across a
Josephson junction. In this case the Resistively
Shunted Junction (RSJ) model, a lumped Figure 1.1. Equivalent circuit model for a Josephson

Junction.
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circuit model consisting of an ideal Josephson junction in parallel with an Ohmic resistor (Rn),
provides a useful description of a practical Josephson junction [4, 7].

The current transport of a Josephson junction is in practice measured by a dc current and
the equivalent circuit model for this situation is shown in Figure 1.1. For the total bias current (I)
in the absence of noise the following applies

ϕ
ϕ

ϕ sin
2

sin c
n

c
n

I
eR

I
R
V

I +=+=
&h                                    (1.15)

Where the equations for both the dc and ac Josephson effects (1.10, 1.14) have been used.
This equation can be integrated by separation of variables and using the result to obtain the

time dependent voltage, V(t), we get
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From this equation it is clear that the IcRn product of a Josephson Junction determines the
maximum ac voltage amplitude at a given operating frequency. The dc voltage across the resistively
shunted junction can be found from the ac Josephson relation

e

h
V j

2

ω
=                                                        (1.17)

and from the expression of the oscillation
frequency in (1.16)

1
2

2

−

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
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c

nc
j I

I
h

ReI
ω             (1.18)

Now it can be derived that for I > Ic applies

1
2

−







=

c
nc I

I
RIV                   (1.19)

This expression leads to the RSJ current-

1. Introduction

Figure 1.2. The current-voltage characteristic of an
idealised resistively shunted junction.
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voltage characteristic, as shown in Figure 1.2, which is often encountered in measurements of
Josephson junctions with normal barriers. At high bias the curve asymptotically approaches the
Ohmic characteristic, as a result of the decreasing contribution of the Josephson voltage oscillations
(1.15). This analysis is strictly only valid at zero temperature, where noise contributions can be
ignored. At finite temperatures noise results in rounding of the onset of the current-voltage
characteristic.

1.4 Type II superconductors

The description of the quantum interactions within the superconducting state is simplified
by a macroscopic quantum wavefunction, ψ, where nc = ψ⋅ψ* = ψ2 gives the density of
superconducting electron pairs. This quantity is also known as the complex superconducting
order parameter and is the basis of the phenomenological Ginzburg-Landau formalism for
superconductors [4]. Two characteristic lengths arise from this theory. The magnetic penetration
length, λ, determines the length scale over which spatial variations in the local magnetic field
occur. Further the superconducting coherence length, ξ, determines the length scale over which
spatial variations of the order parameter take place. The relative size of λ and ξ distinguishes two
different classes of superconductor, the ratio of the two is called the Ginzburg-Landau parameter
κ,

ξ
λ

κ =                                                         (1.20)

Materials with κ<1/2√2 are known as type I superconductors and lose their superconductivity
completely when a sufficiently large magnetic field penetrates. The transition from the
superconducting state occurs at a certain applied magnetic field H. This critical magnetic field,
Hc, is characteristic of the superconductor in question. The temperature dependence of the critical
field is typically well described by






















−=

2

1)0()(
c

cc T
T

HTH                                           (1.21)

Figure 1.3. Comparison of the phase diagrams for Type I (left) and Type II (right) superconductivity. From [7].
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where Hc(0) is the critical field at T=0. The resulting phase diagram is shown in Figure 1.3a.
The Hc(T) curve separates the superconducting state from the normal state.

The case of κ>1/2√2 is known as type II superconductivity and exhibits a slightly different
behaviour in comparison to type I superconductivity. For a type II superconductor, above a certain
lower critical field Hc1 magnetic flux starts to penetrate the superconductor. This state where
magnetic flux penetrates the sample is known as the mixed state. At the upper critical field Hc2 the
material is saturated with magnetic flux and the superconducting properties are lost. The resulting
phase diagram is shown in Figure 1.3b. The basic unit of the mixed state is a flux vortex, which
essentially contains one flux quantum, Φ0, as introduced in section 1.2, given by

e
h
20 =Φ                                                        (1.22)

A flux vortex consists of a central normal core of radius ξ surrounded by cylindrical
superconducting region where a supercurrent circulates around the core to generate a single flux
quantum, Φ0. This superconducting region is extended to a distance, λ, the magnetic penetration
depth. The occurrence of the mixed state is caused by the negative energy associated with the
normal – superconductor interface if κ>1/2√2. Consequently, the energy will be minimised by
maximising the number of normal regions within the superconducting state. Figure 1.4 shows the
variation of the Cooper pair density nc and the magnetic flux density B in the interior of a Type II
superconductor in the mixed state. The magnetic flux density is given by

)(0 MHB += µ                                                     (1.23)

1. Introduction

Figure 1.4. Spatial variation of the magnetic flux density B (top) and the Cooper pair density nc (bottom) in the
mixed state of a Type II superconductor. From [7].
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where M is the magnetization.
The response of a Type II superconductor to an applied magnetic field can be visualised as

follows. Figure 1.5 hows the magnetisation curve of an ideal Type II superconductor. At low
magnetic fields, the flux vortices are completely expelled and the superconductor is in the Meissner
State. In this state, the energy of an isolated vortex is always greater than the reduction in the field
energy that would occur if a vortex penetrated the superconductor. At the lower critical field, Hc1,
the condition of these two energies is just satisfied, and the vortices start to enter the superconductor
with the further increase of applied field. The interaction forces that arise between the vortices as
they come together determine the equilibrium vortex density at any applied magnetic field above
Hc1. As the field is increased further, the order parameter is progressively reduced; and at another
value of the field, the order parameter becomes zero with a second order phase transition to the
normal state. This is the upper critical field, Hc2, given by

2
0

2 2πξ
Φ

=cH                                                     (1.24)

This equation arises from the destruction of the superconducting state because of the overlap
of vortex cores. When one minimises the free energy as a function of lattice configuration, the
vortices in the mixed state are arranged in a hexagonal pattern known as the Abrikosov lattice [8]
(Figure 1.6). The lattice spacing, av, is determined by the magnetic flux density in the material and
is given by

B
av

0Φ
∝                                                      (1.25)

So, because of the vortex-vortex interactions the vortices tend to arrange themselves into a
vortex lattice. Due to the presence of the vortex lattice a Type II superconductor can withstand
magnetic fields much higher than the thermodynamic critical field, Hc, but it cannot carry a

Figure 1.5. Magnetisation curve for an ideal Type II superconductor. The shaded areas left and right of the
thermodynamical critical field Hc are equal. From [7].
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dissipationless electric current. In the presence of an applied current, J, a Lorentz force, FL, acts
on a vortex, given by,

0Φ×= JFL
                                                    (1.26)

Because of this force, the vortices tend to move transverse to the current (Figure 1.6). If
they do move, they essentially induce an electric field parallel to J of magnitude

vBE ×=                                                        (1.27)

where v is the velocity of the vortex. This acts like a resistive voltage, and power is dissipated.
In this case, a transport current cannot be conducted without resistance.

Thus a type II superconductor will not sustain any dissipationless current unless the motion
of vortices is prevented by some mechanism. Such a mechanism is known as flux pinning since it
pins the vortices in preferred locations. Pinning results from any spatial inhomogenity in the
material, this may be caused by structural defects or compositional variation. Inhomogenities in a
type II superconductor will give rise to variation of the superconducting parameters, resulting in
the lowering of the vortex energy in preferred pinning sites. At a certain current density, however,
the Lorentz force will be larger than the flux pinning force exerted by the available pinning centres,
and the vortices will start to move. The volume or bulk pinning force depends on the size, shape,
type and distribution of the pinning centres in the material and determines the so-called critical
current density, Jc.

Two types of inhomogenities can be distinguished in a type II superconductor [9]. There
are defects leading to inhomogenities in the mean free path, l, of the electron. This type of
inhomogenity does not often affect the zero field thermodynamic properties, like Tc. Therefore
this kind of disorder is called δl pinning. The second type is defects causing an inhomogeneous

1. Introduction

Figure 1.6. The vortex lattice of a Type II superconductor in the absence of a transport current (left) and in the
presence of a transport current (right). The Lorentz force FL causes flux flow perpendicular to the direction of the
current and to the applied magnetic field. From [7].
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effective interaction between electrons and is magnetic in nature. This type of defect smears the
phase transition out and is therefore called δTc pinning. The occurrence of the flux pinning interaction
originates from the structure of the quantised flux vortex as shown in Figure 1.7. The
superconducting order parameter, Ψ, has a zero point at the centre of the vortex with a sharp
variation within a range of the coherence length, ξ. When the flux line moves in a region where the
superconducting properties change spatially, it feels a change in the free energy, which results in
the flux pinning interaction. The sharp variation in the structure of the order parameter in a flux
line plays a dominant role in the flux pinning. According to the Ginzburg-Landau theory, an
approximation for the free energy in the superconducting state at high fields is given by
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where Hc is the thermodynamic critical field, µ0 is the permeability of vacuum and the
normalised superconducting order parameter ψ = Ψ/|Ψ∞| with Ψ∞ denoting the equilibrium value
of Ψ in the absence of magnetic field. The thermodynamic critical field of a type II superconductor
is defined as
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where (Fn-Fs)|H=0 is the free energy difference between the normal and the superconducting
state when no magnetic field is applied.

1.5 High temperature superconductors: YBa2Cu3O7-δ

The new generation of high temperature superconductors (HTSCs) began in 1986 with the
observation of superconductivity above 30 K in La2-x(Ba,Sr)xCuO4 by Bednorz and Muller [10].
Wu et al. [11] observed a superconducting transition temperature of 93 K in YBa2Cu3O7-δ (YBCO),
which was the first system to show superconductivity above the boiling temperature of liquid
nitrogen (77 K). Liquid nitrogen, in comparison with liquid helium, is much cheaper and convenient
to work with and hence, the fabrication of practical devices based on HTSCs became more feasible.

Figure 1.7. Structure of a quantized flux vortex. Ψ is the superconducting order parameter, B is the applied
magnetic field, ξ is the coherence length and λ is the magnetic penetration length. From [9].



11

Since then, various other superconductors have been discovered with a higher superconducting
transition temperature [12]. In this section the complex crystal structure and chemistry of YBCO
will be discussed. The implications on the current carrying characteristics will be examined in the
next section.

The structure of oxide superconductors is generally classified in terms of well-known
structural types. The structure of YBCO is related to that of perovskite with the apical oxygen
atoms removed from the structure. The presence of one or more CuO2 planes in the unit cell is a
common feature of all cuprate superconductors [13]. These planes are called the ab-planes and
the axis perpendicular to these planes is called the c-axis, by convention. In the slightly buckled
CuO2 plane, each copper atom is strongly bonded with four oxygen atoms in a nearly square
planar configuration. In YBCO, two single CuO2 planes are stacked in the c-direction and are
separated by an intercalating layer that consists of copper and barium atoms and a variable number
of oxygen atoms [14, 15]. The grouped CuO2 planes are then piled through yttrium atoms along

the c-direction. Therefore the structure of YBCO
can be simply considered as the sequential
stacking of these intercalating CuO2 planes, as is
shown in Figure 1.8.

The CuO2 planes have been proposed as
the conduction channels of superconductivity,
while the intercalating layers provide carriers and
act as “charge reservoirs” necessary for
superconductivity. The transfer of charge carriers
between the CuO2-planes and the intercalating
planes is schematically represented in Figure 1.9.
The number of carriers in the CuO2 planes is
determined by the overall oxygen content of the
compound (the fractional value of δ). The so-
called parent compound is YBa2Cu3O6.5 (δ=0.5),
in which the Cu is in the Cu2+ state and the O is
in the O2- state. The Cu configuration is then 3d9,
with one hole in the 3d shell, and the O
configuration is 2p6, a complete p shell. In the
field of the crystal lattice these orbitals will spread
into bands. As there is only one hole per unit cell
in the parent compound, it is expected that the
Fermi level only intersects the highest of these
bands. The corresponding highest lying orbitals
are those with lobes in the ab-plane, and these

1. Introduction

Figure 1.8. Crystal structure of  YBa2Cu3O7 . The
contents of every lattice plane is designated at the right
site of the structure. Metal-oxygen coordination
environments are shown as polyhedra. Oxygen are
represented as small black circles and copper as small
gray circles. The larger atoms, yttrium and barium,
are shown as large circles without coordination
polyhedra. From [12].
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are associated with the mobile electrons (or holes) in the CuO2 planes.
Increasing the oxygen content in the compound will increase the number of oxygen atoms

of the Cu-O1-δ planes in the charge reservoirs, which consist of one dimensional “Cu-O chains”
along the b-direction. Concomitantly, the state of Cu atoms changes from Cu2+ to Cu3+ in order to
compensate the charge associated with the additional oxygen. Thus, increasing the oxygen content
of the Cu-O chains has the effect of creating additional holes in the uppermost band of the CuO2

planes. If the holes are distributed equally between the three Cu layers, there are nd = 4/3 – 2δ/3 such
holes per CuO2 planes in a unit cell. When δ = 0 or there are seven oxygen atoms per unit cell, the
oxygen atoms are fully ordered to form “perfect” Cu-O chains and there is (on average) 1/3 extra
hole per Cu-O plane, i.e. on top of the hole when Cu is in 3d9 state for δ = 0.5, and nd = 4/3. When
1 > δ > 0 or the oxygen content decreases, the oxygen atoms on the chains are depleted and the
degree of ordering for the CuO chains is also reduced. Furthermore, when δ=1 or there are only
six oxygen atoms per unit cell, all the oxygen atoms on the Cu-O chains are lost. The crystal
structure of YBCO then transforms from orthorhombic to tetragonal [16]. YBCO with such a
structure and composition is no longer superconducting at “high” temperatures. In practice, the
tetragonal structure is favoured for δ>0.6 (even though there are still oxygen atoms present in the
Cu-O chains).

The role of the oxygen content can be represented in a doping phase diagram [17], as
shown in Figure 1.10. The doping phase diagrams of the different cuprate superconductors are
qualitatively similar. The parent compound, with one hole per unit cell in the CuO2 planes (nd = 1)
is an antiferromagnetic insulator, with a Néel temperature of several hundred K. As the hole
concentration is increased, the Néel temperature falls and bulk antiferromagnetism disappears,
but is replaced by superconductivity with a low Tc. The Tc then rises, is maximised at about 1.16
holes per unit cell, and falls again to zero. In YBCO this doping level occurs when δ ~ 0.08.
Regions with a lower doping level (δ > 0.08 in YBCO) are commonly referred to as “underdoped”,

Figure 1.9. CuO2 planes made from CuO4 squares sharing corner oxygens (left) and a schematic view of the
electronic layers in oxide superconductors (right). From [12].
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and those with a higher doping level (δ < 0.08) as “overdoped”. Emperically it is found that the Tc

follows a quadratic dependence as a function of doping level [18]:

2

max,

)16.0(6.821 −−= p
T

T

c

c                                             (1.30)

where p is the number of added holes (nd-1). At the point where superconductivity first
appears, the normal state above Tc exhibits a highly resistive hopping conduction characteristic of
localised electronic states.

The underdoped region exhibits properties dominated by a pseudogap, which is a reduction
in the density of states at the Fermi-energy above the transition temperature and below the
characteristic pseudogap temperature, T* [19]. Within the framework of the d-wave order parameter
symmetry (see section 1.6), the pseudogap has been found to have the same angular dependence
and magnitude as the superconducting gap below Tc, it is maximum along the the < 100 > directions
and minimum along < 110 > type directions, and seems to merge with it at the phase transition.
The pseudogap region has been suggested to be associated with the formation of incoherent
Cooper pairs, also called “preformed” pairs [20]. At a lower temperature, phase coherence is
established among these pairs leading to the superconducting transition. However, more recently

it has been reported that the characteristic
pseudogap temperature has a very different
doping and magnetic field dependence than the
temperature at which superconducting
fluctuations become detectable [21]. This
would suggest that the pseudogap has a
different origin than superconductivity, and
within this framework pair formation and
pseudogap behaviour are described as
competing effects. This picture is supported
by the observation that the pseudogap persists
below the transition temperature, and
extrapolates to zero at p ~ 0.19 [21]. The onset
of the pseudogap is associated with a
characteristic downward kink at T* in the
resistance - temperature characteristic of
cuprate superconductors. The origin of this
kink has been suggested to be an implication
of the transition from a quantum-critical to a
quantum ordered state that occurs at T* [22].
Above T*, the normal state shows more
metallic behaviour with the resistivity rising

Figure 1.10. Phenomomenological phase diagram for
cuprate superconductors. The properties of the cuprates
are shown as a function of temperature and the number of
additional holes (p = nd-1) with respect to the ”parent
compound” in which all copper atoms are in the Cu2+ state.
For YBa 2Cu307-δ, this means that δ=0.5. Three
characteristic temperatures separate distinctive regions
of the phase diagram: the Néel temperature, Tn, below
which the material is an antiferromagnetic (AF) insulator;
the critical temperature, T c, below which
superconductivity (S) occurs; and the characteristic
pseudogap temperature, T*, below which a gap occurs
in the density of states at the Fermi level. From [17].
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linearly with temperature. In the overdoped region (or rather for p > 0.19) the resistance -
temperature characteristic exhibits a characteristic upward turn, which is associated with a transition
from a quantum-critical to a quantum disordered state [22].

The phase diagram indicates the importance of controlling and measuring the hole
concentration in cuprate superconductors. Oxygen content is usually measured by
thermogravimetric analysis, which involves the measurement of changes in weight as a function
of temperature. The weight of a sample is measured as a function of temperature. In both bulk
materials and thin films the control of oxygen concentration is difficult. Control of the oxygen
concentration is achieved by accurate control of temperature and partial pressure during oxygen
annealing, and with careful standardisation reproducible results can be obtained. Oxygen diffusion
rates are low enough to make it difficult to ensure that bulk samples are uniform, but at the same
time high enough to cause gradual changes of the oxygen content over time. In the case of thin
films, thermogravimetric analysis is less suitable due to the small amount of material. Instead, X-
ray diffraction along with Raman spectroscopy can allow measurement of the oxygen content in
thin films [23-25]. Changes in Tc can offer a further way of monitoring the oxygen content.
However, this applies only if the single factor that changed between two films of different Tc was
the oxygen content, which may be difficult to achieve in practice.

1.6 High temperature versus conventional superconductors.

A vast amount of theoretical and experimental work over the last 20 years has shown that
there are distinct differences in the nature and phenomenology of the superconducting state in
cuprates in comparison with conventional superconductors. In this section some of these differences
will be addressed.

As set out in Section 1.1., most low temperature superconducting metals are weakly coupled
superconductors and the binding energy of a pair 2∆ is weak compared with the Fermi energy.
Values of 2∆0/kbTc (1.3) up to 12 have been deduced from tunnelling spectroscopy studies of
cuprate superconductors [5], and therefore could be referred to as strong coupling superconductors.
The superconducting coherence length ξ, as defined in (1.5), is of particular importance for the
cuprate superconductors. In conventional superconductors, ξ is up to 1 µm and the centre-of-
mass coordinates of up to a  million carriers lie within a sphere with a radius ξ. In the high
temperature superconductors, a small carrier density, a large effective pass of an electron pair,
and a high transition temperature lead to a severely reduced ξ in the
order of 1 nm. So, in these materials a sphere with radius ξ contains
about one pair of carriers. The small coherence length makes the
superconducting state very susceptible to disruption, even to very
small defects of the order of one unit cell. This has important
consequences for properties measured in non-crystalline samples, since
this means that defects like grain boundaries will play an important
role.

Figure 1.11. k-space
representation of the d x2-y2-wave
order parameter symmetry.
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Most conventional superconductors have an s-wave pairing symmetry, which means that
magnitude of the superconducting order parameter is constant in all directions. For cuprate
superconductors, however, a d-wave pairing symmetry has been established [26, 27]. Phase sensitive
tests, along with evidence from a number non-phase-sensitive techniques have provided
overwhelming evidence in favour of d-wave symmetry in optimally doped cuprates. Within the
framework of the d-wave pairing symmetry, the superconducting gap is zero along the 4 orthogonal
|kx| = ky directions in the crystal. The geometry of the d-wave order parameter symmetry is shown
in Figure 1.11. The consequences of the d-wave pairing symmetry are mainly manifested at interfaces
and surfaces with an [001] component. The implications of the d-wave symmetry on [001]-tilt
grain boundaries will be discussed in section 2.4. As a consequence of the anisotropy of the gap
parameter, the high temperature superconductors do not show a fully developed superconducting
gap in tunnelling experiments. A significant background conductance was found to be present for
all biases [28], which is evidence for the fact that there are accessible states around the Fermi
level.

The small coherence length in combination with a large magnetic penetration depth makes
the high temperature superconductors strong Type II superconductors. Within the interior of the
cuprates trapped flux form conventional magnetic vortices, and their properties can be understood
in the framework of the Ginzbrug-Landau theory. Because of the small coherence length, small
scale irregularities, such as oxygen vacancies, provide pinning sites for the vortices. Futhermore,
the layered structure of high temperature superconductors makes these compounds highly
anisotropic. A strict distinction has to be made between the directions perpendicular and parallel
to the CuO2 planes. The physical and mechanical properties can vary greatly in these two directions
[29]. The magnetic penetration depth and the superconducting coherence length can vary by two
orders of magnitude in the directions perpendicular and parallel to the ab-planes. For some high
temperature superconductors the CuO2 planes are sufficiently decoupled to also decouple the flux
vortices between CuO2 planes, which form decoupled “flux pancakes”. A current applied parallel
to the c-axis will be strongly impeded by the layered structure. Therefore the critical current
density, Jc, parallel to the ab-planes will be much higher than perpendicular to the ab-planes. The
anisotropy has also its implications for the influence of the orientation of an applied magnetic field
on the critical current density. When the field is applied parallel to the ab-planes, the anisotropic
structure will serve as a source of strong intrinsic pinning. Consequently, the Jc can be decreased
considerably if the field is applied parallel to the c-axis.
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2. The Nature of Grain Boundaries in YBa2Cu3O7-δ

Grain boundaries in polycrystalline high temperature superconducting materials act as weak
links that limit the critical current density of the material, and are therefore the major impediment
for its practical application. This section reviews the broad and dynamic field of grain boundaries
in YBa2Cu3O7-δ (YBCO), with an emphasis on topics that address the relationship between the
structural and transport properties of high-ange grain boundaries. After a general introduction
into the structure of grain boundaries, the microstructural properties of grain boundaries in YBCO
are discussed. Subsequently, important characteristics of their current-voltage characteristic, critical
current density, conductance-voltage behaviour and normal-state resistivity are discussed. In the
second half of the chapter, four topics will be reviewed that have been discussed extensively in
connection with the observed transport properties of grain boundaries: the d-wave pairing
symmetry; band bending and electronic structure; oxygen content and calcium doping. The chapter
is concluded with a description of the current status of our understanding of the nature of grain
boundaries.

2.1 Introduction to grain boundaries

A grain boundary is an interfacial defect
separating two grains or crystals having different
crystallographic orientations in polycrystalline
materials [1]. Within the grain boundary region,
which is only several atom-distances wide, there
is an atomic mismatch in a transition from the
crystalline orientation of one grain to that of an
adjacent one. Grain boundaries are usually
classified according to the displacement and the
rotation of the abutting crystals, as shown
schematically in Figure 2.1. For rotational grain
boundaries a distinction is made between the tilt
and twist components of the grain boundary
misorientation. Here, tilt refers to a rotation
around an axis in the plane of the grain boundary,
and twist to rotation around the axis perpendicular
to the grain boundary plane. Furthermore,
combinations of tilt and twist components may
occur, leading to so-called mixed boundaries.
Grain boundaries with identical misorientations of
the grains with respect to the grain boundary
interface are called symmetrical grain boundaries,

Figure 2.1. Schematic diagram showing the
crystallography of (a) a [001]-tilt boundary, (b) a
[100]-tilt boundary, and (c) a [100]-twist boundary
in a cubic material [39].

2. Literature survey
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otherwise they are asymmetrical grain boundaries. The extent of misorientation is indicated with
the misorientation angle θ between the adjacent grains.

Various degrees of crystallographic misalignment are possible. When this orientation
mismatch is slight, i.e. θ in the order of a few degrees, then the term low-angle grain boundary is
used. These boundaries can be described in terms of dislocation arrays. A tilt low-angle boundary
consists of edge dislocations with parallel Burgers vectors. The burgers vector is derived from a
comparison between a closed contour in the undisturbed crystal and a contour connecting
corresponding lattice points around the dislocation, the so-called Burgers circuit. The vector that
has to be added to close the circuit defines the burgers vector [2]. A twist low-angle grain boundary
consists of arrays of screw dislocations. In standard grain boundary dislocation theory, the distance
d between the dislocations of a certain set is given by Frank’s formula:

θsin/bd
r

=                                                     (2.1)

where b
r

 is the magnitude of the burgers vector b
r

.

From a certain angle, depending on the material, the dislocations are no longer well separated
and the model becomes physically unrealistic. The interface layer may be structurally distorted or
composed of well-defined structural units. Not all atoms are bonded to other atoms along a grain
boundary, and, consequently, an interfacial energy is associated with grain boundaries. The
magnitude of this energy is a function of the misorientation angle, being larger for high-angle
grain boundaries. Grain boundaries are more chemically reactive than the grains themselves as a
consequence of this boundary energy. Furthermore, impurity atoms often preferentially segregate
along these boundaries because of their higher energy state. The total interfacial energy is lower
in large or coarse-grained materials than in fine-grained ones, since there is less total boundary
area in the former.

Apart from the low misorientation angles as special grain
boundaries, there are also higher angles that contain a high density
of coincident atomic sites. With increasing tilt misorientation, an
angle is periodically reached at which a relatively high number of
the atoms across the boundary plane fall into coincidence. The
same is true for twist boundaries. A commonly used nomenclature
for boundaries of this type is the CSL description, standing for
coincident site lattice, in which the notation “Σ” gives the
reciprocal of the fraction of sites that are coincident [3]. Figure
2.2 shows a symmetrical [001] tilt boundary with an 36.87°
misorientation angle, giving a CSL lattice in which one out of
every five lattice sites of each grain is coincident with the other;

Figure 2.2. Atomic arrangement of
a symmetric [001] tilt grain
boundary with a misorientation
angle of 36.87° (Σ=5). From [4].
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i.e. Σ=5. Other common special angles are 16.26° (Σ=25), 22.62° (Σ=15) and 28.07° (Σ=17) [5].
Special tilt boundaries have a characteristic structural periodicity, and also a lower boundary
energy than non-coincident boundaries.

2.2 Microstructural properties

Microstructural characterisation provides the link between fabrication and physical properties.
It is of vital importance to understand how deposition parameters influence microstructure, and
how the microstructure leads to the observed macroscopic properties. This is (also) of particular
relevance for grain boundaries in superconducting materials, as microstructure, microscopic
electronic structure, and transport properties are closely interrelated in this framework. Most of
the work on grain boundaries has been carried out on artificial grain boundaries, prepared by the
epitaxial growth of thin films on bicrystalline substrates [6-8]. Several deposition techniques are
currently employed to grow superconducting thin films [9], and all have different relationships
between deposition parameters and resulting microstructure.

All phase transformations, including thin film formation, involve the processes of nucleation
and growth, and the growth mode provides the link between deposition and microstructure.
Three different growth modes are generally distinguished: 1) island (or Volmer-Weber), 2) layer
(or Frank van der Merwe), and 3) Stranski-Krastanov (intermediate form) [10, 11]. Island growth
occurs when the smallest stable clusters nucleate on the substrate and grow in three dimensions to
form islands. This happens when atoms or molecules in the deposit are more likely bound to each
other than to the substrate. The opposite characteristics are displayed during layer growth. Here
the extension of the smallest stable nucleus occurs overwhelmingly in three dimensions resulting
in the formation of planar sheets. In this growth mode the atoms are more strongly bound to the
substrate than to each other. The first complete monolayer is then covered with a somewhat less
tightly bound second layer. Providing the decrease in bonding energy is continuous toward the
bulk crystal value, the layer growth mode is sustained. Stranski-Krastanov is an intermediate
combination of the aforementioned two modes. In this case, after forming one or more monolayers,
subsequent layer growth becomes unfavourable and islands form.

The large-scale structure of the grain boundary depends largely on the growth mode. A
layer-by-layer growth mode is expected to lead to grain boundaries with a path not deviating
considerably from the predefined substrate grain boundary. In contrast, as a result of the island
growth mode, faceting and meandering of the grain boundary can occur. The meanders are caused
by the overgrowth of individual growth islands on opposite sides of the substrate grain boundary
[12, 13]. Overgrowth can occur at the film-substrate interface, leading to non-epitaxial growth,
but it is also possible that the grain boundary wanders away from the ideal path perpendicular to
the substrate surface. The growth rate of the film as well as the distribution of nucleation sites on
the substrate will clearly affect the amount of meander obtained [14, 15].

On smaller length scales the grain boundaries are composed of nanoscale facets. Facets
generally occur on a scale from tens and up to 200 nanometers for thin films [12, 13, 16, 17],
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thick films [18] and flux grown YBCO [19]. Facets appeared to have a significant amount of
strain associated with corners in their structure. Sub-faceting on a nanometer scale and variations
in the dislocation spacing along a single facet have also been observed. In some facets ribbons of
stacking faults that lie between the dislocations have been observed, causing dissociation of the
dislocations into partial dislocations. The constrained coincident site lattice (CCSL) model provides
a possible explanation for the observed facet structures in YBCO. If a small amount of local strain
is to be imposed on the lattice in the grain boundary region, however, it is possible to form a
significant number of CSLs in an orthorhombic material (the CCSL model). The additional strain
is attributed to further dislocations at the grain boundary. The faceting behaviour in YBCO can be
understood by the tendency of the boundaries to form directions where Σ is small, i.e. directions
in which the grain boundary energy is a minimum [20]. Facets form when the misorientation angle
does not correspond to a low Σ angle and, consequently, a zigzag structure is formed to reduce its
energy [21, 22]. This suggestion is confirmed by the observation that crystals, which are
kinematically free to rotate in a melt, select these angles during the coalescence process [23].

The atomic structure of grain boundaries in YBCO has been investigated by several means,
of which transmission electron microscopy (TEM) proved to be particularly useful. An important
conclusion from the initial microscopy studies was that grain boundaries are clean and structurally
well defined, and do not contain coarse defects like voids or impurity layers [24, 25]. The structure
of the grains appears unaltered right up to the boundary, which rules out earlier suggestions that
severe structural distortion impedes current transport at the boundary. Furthermore, the earliest
TEM studies confirmed that low-angle grain boundaries consist of arrays of separate dislocations
[26]. As discussed in §2.1, the separation
between dislocations decreases with increasing
grain boundary angle, and for a given angle
the dislocation cores merge and form a
continuous layer along the grain boundary
interface. This transition angle was reported
to be 7.5° for YBCO [27].

The structural unit model has been
proposed to describe the structure of high
angle boundaries [28, 29]. In this method a
series of basic structural units is used to build
up the entire grain boundary, as shown in
Figure 2.3. Once the structural units have been
discovered, it is in principle possible to predict
the grain boundary structure at any
misorientation angle. However, the model
provides no information on the structure-
property relationships. Despite this, if the

Figure 2.3. Planar view, Z-contrast TEM image of a 30°
[001] tilt grain boundary in YBCO. Indicated in this image
are also the structural units of which the grain boundary
is composed. From [29].
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values of bond valences from the structural unit model are combined with experimental values
from TEM observations, then it is possible to obtain an estimation of the effective grain boundary
width and thus to predict the expected variation of critical current with misorientation angle.
Values obtained in this way appear to agree reasonably well with experimental results. The widths
of the non-superconducting zones adjacent to the interfaces were found to increase linearly from
0.1 nm to 0.45 nm for an increase of the misorientation angle from 10° to 45°.

Computer simulations were employed to assess the influence of strain on the transport
properties of high angle grain boundaries in YBCO with a low value for Σ [30-32]. Strain analysis
and bond-valence-sum analysis were used to determine the thickness of non-superconducting
layers enveloping these GB’s. The data show that the presence of neutral oxygen vacancies decreases
the thickness of non-superconducting layers and may improve transport properties of some grain
boundary angles. Furthermore, these results show that the suggestion of suppression of
superconductivity by strain leads to a very sharp difference in the transport properties through
grain boundaries with a low value for Σ. If only strain induced suppression of the superconducting
order parameter at grain boundaries were taken into account, the decrease of the thickness of
non-superconducting layers may substantially increase the critical current density, Jc. For example,
for a 36.87° (Σ=5) boundary, the increase of Jc might be by ~ 70 times in comparison with the
situation in which there is no strain reduction associated with the grain boundary structure. This
result is based on the estimation that the creation of a neutral oxygen vacancy (only the atom is
removed, not the charge) in an interface area of 1 – 2 nm2 reduces the thickness of non-

superconducting layers in a Σ=5 boundary by
approximately 40%, assuming that a strain level
of 3% renders the material non-
superconductive. Only the influence of the
strain state at the boundary is taken into
account. The fact that the value of the
superconducting order parameter is a function
of oxygen concentration and that vacancies
may change the barrier height, decreasing Jc,
is not taken into account in this theoretical
study. Furthermore, the adsorption capability
of grain boundaries with respect to neutral
oxygen vacancies was analysed, which
demonstrated that tilt grain boundaries in
YBCO are most probably intrinsically non-
stoichiometric.

In addition to microstructural
investigations, also the chemical composition
of the grain boundaries has been analysed. It
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Figure 2.4. The pre-edge intensity of the oxygen K-edge
(at 528.5 eV) in EELS spectra is a measure of the hole
concentration. Recording spectra across a grain boundary
an quantifying the change in pre-edge intensity shows that
there is no hole depletion around a symmetric 36° (near
Σ=5) grain boundary (×), whereas an asymetric 28° grain
boundary shows a hole depletion zone extending 5 - 6 nm
either side of the grain boundary (� ). From  [37].
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was found that dislocation cores in grain boundaries are typically Cu rich [33-35]. Another study,
however, showed that thin film grain boundaries seem to be free of Cu enrichment [25]. Further
investigations focussed on the charge carrier concentration at the grain boundary interface [34,
36, 37]. Spatially resolved electron-energy-loss spectroscopy (EELS) measurements demonstrate
the presence of a layer with a reduced density of holes at the boundary. Hole concentration
profiles across electromagnetically characterised grain boundaries revealed a correlation between
the magnitude of the hole depletion and the appearance of weak-link characteristics. The reported
widths of these depletion layers range from 0.2 to 20 nm. These values indicate that the effect of
the boundary on the band structure can be of longer range than the width of the structurally
disordered region (~1 nm) or the metal cation non-stoichiometry (5 nm) and the superconducting
coherence length, ξ. It has also been shown, however, that Σ=5 boundaries (36.87°) not necessarily
show a hole depleted region at the grain boundary, as illustrated by Figure 2.4, which suggests the
presence of strong links at this misorientation angle.

2.3 Transport properties

It appeared rather challenging to assess the transport properties of grain boundaries by
analysing polycrystalline samples. To unveil the basic properties of the interfaces, the bicrystal
technology was invented. The principle of bicrystal technology, as illustrated in Figure 2.5, consists
of growing a film epitaxially on a bicrystalline substrate, which contains a grain boundary of the
desired configuration [6]. Owing to epitaxial growth, the substrate grain boundary is replicated in
the film. Using conventional lithographic methods, the film is subsequently patterned. Narrow
conducting lines are formed within the two single grain regions and across the grain boundary.
The current-voltage characteristics of each line can then be measured using a four-point technique.
This technique enables one to fabricate well-
defined grain boundaries of many
misorientations, and to analyse their properties
in direct comparison to those of the abutting
grains. Many groups have measured the
current-carrying properties of grain boundaries
prepared by the bicrystalline technique. In this
section some relevant results will be
highlighted. The current-voltage characteristic,
critical current density, conductance-voltage
characteristic and normal state resistance will
subsequently be discussed. A more
comprehensive survey has recently been
compiled by Hilgenkamp and Mannhart [38].

Figure 2.5. Sketch of a thin-film bicrystal with a symmetric
[001]-tilt grain boundary with a misorientation angle θ.
From [38].
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The current-voltage characteristic

A typical current-voltage, I(V), characteristic of a high-angle grain boundary with a
misorientation angle between 15° and 45° in YBCO is shown in Figure 2.6. For boundaries with
large current densities, excess currents are frequently seen, but usually the characteristics follow
the RSJ model [39]. In addition to the difference in the critical current there is a marked contrast
in the behaviour of low-angle and high-angle grain boundaries. High-angle boundaries behave
like weak links with RSJ-like transport characteristics whilst low-angle grain boundaries behave
as “strong links”.

The difference between these two types of behaviour results from the fundamental
microstructural differences between the two types of boundary. It was postulated that in low-
angle grain boundaries the dislocation cores act as non-superconducting regions. Consequently,
an array of dislocations reduces the effective amount of superconducting material at the grain
boundary [7]. It was suggested that the strain field associated with each dislocation causes a
significant enough reduction in the order parameter to enlarge the effective size of the dislocations
by a factor ~3 [26]. A strain of 1% was used as the cut-off between YBCO being superconducting
and non-superconducting, as this value causes YBCO to be tetragonal and hence non-
superconducting [28]. As the misorientation angle increases, the superconducting regions between
the dislocations become smaller, and the critical current density is reduced. When the strained
regions eventually overlap, the transition from low-angle to high-angle behaviour occurs, and
there is a continuous barrier to the superconductivity.

The angle at which the transition from low-angle to high-angle behaviour occurs is
approximately 10º. Evidence is provided by the observation of both types of behaviour at different
temperatures in a single 10º bicrystal, as shown in Figure 2.7 [40]. This I(V) characteristic of a 10°
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Figure 2.6. Current-voltage characteristic of a 24°
[001]-tilt grain boundary in a bicrystalline YBCO thin
film at 4.2 K. From [38].

Figure 2.7. Normalised current-voltage characteristic
of a 10° [001]-tilt grain boundary in an YBCO film
at several temperatures. From [40].
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[001] tilt boundary displays weak link behaviour above 77 K and flux flow at lower temperatures.
However, the angle at which the crossover occurs can vary, because it is dependent on the structure
of the grain boundary, and, hence, on the film deposition process [41].

Also under the influence of a magnetic field, a transition from strong, single crystal-like to
weak, intergranular behaviour can be observed [42-46]. At low magnetic fields, curved I(V)
characteristics have been observed, which is a signature of flux-flow dominated, strongly-coupled
behaviour. At the so-called irreversibility field, there is a transition to linear I(V) characteristics
with residual currents, which has been associated with the channelling of vortices along the grain
boundary. The irreversibility field decreases with increasing misorientation angle and becomes
zero for a misorientation angle of 10° - 15°, indicating a complete closure of strongly coupled
channels. However, grain boundaries with misorientation angles up to 38° can show non-linear
characteristics at low voltages and small currents, which indicates that some strongly coupled
paths can remain open in high-angle grain boundaries.

Furthermore, it has been suggested that vortices in the grain boundary can be pinned by the
facets of the boundaries, at the dislocations of low angle grain boundaries, and in large magnetic
fields by the vortex lattice in the adjacent grains [47-51]. This can influence the I(V) behaviour of
imperfect, facetted grain boundaries and those with a misorientation angle of 4° - 10°. Kinking of
the I(V) curve has been observed for a grain boundary with a misorientation angle of 4°, which
has been attributed to an increasing number of vortex rows being viscously channelled along the
boundary with increasing current density [52].

In the voltage range of a few milivolts, Fiske resonances are frequently found, which have
been used to derive the grain boundary capacitance [53]. Fiske resonances are self-resonance

Figure 2.8. Ratio of the intergrain and intragrain
critical current densities of grain boundaries in
bicrystalline YBCO films as a function of the
misorientation angle. From [7].

Figure 2.9. Critical current densities of [001]-tilt grain
boundaries in YBCO films as a function of
misorientation angle at 4.2 K. From [38].
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effects produced by microwaves generated by the oscillating voltage across the junction. Since
the microwave frequency at which these resonances occur depends on the width of the junction,
it is possible to deduce the capacitance of the grain boundary from the voltage of the Fiske
resonances. The Fiske resonances provide strong evidence for the presence of an insulating interface
layer at high angle [001]-tilt boundaries [54].

The critical current density

The critical current density of grain boundaries is strongly dependent on their misorientation
angle. In [001]-tilt boundaries in bicrystalline YBCO films a pronounced decrease of Jc is observed
as θ is increased from 0° to 45° [6], as shown in Figure 2.8. This reduction follows closely an
exponential dependence [16, 42, 55-57]. This is shown in Figure 2.9, in which a collection of data
published in the literature is compiled. As is obvious from Figure 2.9, the critical current densities
show a significant spread. For films grown under identical conditions, this spread is considerably
smaller. A study of grain boundaries with misorientation angles ranging from 8° to 45° in films
grown under identical conditions shows indeed small spreads of the critical current density and
the exponential dependence is followed [58]. However, critical current densities of 36° boundaries
were significantly higher than those for 34° boundaries, and also 28° boundaries exhibit (slightly)
higher critical current densities than 26° boundaries. No reference was made to the potential
influence on the transport properties of the Σ=5 and Σ=17 configuration of 36.87° and 28.07°
grain boundaries, respectively.

As a function of temperature, Jc, decreases almost linearly [59], as shown in Figure 2.10.
Typically, for YBCO at 4.2K the critical current density is factor of 10 larger than at 77K. As a
function of applied magnetic field, the behaviour of the critical current depends strongly on the
misorientation angle [45, 46, 60], as shown in Figure 2.11. For grain boundaries with a
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Figure 2.10. Temperature dependence of the critical
current density of a 24° [001]-tilt grain boundary in
YBCO. From [38].

Figure 2.11. Magnetic field dependence of the
critical current density of various misorientation
angles in YBCO bicrystalline films. From [46].



Normal state properties of grain boundaries in Y1-xCaxBa2Cu3O7-δ

28

misorientation angle below ~4.5°, the grain boundary Jc is indistinguishable from the intragrain
Jc (at 77 K), because such boundaries are strongly coupled. The vortices are pinned by the
dislocations and the Jc behaviour is dominated by that of the grains. For grain boundaries with a
larger misorientation angle, the nonsuperconducting regions overlap, and the Jc is decreased by
vortices channelling through the grain boundary (H // c). However, the grain boundary shows
less relative sensitivity to the field than the grains, and, at a field that depends on the misorientation
angle, the critical current exhibits grain-like behaviour. At high angles (> 15°), the critical current
is entirely tunnelling-dominated and relatively constant as a function of applied magnetic field.

Conductance - voltage behaviour

The differential conductivity as a function of the applied voltage (G(V) = δJ / δV) can either
be measured directly by a lock-in technique, or extracted from results of J(V) measurements. In
addition to G(V) characteristics, also the dynamic resistivity (= resistance area product, RnA)
versus voltage characteristic (RnA(V) = δV / δJ) is a subject of discussion. Both G(V) and RnA(V)
characteristics have been used to clarify the nature of the grain boundary and the mechanism of
charge transport over the boundary. Furthermore, G(V) measurements have been carried out for
the purpose of tunnelling studies, in order to obtain information on the superconducting density
of states (DOS) of the YBCO electrodes. Such information is desired to clarify the coupling
mechanism and the pairing symmetry of the superconducting state [61].

If the grain boundary acts as a tunnel junction, an increase of the conductance with increasing
voltage is always present due to the influence of the applied voltage on the barrier shape [62].
This increase is strongest for materials with low values of the barrier height. An increasing
conductance also can be attributed to inelastic processes that open up additional conductance
channels with increasing voltage [63]. However, in this case one should observe a significant
temperature dependence of the conductance, which in general has not been observed [61].

Conventional normal metal / insulator / normal metal tunnelling theory predicts for a
rectangular barrier parabolic behaviour of the conductance versus voltage in the limit of zero
temperature and voltages less than the barrier height. Indeed, one group observed a parabolic
background conductance and fitted the data in order to derive the effective height and width of
the barrier [61, 64]. For a symmetrical grain boundary with a misorientation angle of 24° in
oxygen deficient YBCO (“60 K phase”), values of 0.023 eV for the barrier height and 2.1 nm for
the barrier width were found. These authors assume that the grain boundary is well described by
a spatially inhomogeneous but continuous insulating grain boundary barrier with the main
transport mechanism across the barrier being direct tunnelling and resonant tunnelling via localised
states. Within this framework, the density of resonant channels was estimated to be 13 × 1014 /m2

[65]. From a more recent observation of parabolic tunnelling behaviour for an asymmetrical 45°
grain boundary was estimated that the barrier should have a height of 0.1 eV and a width of 1 –
2 nm [66].

Another group observed a linear conductance – voltage characteristic for voltages up to 40
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mV [67]. These authors suggest several explanations for the observed linear conductance
behaviour. Firstly, the order parameter is significantly suppressed near the grain boundary due to
the small coherence length of YBCO. Consequently, electron tunnelling across the grain boundary
may sense a blurred density of states and a varying height of the barrier in the tunnel direction,
which may lead to a linear conductance characteristic. Another explanation is based on the
tunnelling model of Zeller and Giaever, which would imply that a large number of small capacitors
is charged up at the grain boundary [68]. This model has also been suggested for the linear
conductance observed Pt/Rh – La2-xSrxCuO4-y point contacts[69, 70].
Specifically in grain boundaries with a low boundary resistance, a decrease of the conductivity
has been observed at high voltages. This behaviour has been attributed to excessive Joule heating
at the boundary [67]. This was confirmed by low temperature scanning electron microscopy
(LTSEM), with which two hot spots were at high voltages observed at the edge of a track cross-
ing the grain boundary. These additional resistive regions are the cause of the observed resistance
increase. Heating will occur in low resistance boundaries at lower voltages, as the power dissi-
pated by charge transport goes up with conductance (P = GV²). The possibility of the presence of
heating was confirmed by a model for predicting the heating of a grain boundary junction [71].
A depression of the conductance below the superconducting transition temperature has been
generally observed in a voltage range up to several tens of mV for grain boundary junctions [61,
64, 72-74] and also in tunnel spectroscopy studies [75-79]. The depression becomes more pro-
nounced with decreasing temperature, and this behaviour has been attributed to a temperature
dependent gap structure in the density of states of the superconducting electrodes. Estimations
for the width of the gap, or gap voltage, range from 12 mV for oxygen deficient YBCO [64] to 30
mV in optimally doped YBCO [75]. The low value for oxygen deficient YBCO was interpreted in
the framework of an insulating grain boundary barrier containing a high density of localised states
[80]. Localised states hybridise with the conduction states forming interface states. Due to the
small coherence length of YBCO tunnelling characteristics are expected to carry mainly informa-
tion about the reduced local gap values of the interface states explaining the observed small gap
voltage.
In the low voltage range (~mV) peaks at zero voltage have been widely observed, also referred to
as zero-bias conductance peaks [61, 64, 81-87]. This phenomenon has been attributed to the
formation of Andreev bound states or midgap surface states having zero energy with respect to
the Fermi energy as a consequence of the d-wave order parameter symmetry of high temperature
superconductors. The formation of bound states at surfaces of materials with an energy gap in the
bulk electron spectrum is a well-known physical phenomenon. In the case of an (110) oriented
surface of a d-wave superconductor, quasiparticles reflecting from the surface can experience a
change in the sign of the order parameter along their classical trajectory, and undergo Andreev
reflection.  Constructive interference of incident and reflected quasiparticles results in bound
states with zero energy with respect to the Fermi energy. The spectral weight of these Andreev
bound states has a maximum for (110) oriented surfaces, whereas no such states are expected
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for (100) or (010) surfaces. Andreev bound states can carry current and therefore produce a zero
bias conductance peak in ab-plane tunnelling conduction of experiments involving at least one
d-wave superconducting electrode.

The normal state resistivity

The resistivity of an interface is usually expressed as the resistance times the cross sectional
area of the junction, RnA. The normal state resistance of a grain boundary in a superconducting
material can be characterised both below and above the superconducting transition temperature.
Below the transition temperature, RnA can be characterised by biasing a grain boundary junction
far above its critical current. At higher temperatures, the grain boundary resistance can be
characterised at any voltage provided that heating does not set in. However, in this case, it is not
straightforward to measure the grain boundary current-voltage characteristic free of voltages
produced by the bridges that are needed to contact the interface, and special device configurations
have to be used to assess the high temperature range.
Typical resistance area products at 4.2 K increase with misorientation angle from 1×10-13 Ωm2 for
a 15° to 1×10-11 Ωm2 for a 45° [001] tilt boundary in a thin film [56, 58, 88], as shown in Figure
2.12.  Above a misorientation angle of ~33°, the exponential dependence of the resistance on the
misorientation angle seems to subside. This could be associated with the suggestion that strongly
coupled channels remain open up to high angles and might disappear at misorientation angles
between 30° and 40°, leading to a continuously disordered grain boundary region [43]. However,
on the basis of the structural unit model has been calculated that also for an increase in misorientation
angle from 34° to 45° an increase in the width of the grain boundary should occur, although it is
questionable whether these calculations are generally valid as they were made for “special” asym-

Figure 2.12. Some results of the dependence of the normal state interface resistivity, RnA, on the misorientation
angle, θ, for a) symmetric (filled squares) and asymmetric (open circles) [001]-tilt grain boundaries in YBCO
thin films on SrTiO3 substrates, from [56], and b) symmetric [001]-tilt grain boundaries in YBCO thin films on  Y-
ZrO2 substrates, from [58]. The dependence of the critical current density, Jc, on the misorientation angle, θ, is
included in b).

a b
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metrical boundary planes. Resistivities of 36° boundaries have been reported to be significantly
lower than those for 34° boundaries, and also 28° boundaries had (slightly) lower resistivities
than 26° boundaries [58].  No reference was made to the potential implications of the atomic
arrangement associated with the Σ=5 and Σ=17 configuration of 36.87° and 28.07° grain bounda-
ries, respectively.
Below a misorientation angle of 15°, the grain boundary is expected to become strongly coupled,
leading to a vanishing interfacial resistance. Values for the resistance of low angle grain bounda-
ries have not been explicitly reported, but can be deduced from results of measurements in which
the current is biased above the critical current [40, 52]. However, the V-I gradient of a low angle
grain boundary is thought not to represent the resistance of the material itself, but be linked to the
flux flow resistivity. One can find values of 5–10×10-14 Ωm2 for a misorientation angle of 10° at 77
K and 5×10-15 Ωm2 for a misorientation angle of 4° at 4 K.
There are only very few data available for the temperature dependence of the interface resistance,
especially for the temperatures above Tc due to the troublesome accessibility of this temperature
regime. Most authors report a temperature independent resistance area product for angles rang-
ing from 15° to 24° [7, 45, 89, 90]. For the higher angles 37° and 45°, a decrease ranging from
10% to 60% upon increasing the temperature from 4.2 to 77 K has been reported [45, 66, 90].
Typical resistance area products for grain boundaries in high quality melt-textured YBCO are
similar to those reported in thin films and range from 5×10-14 Ωm2 to 1×10-11 Ωm2 for mixed (tilt
and twist) grain boundaries with high misorientation angles [43, 91-93].
There has been a lot of speculation about the reason for the magnitude of the grain boundary
resistance. The reported values of 10-13 - 10-11 Ωm2 are several orders of magnitude larger than the
so-called Sharvin resistance, which represents a lower limit for the interface resistance in metals.
The large resistance is indicative for an insulating zone at the interface, characterised by a reduced
density of mobile charge carriers. It is unclear why the dislocation cores at the interface should
behave like insulators, rather than like degenerated semiconductors of dirty metals. The large
specific grain boundary resistivity seems to provide an argument to rule out structural models,
which consider dislocation arrays as main cause of the normal state resistance. The insulating
behaviour has been attributed to oxygen depletion or disorder near the interface [73, 74]. How-
ever, there is no experimental evidence for the presence of interface layers with large enough
oxygen deficiency or disorder to render them insulating. Furthermore, it is difficult to understand
why grain boundaries in many high temperature superconductors behave similarly, although they
vary considerably in their oxygen related properties and their reaction to mechanical stress. For
these reasons, it has also been postulated that local bending of the electronic band structure
causes the reduced interface conductivity [88, 94]. The different mechanisms that have been
proposed for the observed transport properties of the grain boundary are discussed in more detail
in section 2.5.

There is one report of a measurement of the resistance of an asymmetrical 45° boundary
between 4.2 and 300 K [66], as shown in Figure 2.13. This measurement was carried out with a
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device consisting of one grain boundary bridge, and two identical intragrain bridges directly
adjacent of the grain boundary. Subtraction of the average resistance of the intragrain bridges
from the grain boundary bridge resistance leads to the grain boundary resistance. The resistance
between 100 and 300 K decreases linearly by a factor of 4. Below the transition temperature, the
resistance changes nonmonotonically with temperature, and reaches a maximum at 30 K.
However, the resistance at low temperatures is highly dependent on the current bias, shown in
Figure 2.14, which possibly causes this maximum. Furthermore, a peak is observed at the transition
temperature, which is associated with differences of 0.15 K in the transition temperature in the
grain boundary and intragrain bridges. Except for this peak, the grain boundary resistance of the
normal state and superconducting state extrapolate to the same value.

These authors [still 66] posit that the linear resistance –temperature behaviour cannot be
explained by elastic tunnelling from the vicinity of a well-defined Fermi surface across standard
Schottky contacts with temperature-independent barrier heights and widths. There, they argue, a
non-linear and weak resistance characteristic is expected, and the very special temperature
dependent energy profile required for a linear temperature dependence is considered unphysical.
Instead, they suggest that the formation of antiferromagnetic fluctations or local magnetic moments
could be of significant importance. The resultant magnetic scattering is expected to increase the
interface resistance with decreasing temperatures. Furthermore, they speculate about the influence
of the pseudogap on the tunnelling process in asymmetrical 45° boundaries. As the nodal and
antinodal directions of the pseudogap are in this case directly coupled, the tunnelling current is
most strongly reduced. As the pseudogap diminishes with increasing temperature, the boundary
conductivity is expected to increase. They note that the resistance – temperature curve is
characterised by one temperature scale, the extrapolated zero resistance intercept. In the reported

Figure 2.13. Temperature dependence of the
resistance of a 45° symmetric grain boundary in a
40 nm thick YBa2Cu3O7-δ film. The insets shows δR/
δT(T) for the grain boundary and the intragrain
resistivity of a grain located next to the grain
boundary. From [66].

Figure 2.14. Temperature dependence of the resistance
of a 45° symmetric grain boundary in a 40 nm thick
YBa2Cu3O7-δ film measured with a three-bridge device.
The inset shows the temperature dependence of the
resistance of a 45° asymetric grain boundary in a 50
nm thick film measured with a Wheatstone bridge
device. From [66].
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measurement this is 350 K, which corresponds to the pseudogap energy scale of underdoped
YBCO.

2.4 The d-wave order parameter symmetry

The high-Tc cuprates are characterised by a predominant dx²-y²-wave (d-wave) pairing
symmetry of the order parameter describing the superconducting condensate [95]. In the case of
film boundaries, the d-wave dominated symmetry together with the microstructure of the grain
boundaries causes a depression of the critical current density by one or two orders of magnitude
as the [001] tilt angle is increased from 0° to 45° [96]. The order parameter symmetry affects the
transport properties of grain boundaries in the high-Tc cuprates in various ways, of which four
will be discussed here.

First, owing to the spatial coherence of the wave function describing the superconducting
state, a boundary region with a depressed
order parameter is expected at the interface
between d-wave superconductors [97].
Typically, such a boundary region stretches
over a distance of the order of the
coherence length ξ from the boundary, as
shown in Figure 2.15a. The depression of
the order parameter is due to the
frustration caused by the different
crystallographic orientations of the
superconductors on either side of the
boundary and by the non-zero value of ξ.
The magnitude of this depression depends
among other parameters on the
misorientation angle, on the boundary
symmetry and configuration, on
temperature and on the materials involved.
For [001]-tilt boundaries it is expected to
be strongest for the maximal obtainable
misalignment angle, 45°, for which the
maximums of the order parameter of the
superconductor on the one side of the grain
boundary coincide with the nodes in the
gap-function of the superconductor on the
other side.

Second, the critical current density
of a grain boundary junction increases with
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Figure 2.15. Illustration of three mechanisms, by which the
critical current density of grain boundaries is reduced due to
the dx2-y2-wave order-parameter symmetry of YBCO: (a) at the
interface layer the order-parameter is depressed over a
distance of the coherence length ξ due to frustration caused
by the misorientation of the CuO2-planes; (b) the value of the
order parameter controlling the tunneling process is affected
by the grain-boundary misorientation; (c) due to the phase
difference of adjacent lobs of the dx2-y2-wave order parameter
and grain boundary faceting, the Josephson current flows
accros some facets in the direction opposite to the bias current
I. From [38].
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an increasing value of the order parameter component perpendicular to the grain boundary plane.
For a grain boundary junction formed by two d-wave dominated grains, this implies a strong
dependence of Jc on the orientations of the d-wave electrodes [7]. This is depicted in Figure
2.15b. Third, depending on their trajectories, quasi-particles may experience a sign change in the
pair potential when they are reflected at interfaces, or when they are transmitted through a grain
boundary in a dx²-y²-wave superconductor [81]. This effect can give rise to bound quasi-particle
states at midgap-energy [83]. These bound states reduce the order parameter and thereby influence
current flow [98-100].

Fourth, the order parameter orientations cause in specific orientations a π-phase shift across
a junction. Also because of the faceted microstructure of bicrystal boundaries, the intrinsic π-
phase shifts play an important role. This faceting leads in combination with the d-wave pairing
symmetry to an inhomogeneous distribution of the Josephson current, including regions with a
supercurrent counterflow, as shown in Figure 2.15c [101]. This inhomogenity causes anomalous
magnetic field dependencies of the critical current and it leads to spontaneously generated magnetic
flux [102]. The effect of π-facets on the grain boundary critical current is evident from the small
value of Ic of 45° [001]-tilt boundaries in zero applied magnetic field. In fields of a few Gauss
much higher critical currents are observed. The π-facets also improve flux pinning for small facet
length and therefore enhance the grain boundary critical current.

2.5 Band bending and electronic structure

The pairing symmetry does not significantly affect the normal state resistivity RnA of the
interfaces. The large RnA-values of typically 10-12 Ωm2 are indicative for the presence of an insulating
zone and a reduction of mobile charge carriers at the interfaces. According to the resistance
measurements and assuming an effective thickness of the resistive region of ~ 1 nm, the grain
boundary layers have a resistivity in the order of 10-3 Ωm. Therefore other mechanisms besides
the ones discussed seem to drive to grain boundary insulating.

A widely discussed framework to describe the exponential decrease of critical current density
and normal state conductivity with misorientation angle is the so-called model of band bending,
as proposed by Mannhart et al. [38, 56, 88, 94, 103]. These authors have proposed that bending
of the electronic band structure can be an effect strong enough to control the superconducting
properties. Bend banding modifies the mobile carrier density and the order parameter is locally
reduced. If depletion layers are formed with carrier densities so small that the transition from the
superconducting state into the antiferromagnetic state is induced the material can even show
insulating behaviour.

A main cause of band bending is thought to be local charging of the grain boundary. Charging
of the grain boundaries is expected to arise from an ionic charge surplus in the dislocation cores
or in the structural units, as well as from migration to the boundary of e.g. point defects in the
boundary’s stress-field. Charging will considerably enhance scattering of carriers and will give
rise to space-charge layers that reach into the adjacent grains. Another potential cause for charging
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are local variations in the work function, which will cause charge to flow from the bulk material
on either side of the boundary to equalise the Fermi levels. This charge transfer results in a space
charge region on both sides of the boundary, which causes the band bending in the boundary
region. Also the presence of surface states has been suggested to lead to charging.

Band bending and space charge layers are important features due to the large dielectric
constant and the small carrier density of YBCO, and the cuprates in general. The length scales
over which band bending occurs are in the range of 0.5 – 1 nm, and thus comparable to the
superconducting coherence length. Thereby the influence of the interfaces is extended far beyond
the structurally distorted region. In addition, the transport properties of YBCO depend more
sensitively on the carrier concentration than the transport properties of normal metals, for which
it is virtually impossible to induce a phase transition into an insulating state.

Depending on the sign of the work function difference, depletion or enhancement layers are
expected in the interface layer itself and in the adjacent crystals. In the case of a positive potential
at the boundary, the electronic bands will bend down, and the material will be hole depleted. This
situation is depicted in Figure 2.16. Bending of the band in the opposite direction is expected if
there is a negative potential, and the grain boundary will be
electron depleted. The sign of the charge on the boundary
has remained largely undiscussed, although it is of primary
importance in a discussion about band bending at the grain
boundary, e.g. regarding the influence of calcium doping
on band bending. If a potential at the grain boundary is
caused by oxygen depletion, as will be set out in the next
section, a positive potential and the associated hole
depletion is expected. Indeed, studies based on determining
the hole concentration from the oxygen K pre-edge peak in
TEM – EELS spectra indicate significant hole depletion at
the grain boundary [36, 37]. Also for SrTiO3, calculations
based on EELS spectra indicate that the grain boundary is
oxygen depleted, which leads to a positive charge at the
boundary [104, 105]. By using Transmission Electron
Holography it has been shown that grain boundaries in Mn-
doped SrTiO3 exhibit a negative potential with positive
space charge layers enveloping the grain boundary, but this
was solely attributed to the Mn that forms negatively
charged defects in the grain boundary [106, 107]. Only very
recently the presence of a negative potential drop and
electron depletion have been measured across a dislocation
in a 4° YBCO grain boundary using electron holography in
a transmission electron microscope [108]. However, the
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Figure 2.16. Sketch of a possible scenario
for bending of the electronic band structure
at a grain boundary. In the example shown,
there is a positive charge and consequently
hole depletion layers are formed at the
grain boundary interface. These cause a
depression of the superconducting order
parameter and a transition into the
insulating state in the region at the
interface. From [135].
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atomic configuration and charge distribution of an isolated dislocation might not necessarily be
representative for the situation in high-angle grain boundaries with a continuously disordered
interface region.

As band bending is not a phenomenon specifically associated with the superconducting
state, it will also influence the normal state properties of the grain boundary. A grain boundary in
the normal state has to be treated as a double Schottky-barrier, which behaviour is governed by its
high density of trapping states in the grain boundary region. The influence of band bending on the
normal state properties of grain boundaries can be estimated by approximating their structure by
three adjacent layers. The middle layer consists of the structurally disordered interface of width d.
In the structurally disordered layer the periodicity of the crystal is interrupted and the Fermi-
surfaces of the adjacent crystals meet under the misorientation angle. Furthermore, the disorder
associated with the grain boundary reduces the hybridisation of the CuO p-d bonds and thereby
also the carrier density at the interface [74]. The two neighbouring layers of width ld represent the
zones in which the electronic properties of the superconductor are electronically affected by the
grain boundary interface. The height of the barrier depends upon the density of trapping states,
which changes the Fermi level in the boundary region. The effective electronic width of the boundary,
t = d + 2ld has been estimated based on this reasoning [88, 103]. For example for a [001] tilt grain
boundary with a misorientation angle of 30°, the structural width d has been measured by TEM
and amounts to 0.4 nm [28]. The width of the depletion layer ld has been estimated by treating the
boundary like an abrupt semiconductor junction, and is given by:
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where εr the anistropic dielectric constant of the YBCO, Vbi the built-in potential of the grain
boundary and n is the density of mobile carriers in the undisturbed material. Estimations for the
dielectric constant in the a-direction of YBCO range from 5 to 100 [94]. A value of 10 was used in
this estimation, which is consistent with a Thomas-Fermi screening length λtf = 0.5 and also
agrees with field effect experiments. The energy scale for the built-in potential is given by the
work function of YBCO, and a value of 0.1 eV was used for eVbi. With n = 4.5 · 1021 /cm3, ld was
calculated to equal 0.16 nm, which results in a total electronic barrier width t of 0.72 nm.

This estimation shows that due to band bending the formation of an insulating layer at the
grain boundary with a width in the order of 1 nm is expected. Through an insulating layer of such
a thickness, transport of quasiparticles and of Cooper pairs occurs by tunnelling. Where Cooper
pairs tunnel only directly through the layer, quasiparticle transport can also take place by a multi-
step tunnelling process via localised states. These localised states are associated with dislocation
cores or other structural features in the grain boundary [80, 109-111]. The fraction of multi-step
tunnelling versus direct tunnelling processes is controlled by the density and nature of localised
states. In order to estimate the order of magnitude of the tunnelling resistance, the tunnelling
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process can be simplified by considering only direct tunnelling. According to the Wentzel-Kramers-
Brillouin (WKB) approximation, the resistance of a rectangular barrier with height eVbi is given
by
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K is the inverse decay length and is given by

2

2
h

bimeV
K =                                                          (2.4)

By using an effective mass m = 4.5 me, an inverse decay length K-1 = 0.29 /nm and a resistance
area product RnA of 4·10-12 Ωm2 are obtained. If the height of the built-in potential Vbi is doubled
to 0.2 eV, a width of the barrier t = 0.84 nm and a RnA of 2·10-10 Ωm2 are obtained. These estimations
indicate that values for the built-in potential of several hundred milivolts lead to RnA values in
agreement with experimental results [56]. However, this rectangular barrier model has been
suggested to be too simplistic to support such a conclusion, and the calculation should be expanded
to take a more detailed barrier shape into account.

The band bending model does not take any inhomogeneity of the electronic structure of the
grain boundary into account. Sarnelli et. al. have argued extensively that the dependence of the
product of the critical current and the resistance IcRn on the critical current density excludes the
possibility of a homogeneous electronic structure at the grain boundary [112-116]. The IcRn product
is a constant for conventional, low temperature junctions. The scaling of IcRn as a function of Jc of
cuprate grain boundaries indicates that the transmission mechanism for Cooper pairs and
quasiparticles is different and these authors explain this by assuming that the grain boundary
consists of an array of weakly superconducting regions separated by insulating or semiconducting
regions. Both cooper pairs and quasiparticles can tunnel through the weakly superconducting
regions, but the non-superconducting regions allow only the transport of quasiparticles. Calculations
based on the ratio of the width and conductivity of the non-superconducting and weakly
superconducting regions correctly predict the experimentally observed “saturation” of IcRn as a
function of Jc, as shown in Figure 2.17.

These authors suggest that the non-superconducting regions are formed by defects at the
grain boundary, such as dislocations in low angle grain boundaries, and behave much like a Dayem
Bridge. A Dayem Bridge is a narrow constriction of the order of the coherence length between 2
superconducting regions showing weak-link behaviour. Although the dislocations overlap at a
certain threshold value, these authors propose that weakly superconducting regions persist at
angles up to 30° - 40°. For fully oxygenated grain boundaries they predict that the current transport
is dominated by the weakly superconducting channels between constrictions. As the oxygen
content is reduced, the channel contributions are reduced and the normal resistance is dominated
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by resonant tunnelling whilst the critical current is depressed. This representation seems to be
specifically relevant to low-Σ grain boundaries, where the weakly superconducting regions can
be formed by the positions where the abutting lattices share an atom at the grain boundary
interface. This is illustrated for a 28° (Σ=17) grain boundary in Figure 2.17. In spite of the seeming
applicability of their model to low Σ grain boundaries, these authors do not discuss this possibility.

Figure 2.17. a) Scheme of the spatial behavior of the order parameter along a high-temperature superconducting
junction and microscopic interface configuration of a 28.07° grain boundary (Σ = 17) according to Sarnelli et al
[113-117]. b) Their description correctly predicts the “saturation” of IcRn as a function of Jc. Open circles are
data from [115]. Open squares are data from [57]. Solid and dashed lines are best fits of the model of Sarnelli et
al. to these data. Stars indicate Ca2+ doped YBCO junction data. From [114].
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2.6 Oxygen content

The electrical properties of bulk YBCO are highly sensitive to its average oxygen
stoichiometry. Small variations of the oxygen content are expected to lead to a reduction in the
local condensation energy of the grain boundary, and can render the material normal or even
insulating. Therefore, the local stoichiometry at the grain boundary has been considered as a
possible cause for weak-link behaviour. The role of oxygen has been unclear due to the difficulty
associated with the determination the oxygen concentration profile in the grain boundary vicinity
with high precision and high spatial resolution simultaneously. Both Energy Dispersive Spectrometry
(EDS) and the Z-contrast technique in TEM are not very sensitive for elements with a low atomic
number, like oxygen. Only high spatial resolution TEM / Electron Energy Loss Spectroscopy
(EELS) studies of the oxygen absorption edge have provided some experimental evidence about
the microstructures associated with weak-link character [41].

EDX, EELS and Z-contrast techniques used in TEM showed, within the respective
sensitivities of these methods, that grain boundaries of which the composition does not differ
from the bulk composition act as weak links [7, 26, 27, 117]. Also results for grain boundaries in
YBa2Cu4O8 confirm that stoichiometric grain boundaries form weak links between
superconducting grains [34]. This indicates that weak link behaviour is an intrinsic phenomenon
of high angle grain boundaries, which is not necessarily caused by oxygen deficiency. Furthermore,
by characterising the junction noise, the presence and density of charge trapping centres at grain
boundary junctions has been deduced [118]. Ozone annealing decreased the estimated density
of trapping sites, the normal state resistance, and the junction noise, but did not eliminate the
weak link behaviour. All results suggest that although oxygen deficiency affects the properties of
weak links, some other feature(s) of the grain boundary structure and chemistry must cause it.

Several theoretical studies have focussed on the influence of oxygen on the local electronic
properties of the grain boundary. One study highlighted the large influence of the oxygen
concentration profile of the grain boundary on its critical current density [119]. The extent of hole
depletion across a grain boundary as obtained by TEM-EELS was used to calculate the spatial
dependence of the order parameter, and from that, the critical current density of the grain boundary.
This method assumes that hole deficiency at the grain boundary is exclusively induced by oxygen
depletion, although there are other conceivable sources. In the case of a boundary with a
misorientation angle of 31° the reduction of the critical current density relative to the bulk can be
up to two orders of magnitude at low temperatures, and at liquid nitrogen temperatures even up
to three or four orders of magnitude. Another study uses the oxygen deficiency to formulate a
SαSβISβSα tunnelling / proximity model, where S is a superconducting and I an insulating layer
with a transition temperature Tcβ < Tcα [120, 121]. On the basis of comparison with measurements
of the temperature dependence of the critical current, the scale length for oxygen disorder is
estimated to be 3 nm.  Further analysis indicates that the extent of a partially depressed Tc layer
increases with misorientation angle. The distance from the grain boundary at which the bulk Tc is
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fully recovered differs from 7-13 nm in a 19° boundary to 40-50 nm in a 37° boundary.
Furthermore, oxygen has been suggested as a source of inhomogeneity at the grain boundary

[122-124]. Measurements of the superconducting properties of grain boundary junctions that
have been affected by electromigration currents suggest that oxygen disorder can contribute to (if
not cause) weak link behaviour. In this model, the oxygen sublattice is highly disordered and non-
uniform near the boundary. Intergranular connections consist of channel-like regions where the
oxygen disorder is not as severe as in other regions of the boundary. These channels have a lower
transition temperature than the grain interiors but are still superconducting. A large fraction of the
filaments from one grain will terminate in strongly disordered regions in the other grain, resulting
in a large density of Ohmic shunts in parallel with a few strong links. The microstructure is
consistent with the transport properties of the tilt boundaries in thin films grown on MgO substrates.

A similar approach to describe the transport properties of grain boundary junctions was
adopted by Gross et al. by assuming the presence of a layer with oxygen defects or disorder that
contains a high density of localised states [80, 111]. Charge transport through the insulating
barrier takes place by tunnelling and Halbritter worked out the tunnel exchange [109, 110]. Due
to the high density of localised states (1017 – 1018 cm-3 [61, 64]) the quasiparticle current is dominated
by resonant tunnelling. In contrast, due to Coulomb repulsion Cooper pairs can only tunnel directly.
Since the resonant tunnel channel for the quasiparticles can be viewed as an intrinsic resonant
shunt a model based on this mechanism is denoted as an Intrinsically Shunted Junction (ISJ)
model. In these models, spatial inhomogenities of the critical current are accounted for by spatial
variations in the barrier width [73]. The ISJ models predict that the resistance area product scales
with the critical current, which has been observed for deoxygenated grain boundaries, but not for
optimally doped grain boundaries. So, it seems that this class of models has only a limited
applicability.

2.7 Calcium doping

The doping of YBCO with calcium has been studied extensively, because its lower valency
in comparison with Yttrium (Ca2+ vs. Y3+) is assumed to have the effect of increasing the number
of holes in the conducting CuO2 layers. It will be shown in this section that a picture seems to
emerge in which local strain plays a central role in low angle grain boundaries. Tensile strain
decreases the oxygen vacancy formation energy in the grain boundary. The resulting oxygen
vacancies act as donors and result in a positive charge in the grain boundary plane and associated
downwards bending of the electronic band structure. The charge sets up a space charge region of
hole depletion caused by excess screening electrons. Calcium segregates non-monotonically along
the grain boundary, and decreases locally the tensile strain. This increases the oxygen vacancy
formation energy, and the lower oxygen vacancy concentration results in a reduced charge and
less band bending at the grain boundary. Concomitantly, calcium brings extra holes to the grain
boundary, which enhances local superconductivity by partial recovery of optimum hole doping. It
is unclear, however, whether such a mechanism also applies to high-angle grain boundaries.
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The modification of the properties of grain boundaries in YBCO by chemical doping has
been studied for numerous elements (e.g. Ag, Ca, Co, Ni, Pt), but only in the case of calcium
doping significant enhancements of grain boundary transport properties have been reported [38].
In Y1-xCaxBa2Cu3O7-δ, Ca2+ can be partially substituted for Y3+ in quantities up to x = 0.3. Calcium
substitutes primarily on the yttrium site [125], because its ionic radius is only slightly larger than
that of yttrium, but partial calcium substitution on the barium site increases as the calcium content
is increased [126]. The slightly larger ionic radius of Ca2+ in comparison with Y3+ causes the
volume of the unit cell to increase with increasing x [127]. An inherent feature of chemical doping
of YBCO is the decrease of Tc. For Y1-xCaxBa2Cu3O7-δ the Tc is typically decreasing from 93.5 K
for x=0, to 86.5 K for x=0.1, to 85.5 K for x=0.2, to 84 K for x=0.3 and to 75 K for x = 0.4 [128-
130].

If Ca2+ is substituted for Y3+ an electron must be removed from the CuO2 planes to compensate
this. Consequently, one additional charge carrier (hole) is introduced per substituted ion [131].
The total number of holes per unit cell is nd = 4+x-2δ. Thus, in order to keep the doping level
constant, it is expected that an oxygen atom has to be removed for every 2 Y3+ atoms that are
substituted by Ca2+. In practice, however, this prediction is not followed. The maximum transition
temperature for Y1-xCaxBa2Cu3O7-δ occurs for x = 0 at δ = 0.08, for x = 0.1 at δ = 0.22 and for x
= 0.2 at δ = 0.32. So, a larger oxygen loss than expected is required to reach optimum doping
level. If it is assumed that the number of holes per CuO2 layer is constant at the maximum transition
temperature [130], then it seems that the “hole affinity” of the CuO1-δ layer decreases with increasing
calcium content. If it is assumed the number of holes per CuO2 layer is 1.16, then the number of
holes in the CuO1-δ planes decreases from 1.52 for x=0 to 1.24 for x=0.2. This would be expected
on the basis of the charge redistribution in the unit cell, as negative charge is displaced from the
CuO1-δ planes to the YxCa1-x planes, which attracts holes to the CuO2 planes.

Studies of quasiparticle tunnelling spectra showed that the doping level influences the pairing
symmetry [79, 132, 133]. Where tunnelling spectra for underdoped and optimally doped YBCO
are consistent with a pure d-wave pairing symmetry, spectra in overdoped YBCO  indicate that
there is also an s-wave contribution. An s-wave contribution in tunnelling spectra is characterised
by long range and symmetric “subgap” peaks, which are absent in tunnelling spectra with a pure
d-wave pairing symmetry. From the presence of these peaks (at 9 mV) in overdoped
Y1-xCaxBa2Cu3O7-δ with x = 0.3 (p ~ 0.22) it was possible to estimate an s-wave contribution to the
pairing symmetry of 20%. It was suggested that this indicates significant changes in the
superconducting ground state and that the d-wave pairing symmetry need not to be essential to
the pairing mechanism in d-wave superconductors.

In spite of the degradation of the transition temperature of YBa2Cu3O7-δ due to calcium
doping, the transport properties of grain boundaries can be increased substantially, especially at
low temperatures. At 4.2 K, enhancements of the critical current density of grain boundaries with
misorientation angles of 24° to 30° in Y1-xCaxBa2Cu3O7-δ thin films range from a factor 2 – 4 for x
= 0.05 to an order of magnitude for x = 0.3, as shown in Figure 2.18a [134]. For 45° boundaries
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the reported enhancements are smaller, which is attributed to the fact that the d-wave pairing
symmetry has a strong influence at this misorientation angle [135, 136]. Reported enhancements
of the normal state resistance for misorientation angles 24° - 30° at 4.2 K are similar and range
from a factor 2 – 4 for x = 0.05 to over an order of magnitude for x = 0.3, as shown in 4.16b. The
transport properties for calcium concentrations larger than x = 0.3 deteriorate, which has been
attributed to the fact that this concentration exceeds the solubility limit for Ca in YBCO, and
therefore x = 0.3 is the optimum doping level at this temperature.

For 77 K the range of Ca concentrations that can be employed is narrower. The value of Jc

of a 24° boundary in a thin film with a doping concentration of x=0.06 slightly exceeds the highest
reported values for undoped samples [137, 138]. For doping concentrations of x=0.1 and higher,
however, calcium reduces the critical current density of the grain boundary, which is likewise
induced due to the strongly increased T/Tc at 77 K. The normal state resistance is less sensitive to
the reduced T/Tc at 77 K and enhancements range from a factor of 4 - 5 for x = 0.06 to a factor 5
– 6 for x = 0.1.

Also for low-angle grain boundaries significant improvements of the transport properties
for calcium doped films in comparison with pure YBCO films have been reported. Enhancements
up to a factor 2 have been reported for the critical current density of grain boundaries with
misorientation angles of 4° and 8° in Y1-xCaxBa2Cu3O7-δ with x = 0.2 [139]. For x = 0.3, calcium
doping has been shown to increase the critical current density in comparison with pure YBCO up
to 44 K [140]. The temperature dependence of the critical current is always closer to the intragrain
behaviour and oxygen overdoping brings the Jc(T) characteristics even closer. The E-J
characteristics of grain boundaries in films with x = 0.3 are intragrain-like, unlike those of pure
YBCO films, also in strong magnetic fields. The same study showed that the critical current
density of intragrain YBCO can increase up to 30% and a factor 3 in an applied field of 5 T for

Figure 2.18. Dependence of a) the critical current density and b) the resistance area product of symmetric 24°
[001]-tilt grain boundaries in Y1-xCaxBa2Cu3O7-δ films on the Ca concentration at 4.2 K. From [138].
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temperatures up to 44 K. At 77 K, the critical current density is reduced with an order of magnitude
for misorienation angles between 4° and 12° in Y1-xCaxBa2Cu3O7-δ with x = 0.1 [57].

To achieve enhanced grain boundary coupling together with a large intragrain Tc, local
doping of the grain boundaries on the length scale of the coherence length and the electrical
screening length is required. Such a possibility is offered by selectively doping the grain boundaries
by benefiting from grain boundary diffusion in doping heterostructures, as shown in Figure 2.19
[135, 141]. Ca diffuses much faster along the grain boundaries than through the bulk, which
makes preferential doping of the grain boundaries possible. The heterostructures have a Tc well
above 90 K and critical current densities above those of undoped YBCO. The application of
doping heterostructures to conventional coated conductors fabricated by Ion Beam Assisted
Deposition (IBAD) was found to enhance transport properties [142]. The incorporation of a 20
% Ca doped YBCO cap layer in the IBAD tape design led to an increase of the critical current
density by factors up to 2.2.

The deposition of a Y0.8Ca0.2Ba2Cu3O7-δ cap layer and subsequent annealing was observed to
reduce the microwave surface resistance of polycrystalline YBa2Cu3O7-δ thin films [143]. This was
attributed to the selective diffusion of Ca into the grain boundaries, and a similar effect was not
observed for singlecystalline YBCO [144]. The deposition of a Y0.8Ca0.2Ba2Cu3O7-δ cap layer on
an a-axis oriented YBCO film was found to significantly improve the transport properties of the
film [145, 146]. This was attributed to diffusion of Ca into 90° grain boundaries, which are
present in a-axis oriented films, and the associated enhancement of their transport properties.

Another method to selectively dope grain boundaries consists of applying a pure Ca-gel to
sintered YBCO [147, 148]. High temperature post-processing heat treatments at temperatures
between 500°C and 900°C are used to diffuse Ca preferentially into the grain boundaries. The Tc

of YBCO treated in this way is not significantly affected. The Jc is increased by a factor 2 after
annealing, but only at low temperatures (< 50 K). This Jc improvement is accomplished at an
optimum annealing time and a small deviation from this ideal annealing time results in a large
decrease of the Jc. Since this optimum annealing time depends strongly on the microstructure of

the YBCO, the factor 2 increase of Jc is
hard to reproduce. The decrease of the
Jc is related to the overdoping of the
grains with Ca supplied from the grain
boundaries leading to a severe decrease
of Tc close to the grain boundary.

Also in melt textured YBCO,
calcium has been reported to
preferentially dope the grain boundary
[149-151]. Diffusion of calcium leads
to a Ca concentration in the grain
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Figure 2.19. Illustration of the local doping of grain boundaries
intended by the use of grain boundary diffusion in doping
heterostructures. From [134].



Normal state properties of grain boundaries in Y1-xCaxBa2Cu3O7-δ

44

boundary of 5 times higher in comparison with the bulk YBCO. Improved critical current densities
and critical magnetic fields were reported for temperatures up to 85 K. Besides hole doping as a
cause for improved transport properties, these authors argue that a reduction of the grain boundary
energy due to the presence of calcium can reduce susceptibility of the grain boundary for
contamination. Also doping of YBCO with Ag is shown to lead to an improvement of transport
properties. This cannot be attributed to hole doping, as the valence of Y and Ag is equal. However,
because Ag has a slightly larger size, the improvements are related to a reduction of the extension
of the distortion at the grain boundary, and this is proposed a mechanism for grain boundary
enhancement in general.

The actual mechanism by which calcium doping improves the grain boundary properties
has not been well understood. According to the model based on bending of the electronic band
structure, the formation of space charge layers affect the current transport across grain boundaries
over a distance given by the electrostatic screening length [94, 152]. Ca2+ ions substitute Y3+ in the
blocking layers between the Cu-O planes, leading to the creation of additional holes in the Cu-O
planes. If this occurs in the grain boundary, calcium is speculated to reduce the height of a positive
electrostatic barrier potential. This leads to a decrease of the electrostatic screening length and
thus a reduction of the spatial extent of the depletion zones enveloping the grain boundary. In
addition, calcium is suggested to increase the local carrier density in the depletion zones, which
independently decreases the spatial extent of band bending at the grain boundary. Within the
framework of the influence of calcium on the extent of band bending, it was suggested that
calcium doping can be used to tailor the properties of grain boundary junctions [153].

The influence of the calcium percentage in the Y1-xCaxBa2Cu3O7-δ on the electronic barrier
thickness has been calculated on the basis of the
capacity of the grain boundary [154]. The grain
boundary capacity increases from 0.2 F/m2 for 0%
Ca to 1.0 F/m2 for 30% Ca substitution. If a constant
barrier potential of 0.2 eV is assumed, then these
values correspond to a decrease of the barrier
thickness from 0.8 nm to 0.2 nm. Since this is
approximately equal to the structural width of the
boundary [29], it would suggest that the charge on
the boundary has been completely eliminated due
to calcium doping. However, this is not in
correspondence with observations of the decrease
in the grain boundary resistance in the same calcium
concentration range. The resistance decreases only
fivefold, and it is expected to be exponentially
dependent on the barrier width. These authors relate
their results to the extremely inhomogeneous nature

Figure 2.20. Distribution of electrostatic potential
values as a function of distance from the centre of
the dislocation cores of a 4° [001]-tilt boundary in
Ca-doped and undoped YBCO. The solid lines are
the fitting results of a Gaussian potential
distribution. From [108].
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of the grain boundaries and changes in their effective area. They suggest that the narrowest regions
of the boundary dominate both the capacitance and the normal resistance and that the proportion
of these regions increases as the percentage of calcium is increased.

The first and only direct measurement of the influence of calcium on the spatial potential
distribution in a Y1-xCaxBa2Cu3O7-δ grain boundary has recently been measured by using electron
holography in a high-resolution TEM [108]. The chemical potential across a dislocation in a 4°
grain boundary was measured for YBa2Cu3O7-δ and Y0.8Ca0.2Ba2Cu3O7-δ, of which the results are
shown in Figure 2.20. It was found that 20% calcium doping decreases the negative potential at
the dislocation from 2.4 ± 0.3 V to 1.0 ± 0.1 V. The spatial extent of the dislocation core potential
was approximately halved from 1.7 ± 0.3 nm to 0.8 ± 0.2 nm. The authors interpret their results
in terms of the influence of the grain boundary core potential on the electron and hole occupation
of the Lower Hubbard band (LHB) in a Mott-Hubbard insulator. In the case of Ca-free YBCO,
they estimate that the measured potential lies well below the lower band edge, whereas for 20%
Ca-doped YBCO, the measured potential lies approximately at the lower band edge. The potential
crossing the lower band edge leads to an insulating state due to depletion of mobile charge carriers,
and since this happens to a far lesser extent in Ca-doped YBCO, the spatial extent in which the
dislocation core disturbs current flow is in this case much smaller. A graphical representation of
this reasoning is shown in Figure 2.21. These authors, however, hardly speculate about why the
presence of calcium has reduced the negative chemical potential, and only suggest that substitution

of Y3+ by Ca2+ at the dislocation
core helps to reduce the lattice
strain and core size at the grain
boundary, hereby referring to
atomistic simulations [126].

This study [126] uses
statistical thermodynamical and
kinetically limited models to study
the origin and evolution of space
charges and bend-banding effects
at low-angle grain boundaries in
YBCO and the effect of Ca doping
upon them. These calculations
suggest that the sign and
magnitude of space charge at the
grain boundary is strongly
dependent on the oxygen content
of YBCO. The free surface space
charge in YBa2Cu3O7 is estimated
to be negative and approximately
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Figure 2.21. Density of states and LHB occupation. Top panels show
the effect of a negative electrostatic potential V on the electrochemical
potential at the center of dislocation cores for (a) Ca-free and (b) Ca-
doped YBCO. Bottom panels show the spatial variation (from the center
of the dislocation cores) of electron and hole occupation per unit cell of
the lower Hubbard band for (c) undoped and (d) doped samples. The
chemical potential crossing the lower band edge leads to an insulating
state. The width w corresponds to the core region where the carrier type
is inverted and represents the spatial extent that is presumed to act as a
barrier to flow of supercurrent. From [108].
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a factor 4.4 (at 1000 K) smaller in comparison with the value for the positive free surface space
charge YBa2Cu3O6. These results for the sign and magnitude of the space charge are assumed to
be transferable to grain boundaries. Additionally, these authors also suggest that a larger portion
of the bulk material is exposed to the influence of the grain boundary in the case of YBa2Cu3O6. In
this scenario, the influence of calcium on the grain boundary seems to depend strongly on the
oxygen content of the grain boundary. In the case of YBa2Cu3O6, it is suggested that thermally
activated vacancies act as a screening mechanism for the space charge. The intrinsic negative
charge associated with the substitution of Y3+ or Cu2+ by Ca2+ can neutralize the positive potential
at the grain boundary. In YBa2Cu3O7, the charge screening mechanism is suggested to be mobile
holes. The increase of hole content associated with calcium doping enhances the screening effect
by mobile holes. The strong screening effect helps to decrease the area of influence of the grain
boundaries. Calculations indicate that space charge for an idealized Y1-xCaxBa2Cu3O7-δ grain
boundary is for 8% calcium doping (x = 0.08) approximately one third in comparison with an
undoped grain boundary. This is roughly in agreement with results obtained by TEM holography
[108].

A more specific explanation of the
formation of charge at the grain boundary and
the influence of calcium on it was recently
given on the basis of density-functional
calculations for a 4° grain boundary [155]. The
calculations show that the oxygen vacancy
formation energy is significantly reduced in
YBCO in 5% tensile strain, which is locally
expected in a low angle grain boundary, in
comparison with bulk, unstrained YBCO. The
results of these calculations are shown in Figure
2.22. Oxygen vacancies act as donors and
result in a positive charge at the grain boundary.
Due to the larger ionic size of Ca2+, the
substitution of Y3+ by Ca2+ reduces the local
tensile strain, and therewith increases the
oxygen vacancy formation energy. These
authors verify the suggestion that Ca2+ replaces
Y3+ specifically in strained regions of the grain
boundary experimentally by means of (S)TEM-
EELS. Further evidence for the non-monotonic
Ca variation along the grain boundary has been
given on the basis of high-angle annular dark-
field Z-contrast (atomic weight dependent

Figure 2.22. Result of first-principles calculations of the
Ca and O vacancy formation energy in bulk YBCO. a)
Energy required to to substitute Ca on different lattice
sites as a function of biaxial strain. b) Oxygen vacancy
formation energy in bulk, unstrained YBCO, YBCO under
5% tensile strain and Ca-doped YBCO under 5% tensile
strain. A tensile strain of more than 10% can occur at
dislocation cores in low angle grain boundaries. From
[155].

a

b
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contrast) TEM imaging and EELS [156], as
shown in Figure 2.23. These data show that the
Ca content in the tensile part of the dislocation
core exceeds the nominal bulk concentration by
55%, whereas Ca is absent outside these regions.
This results in the expansion of the dislocation
cores and shrinkage of the current channels
between the dislocation cores. These authors
attribute the increased critical current densities
they observe to hole redistribution and
associated enhanced superconductivity in the
dislocation cores.

2.8 Conclusion

A picture seems to emerge in which strain
in high-angle grain boundaries plays a central
role at the grain boundary interface. On one
hand, even a low amount of strain can have
considerable effects on the transport properties
of YBCO. A strain level of only 1% can induce
the orthorhombic to tetragonal transition of the
YBCO, and hence render it non-
superconducting [26]. In addition, it was
suggested that small changes of the local
structure in the vicinity of the grain boundary should induce large variations of the valence of the
copper ions, which control the superconducting as well as the normal state transport properties
[119]. By relating bond-valence-sum analysis [28] to strain analysis [30] of low-Σ grain boundaries
it was shown that the phenomenological criterion for the suppression of strain at lattice level in
YBCO should be approximately 3 – 4 %. Using the latter value as the cut-off for YBCO being
superconducting results in estimations for the thickness of non-superconducting layers enveloping
low-Σ, high-angle grain boundaries of 0.3 – 1 nm [31].

On the other hand, tensile strain decreases the oxygen vacancy formation energy in the
grain boundary [155], which has on itself a dual effect. Superconductivity in the cuprates is highly
dependent on the oxygen content of the material, and small deviations from the optimal content
can lead to a considerable depression of Tc. In addition, oxygen depletion can induce the formation
of an intrinsic positive charge [126]. Both oxygen depletion and the formation of a positive
charge at the grain boundary leads to bending of the electronic band structure and hole depletion
[56, 88, 94, 103, 108], which results in the formation of a tunnel barrier and the deterioration of
the transport properties in both the normal and superconducting state. Deoxygenation of the film

Figure 2.23 a) Ca segregation at the GB of a 30% Ca-
doped sample.b) Experimental data points of the Ca
concentration variation along the grain boundary. The
solid curve shows the ratio c(0,y)/c0 of the local Ca
concentration c(0,y) to the bulk value c0. From [155].

a

b
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will result in an additional widening of the oxygen and hole depleted region at the grain boundary,
and in this case localised states have been suggested to form in the grain boundary region [111].

The very inhomogeneous nature of the grain boundary has to be superimposed on this
picture. The strain state and hence the electronic structure of the grain boundary can vary greatly
over the grain boundary interface [15]. Whereas highly strained regions can make the grain boundary
opaque for charge carriers, it is feasible that weakly conducting channels or “microbridges” exist
at less strained regions [112-116]. The transport properties will be dominated, at least at low
voltages, by the least strained, best conducting regions. Apart from these strain-induced effects, it
has been suggested that magnetic scattering due to local magnetic moments at the grain boundary
can have a considerable influence on the superconducting and normal-state properties of grain
boundaries in the cuprates [66]. It seems unclear how this effect can be correlated to the structure
of the grain boundary. The presence of the d-wave pairing symmetry in the cuprates is predicted
to only have a significant effect for asymmetric 45° grain boundaries [114].

Calcium is subsequently suggested to alleviate the impeding effect of grain boundaries by
alleviating the strain at the interface [155, 156]. Calcium segregates non-monotonically along the
grain boundary, and decreases the locally the tensile strain. This increases the oxygen vacancy
formation energy, and the lower oxygen vacancy concentration results in a reduced charge and
less band bending at the grain boundary. Concomitantly, calcium brings extra holes to the grain
boundary, which enhances local superconductivity by partial recovery of optimum hole doping.
The dual effect of calcium doping is expected increase the proportion of the narrowest, best
conducting regions, which control both the critical current density and the normal state resistivity
[154].
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3 Experimental methods
In this section the applied experimental methods are outlined, including fabrication,

morphological, microstructural and electrical characterisation of the samples.

3.1 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a convenient and efficient technique for the synthesis of
high-Tc superconducting thin films [1]. In Figure 3.1 a schematic diagram of a PLD system is
shown. In PLD of  YBa2Cu3O7-δ  (YBCO) thin films, a pulsed laser strikes a bulk YBCO target.
Some of the target materials are removed, escaping in the form of a plume. Part of the plume
comes in contact with the surface of a heated substrate kept a few centimetres away from the
target. The plume consisting of the building blocks of the YBCO lattice covers the substrate. The
result is the growth of a thin film of YBCO with the same chemical structure and composition as
the target. PLD offers numerous advantages, including film stoichiometry close to the target, low
contamination level, high deposition rate and non-equilibrium processing.

All films used for this investigation were fabricated by PLD, but 3 different PLD systems
were used in 3 different locations. The majority of the films were fabricated in Cambridge by the
author, but films from Los Alamos [2] and Seoul [3] were also investigated. Below follow the
fabrication characteristics and procedure for the PLD system in Cambridge. The main differences
with the systems in Los Alamos and Seoul will be discussed subsequently.

The films were deposited using an excimer laser operating at 248 nm (KrF radiation) and a
10 Hz repetition rate. The laser spot passed through a primary 28 mm × 15 mm aperture, and then
was focused to a spot with an area of 3 – 5 mm2 at the YBCO target, striking the target at an angle
of 45°. The calculated energy density, based on the energy measured just outside the deposition
system, was 2.5 – 3.7 J/cm2. The target was rotated to prevent target deterioration. Commercial
targets (Praxair) with a composition YBa2Cu3O7-δ and Y0.8Ca0.2Ba2Cu3O7-δ and a density greater
than 5.95 g cm-3 were used. The target was
sanded after each deposition to remove ablation
damage.

The used substrates were commercially
available 5 mm × 10 mm SrTiO3 [001]-tilt
bicrystalline substrates with different
misorientation angles. The substrates were
mounted on a resistively heated block using
silver paint, air-dried at 100 °C, and then
positioned in the deposition system 55 - 70 mm
away from the target. The system was pumped
to a base pressure of 1 × 10-5 mbar or lower,
and the substrate heater block heated with 10
°C/min to a temperature of 765 °C, as measured Figure 3.1. Schematic illustration of a PLD system [1].

3. Experimental methods
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by thermocouple mounted inside the block ~2 mm behind the substrate. Temperature
measurements with a pyrometer (an infrared radiation thermometer) showed that the surface
temperature of the heater block was ~ 50 °C higher, whereas the temperature of the substrate was
~ 35 °C higher then the temperature measured by the thermocouple.

Oxygen was flowed into the chamber at a constant rate in order to obtain an oxygen pressure
of 0.20 mbar in the chamber. The target was pre-ablated with 600 pulses before removing a
shutter and depositing a film in 2000 pulses. After deposition, the temperature was decreased at
9 °C/min to 440 °C. When the temperature reached 740 °C (as measured by the thermocouple),
the chamber was filled with oxygen. The sample was annealed at 440 °C for 60 minutes, and then
the sample was cooled to room temperature by switching off the heater.

The most notable differences of the procedures for PLD as used in Los Alamos and Seoul
was the use of targets. In Seoul only an YBa2Cu3O7-δ target was used. In Los Alamos, a segmented
target was fabricated. One segment, with an area of 10 % of the total target area, had a composition
Y0.7Ca0.3Ba2Cu3O7-δ, while the remaining 90 % had a composition YBa2Cu3O7-δ. Therefore, the
overall calcium content of the target was 3 %. These films were grown at a temperature of 790°C,
an oxygen pressure of 0.27 mbar, a repetition rate of 6 Hz, and the sustrate-target distance was 5
cm. The films were deposited in 3600 pulses.

3.2 Annealing

Annealing of the fabricated films was carried out in order to be able to vary the oxygen
content in a film. Films were annealed after patterning (section 3.5), so that it was possible to
characterise the properties of the same grain boundary with the same device while the oxygen
level in the film was varied. A specially designed furnace used for annealing consisted of a vertical
glass tube in a furnace. The glass tube was connected with an oxygen supply, so that it was
possible to have oxygen flowing through the tube during annealing. The sample was placed in a
small bucket made from high purity gold foil and platinum wire. It was then suspended within the
glass tube of the furnace. The furnace was sealed and an oxygen flow was established through it.
The furnace was then heated to the desired anneal temperature. At the end of the annealing time
a small thermos filled with liquid nitrogen was placed under the tube. The sample was dropped
into the liquid nitrogen, resulting in a rapid quench. The sample was warmed to room temperature
under flowing nitrogen in order to prevent any condensation of water on the surface of the film.

3.3 Atomic Force Microscopy

The surface of the deposited films was examined using atomic force microscopy (AFM).
After patterning of the films, AFM was also used for investigation of the obtained tracks of the
pattern. The principle of AFM is schematically represented in Figure 3.2. The Nanoscope III
AFM used was operated in Tapping mode. With the Tapping mode technique, a cantilever is
oscillated near its resonant frequency as it is scanned over the sample surface. The probe is brought
closer to the sample surface until it begins to intermittently contact (“tap”) on the surface. This
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contact with the
sample causes the
oscillation amplitude
to be reduced. Once
the tip is tapping on
the surface, the
oscillation amplitude
scales in direct
proportion to the
average distance of
the probe to the
sample. The
oscillation level is set
below the free air
amplitude and a feedback system adjusts the cantilever-sample separation to keep this amplitude
at roughly the same value as the tip is scanned in a raster pattern across the surface. Accordingly,
AFM images consist of height and tip amplitude data. The height data were used for quantitative
analysis, such as measuring film thickness, whilst the amplitude data highlight sharp changes in
surface height. The area imaged by the AFM is at most 50 µm × 50 µm, so only a small area of the
sample is scanned and it is possible that this area is not representative.

3.4 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is
based on the formation of an image by electrons that
are transmitted through a specimen. To accomplish
this an accurate illuminating and imaging system is
necessary [4]. Figure 3.3 schematically depicts the
arrangement of a TEM-system. Electrons are emitted
from an electron gun with a small effective source
size (a few micrometers, or less, in diameter) with a
well-regulated energy of 105 – 106 eV. Several
electron lenses are used to provide a range of
conditions for the illumination of the specimen with
a very small convergence angle.

The objective lens, placed immediately after
the specimen, is the critical lens for the determination
of the image resolution and contrast. Beyond that
there is usually a strong, short focus projector lens
to increase the total magnification after the first stage

Figure 3.2. Schematic illustration of an Atomic Force Microscope.
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of magnification, of 100 or so, given by the objective lens. Between the objective and projector
lenses are usually inserted several relatively weak lenses, which are added to provide flexibility
and convenience in the variation of magnification of the final image over a wide range possibly,
102 – 106. They also allow the diffraction pattern, formed in the back focal plane of the objective
lens, to be imaged. The final image is normally viewed on a fluorescent screen that can be removed
to allow recording of the images on photographic plates. Besides this, the use of electronic and
digital detection and recording systems is becoming increasingly common. The entire microscope
column must be evacuated. Low pressures (10-6 Torr) are necessary to avoid appreciable scattering
of the electrons by air molecules.

A Philips/FEI company dual beam Focused Ion Beam / Scanning Electron Microscope was
used to prepare sections of the grain boundary perpendicular to the surface of the thin film [5].
The technique consists of “cutting” a thin slice with a width of ~ 20 µm and a thickness of ~ 100
nm out of the sample. The obtained lamellae were transferred to a grid in order to investigate the
path of the grain boundary perpendicular to the
surface by means of TEM. For the investigation
described in this project two Philips CM30
microscopes were used, provided by the Dutch
National Centre for High Resolution Electron
Microscopy (NCHREM) situated in Delft, The
Netherlands. The specifications of both
microscopes are depicted in Table 3.1.

3.5 Patterning of the films

Standard photolithography and ion beam
etching techniques [6, 7] were used to pattern
the films. In the case of the bicrystalline films,
the alignment of the desired pattern with respect
to the grain boundary is of crucial importance.

Figure 3.4. A 24° bicrystalline SrTiO3 substrate after
etching in hydrofluoric acid. The grain boundary can be
seen in the middle. The patterns left and right of the grain
boundary  arise due to preferential etching of dislocations
parallel to the a- and b-orientations.

Table 3.1. Specifications of for this investigation used Philips CM 30 Transmission Electron Microscopes.

Microscope CM30T CM30UT-FEG

Electron gun thermionic field-emission

Cathode material LaB6 W

Acceleration voltage [kV] 300 300

Point to point resolution [nm] 0.23 0.17

Elemental sensitivity EDX boron boron

Spot size for EDX [nm] 10 1

Spot size for nano-diffraction [nm] 10 1
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Therefore, a small amount of YBCO was removed by using  etching in hydrofluoric acid and
increase the visibility of the grain boundary during the lithography process, as shown in Figure
3.4. By UV-beam lithography and argon ion-milling patterns were produced from the films. The
patterns consisted of single tracks as well as several types of Wheatstone bridge configurations.
In section 4.1 the properties of the Wheatstone bridge configuration will be examined. Gold pads
for electrical contacts were fabricated using sputter deposition and chemical lift-off lithography.

3.6 Electrical characterisation of the films

Electrical measurements were carried out with the use of a probe that was dipped in a
dewar with liquid helium. This made it possible to investigate the electrical properties of the films
in a temperature range of 5 K to 300 K. The dip probe was built by Dr P.F. McBrien [8] and
renovated by the author. Patterned films (also known as chips) were mounted on a copper block
containing a silicon diode thermometer, a heater and a coil (for applying a magnetic field).
Temperature control of the probe was achieved using a Lakeshore 340 PID temperature controller
connected to a PC and by manual adjusting of the position of the probe with respect to the level
of the liquid helium in the dewar. In the case of measurements as a function of temperature, the
sample was cooled or heated at a constant rate between 2 and 3 K/minute. There was a variation
in temperature reproducibility of approximately 1 K, depending on the rate and direction of change
of the temperature.

Electrical connections between the chip and the contacts of the probe were made by ultrasonic
wedge bonding with 25 µm diameter aluminium and gold wire. Measurements lines running to
the sample are wired through capacitive lead through filters to attenuate high frequency noise.
These lines are connected to a voltage amplifier or current source by a matrix board (which was
used to select the device to be measured) or alternatively by a computer driven switch array. The
switch array offered considerable time savings for the measurement as several measurements
could be carried out simultaneously, but it slightly increased the signal noise. Current was applied
to the devices by means of a quasi DC (~15 Hz) low noise current and voltage source (typical
noise level was 0.5 – 1 µV in a 10 kHz bandwidth). The output voltage was amplified by a low
noise amplifier and detected by a 16 bit National Instruments analogue to digital card. A band
pass filter also filtered the signal. All measurements were carried out with a four-point technique.
The data were recorded by means of a pc equipped with a specially designed data acquisition
application for the software package National Instruments Labview.
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4 The grain boundary normal state resistance
In this Chapter the development of methods to measure and model the resistance of grain

boundaries in superconducting films is described. In the first section the Wheatstone bridge is
discussed, which was used throughout this work to measure the grain boundary resistance. In the
second section the development and application of a model for electrical charge transport through
a grain boundary is described.

4.1 Measuring the normal state resistance

The Wheatstone bridge is an electrical bridge circuit used to measure resistance. It consists
of four resistances connected in a square, a current input, and a voltage gauge, as shown in Figure
4.1. If the bridge is balanced, the voltage reading Vg should be zero. This yields the following
relationship between the four resistances:
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R =                                                     (4.1)

If this condition does not apply, the bridge will show a finite voltage
reading. The extent of deviation from condition (4.1) can be expressed
by the imbalance Rw, which is given by the voltage divided by the applied
current. In terms of the values of the four resistances, the imbalance is
given by:
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In this study, the Wheatstone bridge
configuration was used to determine the
resistance of grain boundaries in YBa2Cu3O7-δ

(YBCO) above its superconducting transition
temperature. Because of the high resistivity of
YBCO in its normal state, it is not feasible to
measure the resistance with a four-point
measurement on a single track crossing the grain
boundary. In this case it is not possible to
separate the contribution to the resistance of the
track of the grain boundary from that of the
YBCO. The Wheatstone bridge geometry was
applied on the grain boundary as depicted in

Figure 4.1. Schematic
representation of the
Wheatstone bridge
configuration.

a
2 µm

gb

Figure 4.2. Wheatstone bridge and grain boundary.
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Figure 4.2. This configuration gives rise to an increased value of two of the four resistances of
the Wheatstone bridge. If this added resistance is for both resistances the same value, namely the
resistance of the grain boundary, Rgbs, then the imbalance of the Wheatstone bridge is given by

gbsW RR 2
1−=                                                       (4.3)

Although the geometry of the Wheatstone bridge provides a direct measurement of the
resistance difference of its different arms and hence of Rgbs, the absolute values of the resistances
of each bridge cannot be inferred and so the reliability of the measurements cannot be evaluated.
It is, however, possible to deduce this by connecting the current leads to adjoining points (e.g. A
and B in Figure 4.1) instead of opposite points (e.g. A and C in Figure 4.1) of the bridge. The
voltage leads can then be connected to the two remaining adjoining points (e.g. C and D in
Figure 4.1). Assuming the four “arms” of the Wheatstone bridge have the same resistance, i.e. in
the absence of a grain boundary, then the resistance of one arm can be calculated by:

I
V

Ra 4=                                                             (4.4)

If the Wheatstone bridge crosses a grain boundary there will be two possibilities to connect
the current and voltage. One in which the voltage contacts (and the current contacts) are on one
side of the grain boundary, and one in which the voltage contacts (and the current contacts) are on
both sides of the grain boundary. The measured voltages over the applied current for both
configurations are now given by
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respectively (V1 – contacts on 1 side of the grain boundary, V2 – contacts on 2 sides of the
grain boundary). The imbalance of the bridge can now be calculated as follows:
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where RW
inf should be the same as RW as in (13). If the resistances of each pair of arms were

not identical, then RW
inf would not in general be equal to RW. It is also possible to deduce the
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resistances of each of the two types of arms with
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Behaviour of a superconducting Wheatstone bridge

The behaviour of a superconducting Wheatstone bridge has been investigated in order to
obtain insight in its imbalance. The temperature dependence of the resistance of a superconductor
has been approached by:
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Where Tc is the superconducting transition temperature and d is proportional to the width
of the superconducting transition. Rn(T) is the temperature dependence of the normal state and is
approximated by:

Kn RcTTR 300)300()( +−=                                                (4.10)

Where c is the temperature coefficient and R300K is the resistance at 300K of the material.

4. Method development

Figure 4.3. Simulated curve of the dependence of the resistance on the temperature of a superconductor with a
transition temperature of 90 K and a resistance of 100 at 300K.

0

5

10

15

20

25

30

35

40

86 87 88 89 90 91 92 93 94

T (K)

R
 (

a.
u

.)



Normal state properties of grain boundaries in Y1-xCaxBa2Cu3O7-δ

68

Note that according to this equation the
material has a residual resistance at 0 K of
R300K -300c. Figure 4.3 shows the
approximated temperature dependence
according to (4.9) and (4.10) with the
following values for the four parameters:
Tc = 90 K, d = 0.2, R300K = 100, and c =
R300K / 300 = 0.33. The temperature
coefficient of the material is chosen such
that there is no residual resistance at 0 K.
The imbalance of the bridge has been
calculated with (4.2). Figure 4.4 shows the
calculated behaviour of the imbalance a Wheatstone bridge as a function of temperature. The
parameters used are shown in Table 4.1.The typical spike in the imbalance around 90 K is caused
by the lower transition temperature of R1. Due to the remaining resistance of R1 in comparison
with the rapidly vanishing resistance of R1, R2 and R3 around 90 K, the imbalance of the bridge
will increase temporarily. This phenomenon was observed in many of the temperature dependent
imbalance measurements of the actual bridges.

Estimation of imbalance of a Wheatstone bridge due to geometrical errors

In a Wheatstone bridge that contains a grain boundary, the resistance of the grain boundary
will imbalance the bridge. In addition to this, an “intrinsic” imbalance will inevitably be present in
the bridge due to patterning inaccuracy and film inhomogenity. Figure 4.4 shows the imbalance of
a simple square bridge (Figure 4.2) patterned in a single crystalline film. On the left hand axis, the
resistance is shown as the inaccuracy the bridge would cause in the resistance area product if a
grain boundary were present. On the right hand axis, the imbalance is shown as a resistance. As

R1 R2 R3 R4

Tc (K) 89.00 90.00 90.00 90.00

R300K 110.0 100.0 110.0 100.0

c (K-1) 0.37 0.33 0.33 0.33

d 0.2 0.2 0.2 0.2

Table 4.1. Values for parameters used in the Wheatstone
bridge simulation in Figure 4.4.

Figure 4.4. Simulated curve of the dependence of the imbalance on the temperature of a superconducting Wheatstone
bridge at its transition temperature. The values of the for the simulation used parameters are given in Table 4.1.
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shown in Figure 2.11,
values for resistance
area products, RnA,
are 1·10-13 - 1·10-11

Ωm2 for grain
boundaries with
misorientation angles
ranging from 24° to
45°, respectively [1,
2]. Since this
Wheatstone bridge
has an intrinsic
imbalance of 1.5 -
4·10-12 Ωm2, it will not
be possible to
characterise grain

boundaries with angles at the lower end of the range of misorientation angles.
In order to make an estimation of the imbalance of a bridge due to patterning inaccuracies,

the imbalance of a typical simple square bridge has been estimated using an AFM image. The
bridge shown in Figure 4.6 has been used to carry out this calculation. The imbalance of this
bridge has been determined by estimating the resistance of each of the four arms. The resistance
of each of those tracks is given by:

wt
l

R
ρ

=                                                             (4.11)

Where ρ is the resistivity of the material,
l the length of the track, t the thickness of the
track and w the width of the track. In reality, the
latter two parameters will vary over the length
of the track, and the length of the four tracks
will not be equal. To simplify this study however,
not only the resistivity, but also the height and
the length of the four tracks has been assumed
to be equal. The resistance of a track can now
be calculated by:

∫∫ = dx
xwt

l
RdR

)(
1ρ                    (4.12)

4. Method development

Figure 4.5. Dependence of the voltage / current ratio on temperature of a Wheatstone
bridge in a single crystalline film.

Figure 4.6. AFM image of a square Wheatstone bridge.
A division on the horizontal (z-) axis represents 1 µm.
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Where x is defined as the direction parallel to the track. The proportion of the four tracks
with respect to each other can be obtained by calculating the sum of the reciprocal values of the
width along the length of the track:

∑
=

=

∝
lx

x W
R

0

1                                                          (4.13)

Figure 4.7a is a version of this image in which only the area of the bridge with a height
above a certain threshold is white, while all lower parts are parts are black. Basically, there has
been assumed that all parts of the bridge above this threshold have the same height, and that all
parts below this height do not contribute to the current conduction. Figure 4.7b shows one leg of
the bridge which is divided into slices of ~ 0.05 µm. The mean width of each slice was calculated
and their reciprocal values were added in order to obtain for each track a relative value for its
resistance. These values were multiplied by a constant factor, such that the resistance of each
track was 69.4 Ω on average. This value was obtained by a resistive measurement on this same
bridge. The imbalance due to the inequality of these hypothetical resistances was evaluated by
means of (4.2) and appeared to be ~5 Ω, which is in good agreement with the measurement
shown in Figure 4.5. This calculation shows that patterning inaccuracies account for a substantial
amount of the imbalance of a square bridge. Therefore it is necessary to think about possibilities
to lessen the effect of the intrinsic geometric imperfection caused by the used processing methods.

Figure 4.7. a) Duotone image of the Wheatstone bridge shown in Figure 4.6. b) Close up of the right-hand
vertical arm of the bridge shown in Figure 4.7a. The arm is divided in 150 slices with equal width.
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Development of optimum bridge geometry

Mathur et al. used thin film Wheatstone bridges for the first time
to measure the magnetoresistance of grain boundaries in La0.7Ca0.3MnO3

[3]. In order to enhance the accuracy of the measurement method,
Wheatstone bridges meandering over the grain boundary were used in
this study. The Wheatstone bridge geometry used by Mathur et al. is
shown in Figure 4.8. By having the two opposite arms of the Wheatstone
bridge crossing the boundary a number of times, the accuracy of the
measurement can be enhanced drastically. The contribution of the grain
boundary to the imbalance increases linearly with the number of times n
the grain boundary is crossed:

gb
n

W RR 2−=                                                       (4.14)

The standard deviation of Rw, however, increases as √n. The signal
to noise ratio is therefore predicted to increase as √n. On the other hand,
as the bridge is longer, long range film inhomogeneities and film thickness
gradients will start to play a larger role. Therefore, there is an optimum
at a certain n between minimizing the short range patterning
inhomogeneities and the long-range film inhomogeneity. In order to
investigate the feasibility to increase the accuracy of the measurement
by making n > 1, Wheatstone bridges that cross a grain boundary 11, 21,
41 and 81 times in one arm were designed. The four different bridge
geometries are shown in Figure 4.9. Independent of the bridge length,
some additional design considerations have to ensure a high accuracy:

• the connections between the tracks crossing the grain boundary
are wide in order to minimise the
influence of irregularities in these parts;
• sharp corners are avoided in places
where a high current density is expected
in order to facilitate reproducible
processing;
• the connections between the arms
ensure a completely symmetric current
flow.

Eight devices were fabricated of
each of the four designs in single
crystalline thin films with no significantly
different thickness and transition

Figure 4.8. The Wheatstone bridge
geometry used by Mathur et al. to
study the properties of grain
boundaries in  La0.7Ca0.3MnO3 [3].
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20 µm

4. Method development

Figure 4.9. Wheatstone
bridges that cross a
grain boundary a) 11, b)
21, c)41 and d) 81 times
in one arm.
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temperatures between 87 and 89 K. The imbalance of the devices was measured between room
temperature and the transition temperature, and resistance area products were calculated as if a
grain boundary was present in the devices by using:

n
wtR

AR w
n

2
=                                                         (4.15)

where w is the width of the tracks (2 µm) and t the thickness of the film. A measure for the
inaccuracy induced if a grain boundary were present is given for each device length by the population
standard deviation of the resistance area products, σn-1, of the resistance of the 8 equivalent bridges.
This is shown in Figure 4.10 as a function of temperature for 3 sets of 8 bridges that cross the
grain boundary 11, 21, and 41 times. The resistance as a function of temperature exhibits the same
behaviour as YBCO, which indicates that the imbalance of the structure results from homogeneous
YBCO. The bridge geometry crossing a grain boundary 81 times has a high resistance in comparison
with the smaller bridges, and therefore it was not possible to obtain realistic results from this
structure. The bridges with 21 and 41 tracks crossing a grain boundary exhibit a similar accuracy.
As the use of a longer bridge means that a smaller number of bridges can be fitted on a length of
grain boundary, it was decided that a bridge with 21 tracks crossing a grain boundary is most
suitable for this study.

Another parameter that can be varied in the bridge design is the overall size of the bridge.
As the bridge design is scaled up in size, the patterning inaccuracies, which have a fixed length,
will have relatively a smaller influence on the measured voltage. On the other hand, in order to
obtain the resistance area product, RnA, the measured imbalance will have to be multiplied by a
larger cross sectional track area (4.15). In order to assess the influence of the size of the bridge,
3 different bridge sizes were designed and patterned on single crystalline thin films. The imbalance
of the devices was measured between room temperature and the transition temperature, and
resistance area products were
calculated as if a grain boundary
was present in the devices using
(4.15). The population standard
deviation of a set of 5 bridges was
determined for the three device
sizes. The three different bridges,
shown in Figure 4.11, each have
21 tracks crossing a grain
boundary with widths of 2, 4 and
8 µm. Figure 4.12 shows for these
three sizes the standard deviation
of the resistance as a function of
temperature, which represents the

Figure 4.10. The standard deviation of the measured voltage / current
ratio of 8 Wheatstone bridges for 3 different bridge lengths.
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inaccuracy the bridge size would cause in a measurement of the resistance area product of a grain
boundary.

The bridge with 4 µm wide tracks was found to have the smallest standard deviation, and it
was concluded that this track width offers the highest accuracy. The accuracy of this bridge
ranges from 3·10-14 Ωm at 100 K to 7·10-14 Ωm at 300 K. For grain boundaries with a misorientation
angle of 24°, resistance area products of 5·10-13 Ωm at 4.2 K have been reported [1]. Although

this value is expected to decrease above the transition
temperature [2], it should be possible to measure grain
boundary misorientation angles down to 24°, and possibly
even lower angles.

Figure 4.13 shows a typical layout of a chip as used
in this study. On each chip 5 bridges were aligned with the
grain boundary. Also two bridges were present in the grains
on each side of the boundary for the purpose of accuracy
control. In addition to Wheatstone bridges, also single
tracks were present on each chip. The configuration of
these tracks is shown in Figure 4.13. The track consists of
three segments with individual voltage contacts: one
segment crossing a grain boundary and two identical
segments are in the grains on each side of a grain boundary.
These tracks have two purposes. Firstly, the two intragrain
segments (A + C) can be used to assess the properties of
single crystalline YBCO. Secondly, the intergrain segment
(B) can be used to measure the superconducting properties

4. Method development

Figure 4.11. Wheatstone bridges with
tracks crossing the grain boundary with a
width of a) 2 µm, b) 4 µm and c) 8 µm.
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Figure 4.12. The standard deviation of the measured voltage / current
ratio of 8 Wheatstone bridges for 3 track widths.
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of the grain boundary. Measuring all three segments simultaneously offers a method to obtain the
resistance of the grain boundary. As all three segments are equally sized, the grain boundary
resistance can be obtained by simply subtracting the average of the resistance of the intragrain
segments from the resistance of the intergrain segment. This method seems to be very prone to
geometrical imperfections, but offers an additional way for assessing the normal state properties
of grain boundaries.

Measurement methodology

All bicrystalline films used for this study have been patterned with Wheatstone bridges as
well as three-bridge devices, according to a chip layout as shown in Figure 4.13, or similar.
Measurements with the three-bridge device have been carried out for some of the grain boundaries
discussed in Chapters 6 and 7. The spread between individual devices was larger in comparison
with Wheatstone bridges, but the order of magnitude of the results was not found to differ
significantly in comparison with Wheatstone bridges. Therefore, all results of the resistance of
grain boundaries in this dissertation have been obtained by measurements with Wheatstone bridges.

A B C

gb

Figure 4.13. A typical layout of a chip with 5 Wheatstone bridges on the grain boundary, 2 Wheatstone bridges
in the 2 grains besides the grain boundary, and 2 three-bridge devices.

20 µm

0.2 mm



75

Only results of the intragrain resistance have been obtained using single tracks.
Above the transition temperature, the intergrain and intragrain I(V) characteristics are linear

at low currents. Measurements have been carried out at a constant current bias of 10 µA, and the
resistance can be obtained straightforwardly (4.2). Below the transition temperature, I(V)
characteristics of the grain boundary are non-linear and it is non-trivial to extract the resistance
from the I(V) characteristics. Results for the grain boundary resitance area product presented in
Chapters 6 and 7 have been extracted from linear fits to the I(V) characteristics close to the origin.
The voltage range for fitting was chosen large enough to ensure that the influence of RSJ behaviour
is excluded (for grain boundaries showing a critical current), and small enough to avoid any
influence from Joule heating at higher voltages.

In Chapters 6 and 7 will be shown that the resistance is highly dependent on the voltage bias
for high resistance grain boundaries, i.e. for grain boundaries of which the accessible voltage
range is sufficiently large (misorientation angles 37° and 45°). However, the resistance will be
shown to be independent of temperature between a voltage associated with the gap energy of the
superconducting electrodes and a voltage at which heating starts to induce additional resistance.
As the resistance is extracted from linear fits to the I(V) characteristics close to the origin, any
trend in its temperature dependence will be associated more with the formation of an temperature-
dependent gap in the density of states of the superconducting electrodes than anything else. The
temperature dependence of the resistance below the transition temperature has been included for
reference and comparison, but it should be understood that its significance with respect to the
behaviour of the grain boundary is small.

For the lower resistance grain boundaries (24° and 30°) the dependence of the resistance on
the voltage is smaller and the I(V) characteristics are linear outside the voltage range affected by
RSJ behaviour. The accessible voltage range of these grain boundaries is much smaller, and therefore
it cannot be probed whether or not the resistance is independent of the temperature at sufficiently
high voltages. However, it seems likely that also for these grain boundaries the resistance is
independent of the temperature below the transition temperature. Hence, any trend in the
temperature dependence of the resistance would be associated with the behaviour of the
superconducting electrodes and not with that of the grain boundary.

4.2 Modelling the normal state resistance

A simple calculation to estimate the normal state resistance of the grain boundary due to the
presence of a tunnel barrier was discussed in Chapter 2. The resistance area product was calculated
based on a rectangular barrier shape and a tunnelling probability according to the WKB
approximation. The calculation was clearly simplistic and too general to reach any further than a
rough indication regarding the feasibility of the presence of a tunnelling barrier at the grain boundary.
Also, the influence of temperature on the resistance was not included in this calculation. Ransley
developed an extensive model to estimate the grain boundary transport current as a function of
temperature [4]. This model is based on a tunnel barrier with a trapezoidal shape and takes into

4. Method development



Normal state properties of grain boundaries in Y1-xCaxBa2Cu3O7-δ

76

account the anisotropic band structure of YBCO, the energy distribution and the tunnelling
probability of the charge carriers. The background and full derivation of the model can be found
in [4], but a summary is included in this section.

The calculation of the transport current is phenomenologically expressed as follows:

Transport current = Integrate over all contributing regions of the Fermi surface{
factor for grain boundary misorientation angle ×
temperature dependent electron energy distribution ×
tunnelling probability over trapezoidal barrier}

The YBCO band structure has been approximated by an extruded square Fermi surface, as
shown in Figure 4.14. The relationship between the electron energy E and the wavefactor k is
assumed to be linear, and the unit cell is assumed to be tetragonal. The dependence of E on k is
accordingly defined by:
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where β and η are constants specific for the band structure of YBCO [5], and kx and ky are
2 orthogonal directions of the wave vector parallel with the ab-axes of the unit cell. Figure 4.15
shows the four regions of the Fermi surface that contribute to the net current across the grain
boundary. Below is the symbolic expression for the transport current, representing the
phenomenological expression given above for the four contributing regions of the Fermi surface.

Figure 4.15 Fermi surface and important k-space
directions for the simple model of a YBa2Cu3O7-δ  grain
boundary. The shaded areas show regions of k-space that
contribute to the current across the grain boundary at zero
temperature.

Figure 4.14. Simplified 2-dimensional band structure
for YBa2Cu3O7-δ  planes. Energy contours are shown at
400 eV intervals around the Fermi energy, which is
marked Ef . The Fermi surface is shown as the bold
contour.
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The factors βsinα and βcosα, with α the misorientation angle of the grain boundary, account
for the energy gradient parallel to the grain boundary normal in k-space. The integration limits
define the values where the Fermi surface intersects the kx, ky and kz axis. a and c are the dimensions
of the unit cell in the a-b and c direction, respectively. The temperature and voltage dependence of
the Fermi surface is taken into account by making the integration limits dependent on the
temperature, T, and voltage across the grain boundary, V,

β
γπ TnkV
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−=                                                    (4.19)
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where γ and n are constants, taken as ¼ and 10, respectively. The function g(E) defines the
difference of the Fermi functions on both sides of the potential barrier:

)()()( eVEfEfEg +−=                                              (4.21)

4. Method development

Figure 4.16. Diagram showing how the
temperature dependence of the resistance is
altered by the form of the barrier in a simple 1-
dimensional tunneling model. The two Fermi
functions define a ‘window’ of electron energies
that can tunnel. The Fermi window broadens with
increasing temperature. For a rectangular barrier
the higher energy electrons see a barrier with the
same width but a reduced height. For the case of
a trapezoidal barrier the height and the width of
the barrier are reduced. The temperature
dependence for such barriers is therefore more
pronounced.
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The Fermi functions define the energy distribution of electrons and are given by:
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where

baeV µµ −=                                                        (4.24)

with V the voltage drop across the barrier. The function g(E) therefore defines a “window” of
electron energies that can tunnel. This energy window broadens with increasing temperature, so
at higher temperatures higher energy electrons can tunnel. This is represented in Figure 4.16.

The function D(E,V) defines the tunnelling probability according to the WKB approximation,
and is given by:
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where m* is the effective mass of the electrons. A value of m* = 4.5me was used, where me is the
electron mass. k|| is the wavevector of the electron projected into the plain of the boundary. It can
be geometrically derived that the dependence of k|| on the grain boundary misorientation angle is:

222

|| )cossin( αα yxz kkkk −+=                                       (4.26)

The function φ(x) represents the barrier shape. In the absence of a voltage the shape of the
barrier is trapezoidal with a base height φ0, base-width w0, and a width of the trapezoidal banks wb,
as shown in Figure 4.17a. Under the influence of an applied voltage, it follows that the trapezoid
will be distorted, as shown in Figure 4.17b. The trapezoidal barrier shape as a function of distance,
x, and applied voltage, V, is given by:

Figure 4.17. Trapezoidal
tunnel barrier with a) no
applied voltage and b) an
applied voltage V. The
barrier height φ is shown
against position x. The
various widths in (4.25)
are defined in the Figure.
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This model was converted into an algorithm for the software package Mathematica, which
made it possible to evaluate the expressions numerically. Ransley identifies several weaknesses
associated with the physical validity of this model. The model is formulated within the Fermi-
liquid framework, which assumes that the electrons tunnelling are independent particles [6]. Such
an assumption may not necessarily apply to the cuprates in the normal state, but the purpose of
the model is to provide a framework in which the results of normal state measurements can be
qualitatively understood. As a result of the independent electron approximation, it was necessary
to perform the calculations for electrons in a band that is less than half full, which requires the
assumption of a negative trapped charge on the boundary. The used WKB approximation implicitly
assumes that the potential changes occur over distances that are large compared to the electron
wavelength, which is of similar magnitude, ~ 1 nm. Ransley estimates the error in the transmission
probability induced by this of a factor 3, but argues that the model should predict the correct
order of magnitude of the tunnel current in spite of this.

Furthermore, Ransley acknowledges that the trapezoidal barrier shape may be too simplistic
to account for the detailed physics of the band distortion. In the next section, a possibility to
compensate for this shortcoming is discussed.

Deriving the shape of the potential barrier

The model discussed in the previous section enables one to estimate the resistance area
product of the grain boundary for a certain pre-specified trapezoidal boundary shape. Ransley
used the model to calculate resistance as a function of temperature for several combinations of
barrier shape and misorientation angle. Furthermore, he estimated in this way the base height φ0

and the trapezoidal bank width wb for several measured grain boundaries. A variation of the
trapezoidal base-width w0, was not taken into account, as that would complicate the determination
of the shape too much. Ideally, one would like to obtain the barrier shape from a measurement of
the grain boundary resistance. This would make it possible to directly relate changes in the transport
properties due to misorientation angle, oxygen content, calcium doping, etc. to changes in the
height and spatial extent of the barrier. An algorithm to fit the previously discussed model to a
resistance – temperature characteristic might be too complicated to be feasible. More importantly,

4. Method development
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however, it appears not to be possible to obtain a unique solution, because, as will be shown,
more than one combination of φ0, w0 and wb can account for a specific resistance – temperature
characteristic.

In the background of these complications, but with the desire to determine the shape of the
potential barrier in mind, a statistical method to estimate the potential barrier shape from the
resistance – temperature characteristic was developed. The method is based on the realisation
that many different trapezoidal barrier shapes can account for a specific resistance - temperature
characteristic. The assumed explanation for this phenomenon is that the actual potential barrier
shape does not have a trapezoidal shape, but a continuous Gaussian-like shape (see e.g. [7]). In a
model as described in the previous section, a trapezoidal shape is fitted on the actual continuous
barrier shape. Many different trapezoidal shapes can be fitted approximately on a Gaussian-like
shape, and therefore many different combinations of φ0, w0 and wb were found to account for one
specific resistance - temperature characteristic. The developed method determines the best
trapezoidal fits, and the “actual” continuous barrier shape is obtained by averaging these trapezoids.
Below is described in detail how this is carried out.

As mentioned, the formulation of an algorithm to fit the previously described model to a
specific resistance – temperature characteristic is not feasible. Therefore, the fitting was carried
out “manually”. In a first step, the resistance was calculated for several different temperatures for
many combinations of φ0, w0 and wb. In a typical case, the resistance was calculated at T = 100 K,
200 K and 300 K for all combinations of 25 values of φ0, 20 values of w0 and 20 values of wb,
which leads to 10000 combinations in total. A small routine was added to Ransley’s Mathematica
algorithm in order to automate this. The calculation of one combination (φ0, w0, wb, T) takes
typically a few seconds. The (φ0, w0, wb) combinations were ranked in order of goodness of fit of
the calculated (T, R) values to a
measured resistance – temperature
characteristic. It was found that the
(φ0, w0, wb) combinations do not
converge to one specific
combination, but moreover
represent a collection of different
possible combinations. Figure 4.18
shows that the collection of best
solutions adopts the form of a
surface in three-dimensional
(φ0, w0, wb) parameter space. In
order to exemplify that the
solutions do not converge to one
unique (φ0, w0, wb) combination, Figure 4.18. Typical collection of combinations of  (φ0, w0, wb) that fit a

specific resistance - temperature characteristic. The ranking of best fits
is indicated.

[
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the goodness of the fit has been indicated.
In order to obtain a more approximate estimation of the range in three-dimensional parameter

space in which the solutions with the best goodness are located, another two iteration steps were
carried out. By defining w0 as a function of φ0, and wb as function φ0 and w0, a collection of points
(φ0, w0, wb) is defined that represent the parameter range of the best solutions in the first fitting
step. Accordingly, within this range a second set of values (T, R) were calculated for combinations
(φ0, w0, wb) with smaller steps of φ0, w0 and wb. Typically the 100 best solutions (out of 10000
calculated solutions) were used to define the parameter range for the next fitting step. This procedure
was repeated for a third fitting step. A graphical representation of such an iteration process is
shown in Figure 4.19. It was found that the best solutions of (φ0, w0, wb) adopt the shape of a line
in three-dimensional (φ0, w0, wb) parameter space. The continuous shape of the potential barrier
was obtained by averaging the trapezoids defined by typically the 100 best solutions of the last
fitting step. The goodness of the fit of each (φ0, w0, wb) combination was used as the weighting
factor for averaging these 100 trapezoids. As a final controlling step, the resistance temperature
characteristic was calculated by implementing the obtained barrier shape in the model described
in the previous section. Ransley’s algorithm was adapted for this purpose. As any of the best
fitting trapezoidal barrier shapes give a good fit to the actual measured resistance temperature
characteristic, also the averaged, continuous barrier gives a good fit.

It is well realised that this method is simplistic. Although the obtained barrier shape is an
average of many different solutions for the shape of the barrier, it is still not a unique solution. It
is not obviously justifiable why a used collection of barrier shapes should lead to a single right
solution. Any sub-collection (of the used 100 best solutions) leads to the same resistance temperature
characteristic, but to a different barrier shape. The resistance temperature dependence as calculated

with the model discussed in the
previous section will remain
unaffected if a (continuous) barrier
shape undergoes certain
transformations. Having said this,
the obtained barrier shape is
reproducible in several ways. The
barrier shape will be independent
of the iteration process used to
obtain “the best solutions”. The
barrier shape is also independent
of the number of solutions that are
averaged in order to obtain a
Gaussian barrier shape. As long as
the total number of calculated

4. Method development

Figure 4.19. Graphical representation of the iteration process for finding
the best solutions  (φ0, w0, wb) for a specific resistance-temperature
characteristic.
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solutions is large, the best 0.2, 1 or 5% of solutions will lead to very similar barrier shapes. In
summary, it is realised that the value of the described method in order to determine the true shape
of the barrier is limited. Nevertheless, it should be helpful if used as an isolated method to assess
the influence of grain boundary angle and chemical composition on the barrier shape.
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5 Microscopy studies of grain boundaries in YBCO
This chapter presents the results of microscopy studies of the film surface morphology

and the grain boundary microstructure. Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM) were employed to obtain information about the microstructure of
the investigated YBa2Cu3O7-δ (YBCO) thin film material, and specifically with the view to enhance
the understanding between the microstructure and electrical properties of the grain boundary.
Some of images in this chapter were included before in [1], but are shown here by way of completion.

5. Microscopy studies

Figure 5.1. AFM images of a YB2Cu3O7-δ film grown in a) Cambridge [2] (3500×), b) Los Alamos [3] (3500 ×),   c)
Cambridge [2] (7000×) and d) Seoul [4] (7000×). The inset in d) is a schematical representation of island   film
growth.
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5.1 Surface Morphology

The morphology of the film surface was investigated with the use of Atomic Force
Microscopy (AFM). Figures 5.1 a and b show images of the surface of films at a magnification of
~3350×. The films were fabricated in Cambridge and Los Alamos, respectively, according to the
fabrication procedures described in section 3.1. The film surface is relatively smooth, except for
particulates that have been formed on the film surface. The particulates most probably stem from
the target, their formation can occur due to not optimal deposition conditions. In the image of the
film fabricated in Los Alamos, Figure 5.1b, elongated particles can be observed that grow along
two mutually perpendicular directions. The particles are likely to have formed during the film
growth process and could consist of Y2BaCuO5. It has been observed before that needle-like
Y2BaCuO5 particles can grow along two mutually perpendicular crystallographic directions [1].
In this study, needle-like particles that had formed while annealing a YBCO film at high temperature
(980°C) were investigated with EDX and nano-x-ray diffraction, and conclusively identified as
consisting of Y2BaCuO5. Although the particles in this study were an order of magnitude larger
(but grown at a much higher temperature), the particles in the film from Los Alamos have a
similar aspect ratio and and also occur in two mutually perpendicular directions on the surface of
a YBCO film.

Figures 5.1 c and d show images of the surface of films at a magnification of ~6700×. The
films were fabricated in Cambridge and Seoul, respectively. At the surface of the film from Seoul
the grain structure is observable, with a grain size of 0.2 – 0.5 µm. This indicates the presence of
a Volmer-Weber “island” growth mechanism, which is generally observed for superconductor
thin film growth. The inset in Figure 5.1d gives a schematic representation of the island growth

Figure 5.2. AFM images of a bicrystalline YBCO thin film grown in Seoul [4] at two different magnifications. The
30° [001]-tilt grain boundary can be seen as a straight line in the centre of both images.
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mechanism and its implications for the surface morphology of the film. The film from Cambridge
has a grain structure with a comparable grain size, but this is not observable in 5.1c due to a
poorer image quality.

Figure 5.2 shows two images of a bicrystalline film grown in Seoul. The grain boundary
seems to be fairly straight in the image with a lower magnification. In the image with a higher
magnification, however, deviations of the grain boundary from a straight line are observable.
Grains crossing the grain boundary in the substrate during film growth are likely to result in the
formation of facets. In order to obtain a better insight into the configuration and mechanisms of
these deviations, cross-sectional high-resolution TEM was used to examine the microstructure
of the grain boundary.

5.2 Grain boundary meandering

Figures 5.3 a and b are cross-section images, showing a plane perpendicular to a grain
boundary with a misorientation angle of 4°. The path of the grain boundary deviates barely from
a straight line from the substrate grain boundary to the surface of the YBCO film. Only a small
step right above the SrTiO3 / YBCO interface is visible and a small deviation from the straight line
near the surface of the thin film. Figures 5.3 c and d are images of a section originating from
another position of the LAGB. Also these images are taken along the [100] direction of the
crystal on the left (c) and right (d) side. The grain boundary shows a large deviation from a linear
path, which is different for the two different diffraction conditions. This indicates that the grain

5. Microscopy studies

Figure 5.3. Cross sectional TEM images of two lamellae containing a 4° [001]-tilt grain boundary (GB) taken
along the [100] direction of a) the crystal on the right side, b) the crystal on the left side, c) the crystal on the right
side and d) the crystal on the left side. In all four pictures, the lower part is the SrTiO3 substrate (STO) and the
upper part is the YBa3Cu3O7-δ  film (YBCO). The thickness of the YBa3Cu3O7-δ  film is 120 nm. From [1].
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boundary also meanders in the viewing direction. The length scale for this alteration of the position
of the grain boundary, which is several tens of nm, is the thickness of the sample, i.e. approximately
0.1 µm. Right below the SrTiO3 / YBCO interface some intensity variations can be observed. This
could indicate strain in the substrate surface, which can possibly be attributed to the large difference
in thermal expansion coefficient between SrTiO3 (~8.6·10-6/K) and YBCO (~14·10-6/K) . When
the sample cools down from the deposition temperature, the thin film will be forced to conform to
the smaller contraction of the (much thicker) substrate, which induces strain at the interface of the
substrate and the film.

Figure 5.4a is a cross section image, showing a plane perpendicular to a grain boundary
with a misorientation angle of 24°. Apart from a small step at the substrate / film interface, the
grain boundary does not deviate significantly from a linear continuation of the substrate grain
boundary. In the crystal at the right-hand side of the picture, lattice fringes can be observed. The
structure is fairly irregular in the initial growth stage, but stabilises and becomes more regular
after several tens of nanometres. The regions with a different contrast indicate the presence of
strain in the film. Figure 5.4 b and c shows cross-sectional images of the 24° grain boundary at
another position then shown in Figure 5.4a. The grain boundary deviates significantly from a
straight path in line with the substrate grain boundary. This phenomenon is a consequence of the
initial 3D island nucleation of the YBCO films [7-9]. Islands that nucleate in the vicinity of the
substrate grain boundary have some probability of growing across it, even though the orientation

Figure 5.4. Cross sectional TEM images of two lamellae containing a 24° [001]-tilt grain boundary taken along
the (100) direction of a) the crystal on the right side, b) the crystal on the right side and c) the crystal on the left side.
In all three pictures, the lower part is the SrTiO3 substrate (STO) and the upper part is the YBa3Cu3O7-δ thin film
(YBCO). The thickness of the film is 100 nm. The film was grown in Cambridge [2]. The inset in a) exemplifies the
proposed mechanism for the observed path of the grain boundary in b) and c).
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5. Microscopy studies

relationship between the growing island and the substrate must change on the opposite side.
This mechanism is illustrated in the inset of Figure 5.4a. Continued deposition leads to a lateral
growth of these islands, and when islands nucleate on the other side of the substrate, the film
boundary is formed with a significant offset with respect to the substrate grain boundary.

5.3 Discussion

A considerable deviation of a grain boundary from a straight path in line with the underlying
substrate was shown to exist in thin films. The phenomenon occurs both for a low angle (4°) and
a high angle (24°) grain boundary, and no significant difference in the extent of overgrowth could
be distinguished for different misorientation angles. In addition, the phenomenon was observed
before for a grain boundary with a misorientation angle of 67° [6]. It was interpreted within the
framework of the Volmer-Weber film growth mechanism, where islands that nucleate in the vicinity
of the grain boundary can grow across it. Regions with and without significant deviation from a
linear path were shown to coexist in a single grain boundary. It is likely that the overgrowth
regions of the film are significantly strained as a result of a large mismatch with the underlying
substrate lattice parameters. Local strain deteriorates the superconducting properties of the YBCO,
and an associated increase of the effective width of the grain boundary will lead reduce its transport
properties. However, it is also clear from this investigation that there also are regions where the
grain boundary is in line with the substrate grain boundary. The strain in the grain boundary might
be relatively small here and current flow is less inhibited. It is evident that the occurrence of this
phenomenon is strongly linked to the growth mechanism of the thin film. The occurrence of this
phenomenon shows the importance of taking microstructural properties into consideration when
interpreting transport measurements.
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 6. Normal-state properties of grain boundaries in YBCO
Results of measurements of grain boundaries in YBa2Cu3O7-d (YBCO) bicrystalline thin

films are presented and discussed in this chapter. Five misorientation angles were investigated,
varying from 18° to 45°. All grain boundaries, except for the one with a misorientation angle of
45°, were symmetrical [001] tilt grain boundaries. The 45° boundary was an asymmetrical [001]
tilt grain boundary with the ab-axis of one grain parallel and of the other grain at an angle of 45°
to the grain boundary. The growth conditions of all bicrystalline films are given in Table 6.1. All
bicrystalline films from Cambridge were fabricated by the author. Measurements on grain boundaries
with misorientation angles 24°, 30°, 37° (�) and 45° were carried out by the author in collaboration
with Dr J. Ransley. Measurements on grain boundaries with misorientation angles 18° and 37° (�
and �) were carried out by the author. Also the results of the modelling of the potential barrier at
the grain boundary are presented (see section 4.2). Where feasible, the measurements are interpreted
in terms of the height and width of the calculated potential barrier at the grain boundary.

The relationship between the transition temperature of the film and the grain boundary
normal state resistance was investigated for the misorientation angles 30° and 37°. In the case of
the 30° grain boundary, measurements were carried out before and after a film was annealed in a
reducing oxygen atmosphere (see section 3.5). A film was grown and annealed in order to achieve
a high transition temperature. After carrying out extensive measurements, the chip was annealed
in 0.2% oxygen at 500°C for 7 hours, and the measurements were repeated. In order to assess the
influence of the transition temperature on a grain boundary with a misorientation angle of 37°,
three bicrystalline films with different transition temperatures were independently grown and
characterised. The advantage of the latter method of characterising a specific misorientation angle
is that degradation of patterned microscopic tracks due to high temperature annealing is avoided.
However, it is unclear whether the variation in transition temperature is caused by a variation in
the oxygen content, or (also) by a different film quality.

6. Results

Table 6.1. Growth conditions for bicrystalline films discussed in this Chapter. The power
density of the film with a misorientation angle labled as 37°-� is not known (*).

Misorien-
tation
angle

Source
Growth

temperat-
ure [°C]

Power
density at

target
[J/cm2]

Oxygen
pressure

Film
thickness

[nm]

Tc [K]
as grown

18° Cambridge 765 2.0 0.20 187 86.8

24° Cambridge 765 3.7 0.20 100 88.5

30° Seoul 800 1.4 1.0 210 92.1

37°-  - Cambridge 765 3.2 0.20 77 81.7

37°-� Cambridge 765 1.8 0.20 195 87.9

37°-� Cambridge 765 ?* 0.20 180 89.9

45° Cambridge 765 2.2 0.20 135 89.2

�
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6.1 Misorientation angles 18° and 24°

Figure 6.1 shows the
normal state resistance-
temperature, R(T) ,
characteristics of grain
boundaries with misorientation
angles of 18° and 24°. The R(T)
characteristic for the 18°
boundary is based on only 1
Wheatstone bridge, as the
quality of the bridges on this
chip were poor. Furthermore, it
was only possible to obtain an
I(V) characteristic at 6 K due
to the poor device quality. The
resistance of this grain
boundary angle is approaching
the accuracy limit of the measurement technique, as described in section 4.1. Due to the low
absolute value of the grain boundary resistance, geometrical imperfections in the Wheatstone
bridge will play a relatively large role in normal state measurements. Therefore, this result is likely
to be significantly affected by a resistance component of thin film YBCO. This can have caused
the large temperature dependence of this measurement, but the order of magnitude of the resistance
should be correct. As this result has not been reproduced, it has not been attempted to determine

Figure 6.2. Dependence of the current density on the voltage for a) an 18° grain boundary at 6K and b) a 24°
grain boundary between 6 and 96 K. Current density - voltage characteristics are shown every 30 K in b). Colours
represent temperatures as depicted in the inset in a).

ba

Figure 6.1. Dependence of the resistance area product on the temperature
for grain boundaries with misorientation angles of 18° and 24°. The results
of modelling of the normal state resistance are included.
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a potential barrier shape for this grain boundary. A result for a grain boundary barrier shape
would be statistically unreliable.

Figure 6.2a shows a current density-voltage, J(V), characteristic at 6 K for the 18° grain
boundary. The discontinuities are likely to be caused by variations in the value of the critical
current in the 42 grain boundary crossing tracks of the bridge. Different tracks switch from the
normal state to the superconducting state at different currents, which causes steps in the J(V)
characteristic. It was shown by Ransley [1] that the spread in the critical current for a 24° grain
boundary can be up to a factor 2.5.

For the 24° boundary, the R(T) characteristic below and above Tc is shown in Figure 6.1 and
is based on the average of four different Wheatstone bridges. Due to the low resistance of this
misorientation angle, the inaccuracy of the resistance measurement was relatively large. The
deviation from the shown average is up to 20% at room temperature. The grain boundary resistance
below Tc was obtained from current-voltage, I(V), characteristics recorded as a function of
temperature. Figure 6.3 shows the shape of the potential barrier calculated from the R(T)
characteristic, as described in section 4.2. The dotted curve in Figure 6.1 shows the R(T)
characteristic calculated on the basis of this barrier shape. The temperature dependence of the
resistance can be explained on the basis of the barrier shape. With increasing temperature, charge
carriers will have a higher average energy, and will, due to the Gaussian shape of the barrier,
encounter a narrower effective tunnel barrier. At higher temperatures, the charge carriers encounter
an increasingly narrower barrier (increasing absolute value of derivative of barrier width), which
explains the increasing temperature dependence of the resistance.

Figure 6.2b shows J(V) characteristics for the 24° boundary between 6 K and the transition
temperature. Outside the region affected by the Josephson current and the associated RSJ behaviour,

the J(V) curves are linear in the measured
voltage range. The temperature independent
R(T) behaviour below Tc is associated with the
linear J(V) characteristics. At low temperatures,
only charge carriers with energies nearby the
Fermi energy will be able to tunnel. The barrier
width at the Fermi level exhibits only a weak
dependence on the energy, and accordingly
charge-carriers will not encounter a
significantly narrower barrier with higher
energies. An increased averaged energy of the
charge carriers due to an increased temperature
or voltage will not cause a significant increase
of the tunnelling probability.

6. Results

Figure 6.3. Calculated barrier shape for a) a 24° grain
boundary. The Fermi level has been indicated by a dotted
line marked Ef.
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6.2 Misorientation angle 30°

Figure 6.4a shows R(T) characteristics of a grain boundary with a misorientation angle of
30° before and after annealing in a reducing oxygen atmosphere. The procedure reduced the Tc of
the originally optimally doped film from 92 K to 42 K, which should be equivalent to doping
levels δ of 0.07 and 0.43, respectively. The treatment is expected to reduce the number of added
holes approximately by a factor 2 to p ~ 0.08 per CuO2 plane [2]. The resistance was measured
between Tc and 300 K for both oxygen levels, and I(V) characteristics were recorded up to 100 K
for both doping levels. The R(T) behaviour below Tc for the grain boundary in the optimally
doped film, as deduced from these I(V) measurements, is included in Figure 6.4a. All measurements
are based on an average of 4 devices on one bicrystalline substrate. The deviation of the results
of individual devices from the shown average is up to 10% at room temperature.

The deoxygenation procedure has approximately tripled the magnitude of the grain boundary
resistance. The temperature dependence of the resistance, as shown in Figure 6.4b, is not very
dissimilar at higher temperatures. Only at temperatures below 200 K, there is a clear distinction
between the two normalised characteristics. Figure 6.5 shows the calculated shapes of the potential
barrier. The dotted curves in Figure 6.4a show the R(T) characteristics calculated on the basis of
this barrier shape. It should be remarked at this point that the calculated R(T) characteristics do
not always accurately fit the measured characteristics. This applies specifically where a concave
shape (decreasing δR/δT with increasing T) of the R(T) characteristic has been measured, which
is a shape that cannot be reproduced by a model purely based on tunnelling through a temperature
independent, Gaussian-like shaped potential barrier. This phenomenon has been generally observed
for grain boundaries with a range of misorientation angles and chemical compositions. The possible

lack of validity of a tunnelling
model will not be any further
considered in this chapter, but will
be discussed in section 8.1.

Figure 6.4. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 30° for two different oxygen levels. The results of modelling of the normal state resistance
are included. b) Dependence of the resistance area product on the temperature normalised at 300 K for the grain
boundaries with a misorientation angle of 30°.
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Within the framework of the tunnelling model, the increase in resistance is predominantly
attributed to an increase of the height of the grain boundary potential barrier, and too a lesser
extent of its width, as shown in Figure 6.5. Where the barrier height has increased from 0.11 eV
to 0.18 eV above the Fermi level, the barrier width has increased from 0.57 nm to 0.65 nm at the
Fermi Energy. Also for this grain boundary, the difference in temperature dependence, as shown
in Figure 6.4b, could be explained on the basis of differences in the barrier shape. At low
temperatures, only charge carriers with energies nearby the Fermi level will contribute to charge
transport. The barrier width for the optimally doped boundary has no significant dependence on
the energy nearby the Fermi level, whereas the barrier width of the deoxygenated boundary
decreases continuously with increasing temperature. At higher temperatures also charge carriers
with a higher energy are of importance. This is consistent with the more similar characteristic of
the barrier shape at energies above the Fermi level. The strongly activated behaviour of the grain
boundary in the deoxygenated sample below ~125 K, however, cannot be explained on the basis
of the shape of the tunnel barrier. It has been suggested previously that this behaviour could be
indicative of the presence of a pseudogap in the normal-state density of states [2, 3]. The
characteristic pseudogap temperature, T*, associated with the estimated doping level, is 350 -
400 K, which should lead to a considerable effect in the investigated temperature range.

Figure 6.6a shows J(V) characteristics for the 30° boundary between 6 K and the transition
temperature. Figure 6.6b shows J(V) characteristics in the same voltage range for the 30° boundary
between 6 K and 90 K after the deoxygenation treatment. For both grain boundaries the J(V)
characteristics are non-linear in the measured voltage range. In order to assess the non-linearity,
conductivity versus voltage [G(V) = δJ/δV] characteristics were extracted from the measured
J(V) curves. Figures 6.6c and 6.6d show G(V) characteristics for the grain boundary in the film

as grown  and the deoxygenated film,
respectively. Figure 6.6c and d show
unsmoothed characteristics, and structures that
recur at all temperatures are observable. There
are several indications that these structures are
a result of an external source, and cannot be
associated with intrinsic features, e.g. the
anisotropy of the superconducting gap or the
DOS of superconducting YBCO. The voltage
at which these structures occur depend on
temperature, which would not be expected for
intrinsic features. The structures are not located
symmetrically around zero bias, which is
expected for a symmetrical junction.
Furthermore, due to the nature of the

6. Results

Figure 6.5. Calculated barrier shape for a 30° grain
boundary for two different oxygen levels. The Fermi level
has been indicated by a dotted line marked Ef.
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measurement method each current-voltage characteristic is measured twice at every temperature:
once with increasing current and once with decreasing current. The resulting two characteristics
do not reproduce the structures at the same voltages. Having established that the observed structure
is caused by an external source, and taking into account that any intrinsic structure is not likely to
rise above this noise level, it seems desirable to smooth these data in order to isolate the G(V)
behaviour. Figure 6.6e and f show G(V) data in which these features have been removed using a
Fast Fourier Transform smoothing routine.

Generally, the conductance increases with increasing voltage up to a point (V,G), where the
current density causes local heating. A local increase of the temperature transforms parts of the
grain boundary to a state with a higher resistance. In these measurements, local heating sets in at
a power (P=GV2) between 0.1 and 1 µW/µm2. The local heating causes that the assessable voltage
range decreases with increasing temperature.

There are several typical differences between the J(V) curves, and accordingly, between
the G(V) characteristics of the grain boundaries in the optimally doped and deoxygenated film.
The deoxygenation procedure has had a large influence on the critical current density of the grain
boundary. Where in the optimally doped grain boundary the critical current density is clearly
observable, the critical current is not observable in the deoxygenated grain boundary. The
temperature dependent suppression of the zero-bias conductance is the result of the
superconducting energy gap at the Fermi level, a feature that has been observed extensively in
tunnelling spectroscopy studies of YBCO [4].

Furthermore, there are differences in the non-linearity of the J(V) characteristics. Outside
the region affected by the Josephson current and the associated RSJ behaviour (> 20 mV), the
J(V) curves of the optimally doped grain boundary are linear and temperature independent in the
measured voltage range. In contrast, the J(V) curves of the deoxygenated grain boundary show
non-linear behaviour in the full measured voltage range, also above Tc. The difference in non-
linearity could be associated with the different barrier shapes that have been calculated. In contrast
to the optimally doped grain boundary, the barrier width for the underdoped grain boundary
exhibits a significant dependence on the energy around the Fermi level. Charge carriers with a
higher energy will encounter a narrower barrier, which will increase the conductivity for higher
voltages. So, both differences in the temperature dependence of the resistance and in the voltage
dependence of the conductance could be traced back to differences in the shape of the tunnel
barrier at the grain boundary.

For underdoped YBCO, G(V) characteristics are also shown above Tc. Above Tc, the zero-
bias conductance continues to increase with increasing temperature, which could be an indication
of the presence of a pseudogap. The characteristic pseudogap temperature, T*, for YBCO at this
doping level is 450 - 500 K, and therefore the observation of pseudogap behaviour is expected.
However, it is unclear whether the G(V) characteristics coincide at a certain voltage, and, if they
do, it is at a much higher voltage than observed below Tc, namely in the order of 30 mV. The G(V)
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6. Results

a b

dc

e f

Figure 6.6. Dependence of the current density on the voltage of a 30° grain boundary in a) a fully oxygenated film
and b) an underoxygenated film, and of the conductance on the voltage of a 30° grain boundary in c) a fully
oxygenated film and d) an underoxygenated film. Current density - voltage characteristics are shown every 30 K in
a) and b). Conductance - voltage characteristics are shown every 6 K in c) and d). Noise features have been
removed from the data in e) and f) using a Fast Fourier Transform smoothing routine. Colours represent temperatures
as depicted in Figure 6.1a.



Normal state properties of grain boundaries in Y1-xCaxBa2Cu3O7-δ

96

behaviour at this voltage is obscured, because it is at the edge of the assessable voltage range.
The energy gap below Tc and the pseudogap above Tc are expected to have the same magnitude,
which casts doubts on whether the observed behaviour is the result of a pseudogap, or a simple
decrease of the resistance with increasing temperature and a voltage dependent conductance due
to an energy dependent width of a tunnel barrier.

6.3 Misorientation angles 37° and 45°

Figure 6.7a shows resistance versus temperature characteristics for grain boundaries with
misorientation angles 36.8° (37°) and 45°. The 37° grain boundaries were symmetrical and the
45° grain boundary was asymmetrical. The R(T) behaviour below Tc deduced from I(V)
measurements is included in Figure 6.7a. Three films with a 37° grain boundary were grown
under slightly different conditions (see table 6.1). The films had transition temperatures of � 82
K, � 88 K and � 90 K. Figure 6.8a shows the intragrain resistivity, ρ, as a function of temperature
for each of the three films. The film with the 45° grain boundary was nearly optimally doped, with
a Tc of 89 K.

The differences in transition temperature and resistivity between the three films can be due
to slight (unintentional) variations in the oxygen content of the thin films. It is possible to make an
estimation of the oxygen content of the film on the basis of the characteristic pseudogap temperature,
T*, which is identified from a characteristic downturn in ρ(T) [5]. The characteristic pseudogap
temperature correlates with the doping level and transition temperature according to the doping
phase diagram, as shown in Figure 1.10. The inset in Figure 6.8a shows |dρ(T)/dT| for all  ρ(T)
characteristics shown in Figure 6.8a. The characteristic pseudogap temperature is marked by a
strong increase in |dρ(T)/dT|. According to this methodology, T* for film � is ~215 K, which

corresponds to a doping level
of ~0.135 and an only slightly
decreased Tc of ~88 K. This
suggests that the transition
temperature of 82 K is not
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Figure 6.7. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 37° and of 45°. The results of modelling of the normal state resistance are included. b)
Dependence of the resistance on the temperature normalised at 300 K for the grain boundaries with misorientation
angles 37° and 45°.
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6. Results

only caused by a lower oxygen level. The observation that the film with a 45° grain boundary has
an intragrain resistivity very similar in magnitude as film �, a similar doping level (T* = 175 K, p
~ 0.14), but a much higher Tc, supports this. It suggests that another (microstructural) mechanism
than a lower than optimal doping level contributes to the depression of Tc.

The decreased transition temperature and increased resistivity can result from an anomaly
in the deposition procedure of the film. Film � and � are approximately 2½ times as thick in
comparison with film �. In Figure 5.4a can be seen that the first several tens of nanometers of
these films can be relatively irregular and disordered, which could influence the strain state of
the material. As this layer comprises a relatively much larger part of the thickness of film �, any
additional disorder, induced by the growth procedure, can have had a negative impact on the Tc

and the transport properties of film � in comparison with film � and �. Therefore, in the
following it is assumed that the decreased Tc is not only caused by a lower oxygen content, but
also by disorder and strain in the film.

Figure 6.7a shows a clear correlation between the grain boundary resistance and the suggested
oxygen content and level of strain and disorder in the film. The grain boundary resistance increases
with decreasing transition temperature of the film. Figure 6.8b shows the shapes of the potential
barriers obtained for the three 37° grain boundaries. The R(T) characteristics derived from these
barrier shapes are shown in Figure 6.7a. The calculated tunnel barrier shapes for the grain boundaries
with a misorientation angle of 37° show striking differences. Whereas for grain boundary � a
triangular shape for its tunnel barrier was calculated, the grain boundaries � and � with a lower
resistance exhibit a much more Gaussian barrier shape. Interestingly, the oxygen and strain/disorder

T [K]
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d
T

| 
[Ω

/K
]

Figure 6.8. a) Dependence of the intragrain resistivity of thin films containing 37° (denoted by their respective Tc)
and 45° grain boundaries. The inset shows the derivative of the intragrain resistivity for the purpose of determining
the characteristic pseudogap temperature, T*, which is indicated for each film. The fluctuating |dρ/dT| at high
temperatures (>250 K) may be caused by fluctuations in the cooling rate while measuring the resistance with
decreasing temperature. b) Calculated barrier shapes for the 37° grain boundaries (denoted by the Tc of the
bicrystalline film) and the 45° grain boundary.
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level influences mainly the potential at the grain boundary, and has no significant influence on
the width of the associated tunnel barrier. For example, for grain boundaries � and �, the height
of the tunnel barrier is � 0.20 eV and � 0.09 eV above the Fermi level, whereas the width of the
barriers at the Fermi level is � 0.72 nm and � 0.64 nm. This predominating effect on the tunnel
barrier height is in agreement with the observations for the 30° grain boundary.

The oxygen and strain/disorder level has had a very substantial influence on the grain boundary
resistivity. The resistance of grain boundaries � and � is lower than the resistance of the 30°
grain boundary over the whole temperature range. These variations can be attributed to the large
spread of transport properties that can be expected for films of varying quality. An alternative
explanation is connected with the Σ=5 configuration of symmetric [001]-tilt grain boundaries
with a misorientation angle of 36.87°. In an ideal case these grain boundaries exhibit a well-
ordered interface with one in five lattice sites coinciding, which leads to a relatively unstrained
grain boundary region. As the presence of strain is linked to the thickness of non-superconducting
layers at the grain boundary, it has been suggested that the Σ=5 configuration can lead to enhanced
transport properties in comparison with other high misorientation angles [6,7]. However, high
angle grain boundaries are characterised by extensive meandering and faceting [8,9], and therefore
it seems unsure that the Σ=5 configuration would actually occur in 36.87° grain boundaries, and
if it occurs, that it will lead to a decrease of the strain at the interface.

Indeed, the TEM study presented in section 5.2 showed significant deviations of the grain
boundary plane from its ideal path in line with the substrate grain boundary. It is clear that such a
structure could lead to highly strained interface, independently of the presence of a “low-Σ“
configuration at the interface. However, it was also shown in section 5.2 that there are regions at
the interface were the film grain boundary does follow an ideal path in line with the substrate grain
boundary over a length of at least the thickness of the lamella (~100 nm). It is possible that the
Σ=5 configuration at these locations leads to a significant decrease of the strain at the interface in
comparison with “high-Σ“ configurations. Even if the misorientation angle of the substrate grain
boundary is not exactly 36.8°, which is not unusual for commercially produced bicrystals, it is
likely that regions with a Σ=5 configuration will form [10, 11], as grain boundaries have the
tendency to form facets with low Σ orientations in order to minimise the interface energy [12].

One possible explanation for the observed low resistance is that there are regions in grain
boundaries with a misorientation angle of 36.87° where the Σ=5 configuration decreases the
thickness of strained, non-superconducting layers at the interface, and that the area of these
regions is sufficient to enhance the macroscopic transport properties. Throughout Chapter 2
different mechanisms have been discussed that could lead to enhanced properties of low-Σ interfaces
in comparison with interfaces without a coincidental site lattice configuration. It is possible that
the low strain level on itself improves the grain boundary transport properties [6, 7]. The reduction
of strain can allow an oxygen concentration in the grain boundary region that is closer to the
equilibrium intragrain oxygen concentration [13]. This would reduce the built-in charge at the
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grain boundary and recover the optimum hole concentration. It is also possible that the coincidental
lattice sites of the Σ=5 configuration serve as weakly superconducting “microbridges” in the grain
boundary [14]. The normal state and superconducting properties can also have been improved by
a combination of these effects. The decrease of strain and charge at the grain boundary can have
made microbridges accessible and active.

This seems to be exemplified by the large difference in resistance between grain boundary
� and grain boundaries � and �. If the film and grain boundary are of low quality or
underoxygenated, wide non-superconducting zones are suggested to envelop the interface, due

6. Results6. Results

Figure 6.9. Dependence of the current density on the voltage of a grain boundary with a misorientation angle of
a) 37° (�  - Tc = 82 K) and b) 45°, and of the conductance on the voltage of a grain boundary with a misorientation
angle of  c) 37°  (�  - Tc = 82 K) and d) 45°. Current density - voltage characteristics are shown every 30 K in a)
and b). Conductance - voltage characteristics are shown every 6 K in c) and every 6 K up to 84 K and every 30 K
between 96 K and 246 K in d). The temperature has been indicated above the corresponding G(V) curve for the
temperatures 96 - 246 K in d). Noise features have been removed from the data shown in c) and d) using a Fast
Fourier Transform smoothing routine. Colours represent temperatures as depicted in Figure 6.1a.
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to the strain and / or hole depletion. Even if the Σ=5 configuration occurs, this would not affect
the transport properties of the grain boundary, and the grain boundary will behave as expected on
the basis of an exponential dependence of transport properties on misorientation angle. If the
non-superconducting zones disappear due to strain relief or a higher oxygen level, the microbridges
associated with the Σ=5 configuration can become accessible, and the transport properties of the
grain boundary improve drastically. The substantial decrease in barrier height for grain boundaries
� and �, as shown in Figure 6.8b, could be explained by the “activation” of these microbridges
in unstrained regions in areas of the grain boundary with a Σ=5 configuration. The barrier shape
of grain boundary � is very similar to that of the 45° boundary, due to the strain/disorder and/or
oxygen level of the film, and the associated decreased number or absence of microbridges.

Figure 6.9a shows J(V) characteristics between 6 K and 96 K for 37° boundary �. Figure
6.9b shows J(V) characteristics between 6 K and 246 K for the 45° boundary. For both
misorientation angles, the J(V) curves were distinctly non-linear over the whole voltage range up
to the transition temperature. In order to assess to non-linearity of the J(V) characteristics,
conductivity versus voltage characteristics were extracted from the measured J(V) curves. Figure
6.9c and d shows G(V) characteristics for the two grain boundaries. For both misorientation
angles, the G(V) characteristics for T>Tc fall on one universal curve. This seems to indicate that
for T<Tc transport across the grain boundary occurs by direct tunnelling from superconducting
states into superconducting states, and there is no significant contribution of quasiparticle transport
across the grain boundary below Tc. A contribution from quasiparticles is expected to lead to an
increasing conductance with increasing temperature.

Furthermore, it can be seen in Figure 6.9d that for T>Tc the conductance increases
monotonously with increasing temperature. This shows clearly that where the grain boundary
resistance decreases with temperature above Tc, below Tc it is temperature-independent. Any
decrease of the resistance with increasing temperature below Tc results from the temperature
dependence of the energy gap of the superconducting electrodes and is not an inherent feature of
the grain boundary.

6.4 Summary

Figure 6.10a shows an overview of the R(T) characteristics for grain boundaries in YBCO
with misorientation angles between 18° and 45°. Values of the grain boundary resistivity range at
6 K from 8×10-13 Ωm2 to 1×10-11 Ωm2 and at 300 K from 2×10-13 to 3.5 ×10-12 Ωm2. The values at
6 K lie generally at the top side of the range reported by Hilgenkamp and Mannhart [15, 16]. In
another study very similar values were reported for the higher misorientation angles (>30°) and
significantly larger values for the smaller misorientation angles (<30°) [17]. These differences are
likely to be attributed to differences in the growth conditions for films fabricated with different
deposition systems. Large differences in the transport properties of grain boundaries of a fixed
misorientation have been reported extensively, and are primarily attributed to differences in growth
conditions and the corresponding grain boundary microstructure [18]. The resistance area product
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increases with a factor ~ 20 if the misorientation angle is increased from 18° to 45°. This is in
approximate agreement with the values reported for the grain boundary resistivity at 4.2 K and
50 K [15-17]. A lower oxygen content of the bicrystalline film leads to a higher grain boundary
resistivity.

The temperature dependence of the resistance area product ranges from a 25% decrease
between 100 and 300 K for a 24° boundary to a 65 % decrease for the asymmetric 45° boundary,
as shown in Figure 6.10b. The single other report of the temperature dependence of the resistance
area product above Tc showed for an asymmetric 45° grain boundary a decrease of 75% between
100 and 300 K [19]. A more extensive analysis of this study will follow in Section 8.2. There is a
significant difference in the temperature dependence of the resistivity of the 24° / 30° and the 37°
/ 45° boundaries. The temperature dependence of the grain boundary resistivity is according to
the tunnelling model associated with the dependence of the barrier width, and thus of the tunnelling
probability, on the energy of the charge carriers. The calculated shape of tunnel barriers is Gaussian-
like for the 24° / 30° boundaries and nearly triangular for 37° / 45° boundaries, as shown in Figure
6.11. The more energy dependent barrier width of a triangular barrier is induced by the larger
temperature dependence of the resistivity of the 37° / 45° boundaries.

It was shown conclusively on the basis of conductance-voltage characteristics that the grain
boundary resistivity is temperature independent at voltages higher than the gap energy. Below the
gap energy, the conductance is influenced by the temperature dependence of the superconducting
gap. Therefore, any previously reported temperature dependence of the resistance area product
below Tc [19-22] should be associated with the superconducting electrodes rather than with the
transport mechanism of charge carriers across the grain boundary.

The resistivity of certain 37° grain boundaries is lower than expected on the basis of an

6. Results

Figure 6.10. a) Dependence of the resistance area product on the temperature for grain boundaries with
misorientation angles 18° to 45° in bicrystalline films with values for Tc of 87 to 92 K.. b) Dependence of the
resistance on the temperature normalised at 300 K for grain boundaries with misorientation angles 24° to 45° in
bicrystalline films with values for Tc of 87 to 92 K.
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exponential dependence of the resistance area
product on misorientation angle, and even
lower than the resistivity of a 30° boundary in
an optimally doped film. In Section 6.3, one
possible explanation of this observation was
discussed, which is connected with the
implications of the Σ=5 coincident site lattice
configuration. Figure 6.11 compares the
calculated barrier shape for three different
misorientation angles. The potential barrier for
the 37° boundary is wider, but considerably
lower in comparison with lower grain boundary
angles. This shape is only observed for 37°
boundaries in low resistivity, high-Tc films, and
has been explained in the framework of the
formation of highly conductive channels at
relatively less strained locations of the grain boundary.

The difference in resistive behaviour between the lower and higher grain boundary angles is
confirmed by current density-voltage characteristics, as shown in Figure 6.12a. The grain boundaries
with misorientation angles 24° and 30° exhibit typical RSJ-like J(V) characteristics with linear
behaviour at current densities higher than ~5 × 109 A/m2. In contrast, the J(V) characteristics for
the misorientation angles 37° and 45° are non-linear over a large current density range. Differences
in linearity between the different misorientation angles can be well distinguished in Figure 6.12b,

Figure 6.12. a) Dependence of the current density on the voltage for grain boundaries with misorientation angles
of 24° to 45°. b) Dependence of the resistance area product on the current density for grain boundaries with
misorientation angles of 24° to 45° at 6 K. Noise features have been removed from the data in b) by a Fast Fourier
Transform smoothing routine.

ba

Figure 6.11. Calculated barrier shapes for optimally
oxygenated grain boundaries with misorientation angles
24° to 37°.
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which shows the differential normal state resistance as a function of current density for all grain
boundaries discussed in this chapter. Similarly to the differences in temperature dependence, this
is according to the tunnelling model associated with a more energy-dependent width of a triangular
potential barrier at the grain boundary for the higher misorientation angles.
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7 Normal-state properties of grain boundaries in Ca-YBCO
Results of measurements of grain boundaries in  Y1-xCaxBa2Cu3O7-δ thin films are presented

and discussed in this chapter. Four misorientation angles were investigated, varying from 24° to
45°. The three lowest misorientation angles were symmetric [001] tilt grain boundaries. The 45°
boundary was an asymmetrical [001] tilt grain boundary. Films were homogeneously doped with
20% calcium, i.e. Y0.8Ca0.2Ba2Cu3O7-δ (Ca-YBCO). In addition, a grain boundary with a
misorientation angle of 30° in an Y0.7Ca0.3Ba2Cu3O7-δ / YBa2Cu3O7-δ  multilayer structure (multilayer-
YBCO) was investigated, fabricated as described in section 3.1. The overall percentage of calcium
in this film is expected to be 3%. The growth conditions of all bicrystalline films are given in Table
7.1. All films from Cambridge were fabricated by the author. All measurements have been carried
out by the author. Also the results of the modelling of the potential barrier at the grain boundary
are presented (see section 4.2). Where feasible, the measurements are interpreted in terms of the
height and width of the calculated potential barrier at the grain boundary.

The influence of the oxygen content was investigated by carrying out measurements before
and after a high-temperature oxygen annealing treatment. The Ca-YBCO  films were (in-situ)
annealed after deposition in 15 mbar oxygen, which leads to films with slightly decreased transition
temperatures (64 – 72 K). These films were patterned and electronic characterisation was carried
out. In order to be able to characterise the films with a higher oxygen content and associated
higher transition temperature, the samples were annealed for a second time according to the
method described in section 3.2.

The oxygen content resulting from high temperature annealing is strongly dependent on
temperature, oxygen pressure and time. Figure 7.1 shows the evolution of the normal state resistance
and transition temperature of Ca-YBCO if the annealing temperature is varied between 300°C
and 500°C, the oxygen pressure is 1 atm and the duration of the annealing treatment is 4 hours.
An oxygen pressure of 1 atm was chosen in order to ensure that a sufficiently high oxygen content
of the film could be obtained. A treatment duration of 4 hours was chosen to ensure that the
oxygen level would be homogeneous throughout the thickness of the film. Also the resistance-

7. Results

Table 7.1. Growth conditions for bicrystalline films discussed in this Chapter. The deposition rate of the film
with a misorientation angle of 30° from LANL is not known (*).

Misorien-
tation
angle

Source
Calcium

percenta-
ge x

Growth
temperat-
ure [°C]

Power
density at

target
[J/cm2]

Oxygen
pressure

[Bar]

Film
thickness

[nm]

Tc [K]
as grown

24° Cambridge 20 765 1.9 0.015 230 65.5

30° LANL 3 790 ?* 0.26 230 87.7

30° Cambridge 20 765 1.9 0.015 225 76.5

37° Cambridge 20 765 2.0 0.015 200 63.5

45° Cambridge 20 765 1.8 0.015 210 72.0
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temperature characteristic
of the thin film material as
grown , before any
additional annealing
treatments, at two different
points in time is included.
It is clear that over a period
of 1 year the thin film
resistance is stable under
the conditions at which the
sample was kept (in a
vacuum pumped
desiccator).

T r a n s i t i o n
temperatures of nearly 81
K were obtained for
annealing at a temperature of 450 – 500°C (for 4 hours in 1 atm oxygen). The as grown Ca-
YBCO films were (after patterning and characterisation of transport properties) annealed in these
conditions, which led to considerably increased transition temperatures (81 - 83.5 K). In the
sections 7.1 to 7.4 the oxygen levels of these films before and after oxygen annealing will be
discussed, and it will be postulated that these films were grown in an underdoped state and that
oxygen annealing raised the doping level to nearly optimal.

There is a striking difference in transition temperature of 13 K between the different as
grown Ca-YBCO films, although the films were grown in very similar conditions and have a
similar thickness. Although the two films with the lowest transition temperatures had still lower
transition temperatures after oxygen annealing, the procedure decreases the variation in transition
temperature between the different films to 2.5K. This indicates that the large difference in transition
temperature is (predominantly) attributable to a variations of the oxygen content of the films. The
oxygen content of films produced with the Cambridge PLD system was at the time of the fabrication
of these films not reproducible.

The multilayer film was also annealed under these conditions (450 – 500°C, 1 atm, 4 hours).
This film was grown with the intention to obtain an optimal doping level, but in spite of this the
transition temperature was increased from 87.7 to 90.5 K due to the annealing treatment. The film
was initially slightly under- or overdoped.

7.1 Misorientation angle 24°

Figure 7.2a shows the resistance-temperature, R(T), dependencies for grain boundaries
with a misorientation angle of 24° in Ca-YBCO. Grain boundary measurements were carried out
with the material in a (near) optimally doped state (Tc = 81 K) and in the (as grown) slightly

Figure 7.1. Dependence of the intragrain resistance on the temperature for a
Ca-YBCO thin film after annealing at different temperatures in 1 Atm oxygen for
4 hours.
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underdoped state (Tc = 66.5 K). Figure 7.2b shows the influence of the oxygen level on the
normal state resistivity of intragrain Ca-YBCO. The R(T) characteristic for the underdoped grain
boundary is based on 4 measurements. Due to the small absolute value of the grain boundary
resistivity, the spread of the 4 measurements is relatively high. The deviation from the shown
average for individual measurements was 40 – 70% between the transition temperature and room
temperature. The resistance of this grain boundary angle is approaching the accuracy limit of the
measurement technique, as described in section 4.1.

The R(T) characteristic for the oxygenated grain boundary is based on only 1 measurement
due to degradation of the Wheatstone bridge devices during annealing. The absolute value of the
resistance of this grain boundary is very low, which increases the likelihood that this measurement
is affected significantly by geometrical imperfections of the device and the associated additional
voltage. Several unexpected features confirm the suggestion that a significant factor of thin film
resistance is incorporated in the R(T) dependence: the resistance increases with temperature below
200 K and the R(T) curves for the different oxygen levels intersect at ~ 275 K. Current-voltage,
I(V), characteristics were measured below Tc and the deduced R(T) dependencies have been included
in Figure 7.2a.

Figure 7.3 shows the calculated shape of the potential barrier at the grain boundary in the
underoxygenated film, which has been obtained according to the methodology set out in section
4.2. The shape of the potential barrier is Gaussian-like, which is associated with the small
temperature dependence of the grain boundary resistance. Figure 7.2a shows the R(T) characteristic
calculated on the basis of this barrier shape. As the result for the R(T) dependence of the grain
boundary in the oxygenated thin film was not reproduced, a potential barrier shape has not been
calculated. The statistical reliability would be small.

7. Results

Figure 7.2. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 24° in Ca-YBCO thin films for two different oxygen levels. The results of modelling of the
normal state resistance are included. b) The dependence of the intragrain resistivity on the temperature for these
Ca-YBCO thin films.

ba
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Figure 7.4 shows current density-
voltage, J(V), characteristics for the 24°
boundary between 6 K and Tc. As also the I(V)
characteristics were measured by means of  a
Wheatstone bridge, these J(V) characteristics
are an average of (42) characteristics with a
range of critical currents and therefore appear
rounded. It was shown by Ransley that the
spread in critical current density for a 24°
boundary can be up to a factor 2.5 [1]. The
J(V) characteristics at temperatures higher than
the transition temperature exhibit a decreased
slope (i.e. a higher resistance), which is caused
by geometrical imperfections in the resistive
Wheatstone bridge. The accessible voltage
range is very small due to the very low resistance of these grain boundaries. Voltages higher than
those affected by the RSJ behaviour could not be probed, and J(V) behaviour associated with the
barrier shape at the grain boundary cannot be observed very well. However, the J(V) characteristics
at higher temperatures, which are less affected by the RSJ behaviour of the junctions, show a
linear J(V) dependence at currents above the critical current. As previously, this could be explained
on the basis of the low dependence of the barrier width on the energy at the Fermi energy, as
shown in Figure 7.3. An increased averaged energy of the charge carriers at a higher voltage will
not cause a significant increase of the tunnelling probability.

Figure 7.4. Current density - voltage characteristics for a 24° grain bounary in a) an oxygenated Ca-YBCO thin
film and b) as grown. Current density - voltage characteristics are shown every 30 K. Colours represent temperatures
as depicted in the inset in a).

a b

Figure 7.3. Calculated barrier shape for a 24° grain
boundary in Ca-YBCO with a Tc of 81 K. The Fermi level
has been indicated by a dotted line marked Ef.
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7.2 Misorientation angle 30°

Figure 7.5a shows R(T) characteristics of grain boundaries with a misorientation angle of
30°. Results of grain boundaries in Ca-YBCO (20% Ca) and in multilayer-YBCO (3% Ca) are
depicted. Grain boundary measurements in Ca-YBCO were carried out with the material in the
(as grown) slightly underdoped state (Tc = 76.5 K) and after further oxygenation (Tc = 82.5 K).
Also the grain boundary in multilayer-YBCO was characterised before (Tc = 87.5 K) and after (Tc

= 90.5 K) annealing in oxygen. All shown results are an average of measurements from 3 – 5
different Wheatstone bridge devices. Only for the grain boundary in Ca-YBCO, I(V) characteristics
were recorded below Tc, and the associated R(T) characteristics are included in Figure 7.5a.

Figure 7.5b shows the temperature dependence of the intragrain resistivity of the Ca-YBCO
and the multilayer-YBCO film. The curvature of the ρ(T) characteristic of the Ca-YBCO is convex,
which confirms that the as grown film was underdoped. Accordingly, oxygen annealing increased
the oxygen level and brought the sample in a (near) optimally doped state and consequently the Tc

increased from 76.5 K to 82.5 K. In contrast, the multilayer-YBCO film exhibits a very slight
concave curvature of its ρ(T) characteristic, which indicates that the as grown film was slightly
overdoped. Table 7.1 shows that the multilayer-YBCO film was after deposition (in situ) annealed
in an oxygen pressure ~17 times as high as the Ca-YBCO film. Oxygen annealing increased the Tc

of the film from 87.5 K to 90.5 K. This suggests that (ex situ) oxygen annealing has decreased the
oxygen level of the multilayer-YBCO film and decreased the doping level to (nearly) optimal.

For both Ca-YBCO and multilayer-YBCO, (ex situ) oxygen annealing has severely degraded
the intragrain tracks, which made it not feasible to determine the ρ(T) characteristic of films in
their high-Tc state. Only an unreproduced (and uncompleted) measurement on an intragrain track

in the multilayer-YBCO film
suggests that (ex situ) oxygen
annealing had increased the
intragrain resistivity of the film,
which confirms the suggestion
that the film was (as grown) in

7. Results

Figure 7.5. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 30° in  Ca-YBCO and multilayer-YBCO  for two different oxygen levels. The results of
modelling of the normal state resistance are included. b) Dependence of the intragrain resistivity on temperature
for the same Ca-YBCO and multilayer-YBCO thin films, both in as grown state.
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an overdoped state.
Both for Ca-YBCO and multilayer-YBCO the oxygen content has a significant influence on

the magnitude of the normal state resistance of the grain boundary. The normal state resistance of
the grain boundaries in the oxygenated films is approximately half that in the as grown films.
Figure 7.6b shows the calculated shapes of the potential barriers. The dotted curves in Figure
7.5a show the R(T) characteristics calculated on the basis of these barrier shapes. In the case of
the Ca-YBCO doped film, the varying oxygen content influences predominantly the width of the
potential barrier. The width of the barrier in the underdoped film is approximately 0.1 nm (20%)
wider at the Fermi level. The difference in barrier shapes is a result of differences in the temperature
dependence of the R(T) dependencies, as shown in Figure 7.6a. The smaller temperature dependence
of the grain boundary resistance in the optimally doped film is associated with a more constant
barrier width at energies around the Fermi level. The higher oxygen level has not decreased the
height of the potential barrier; on the contrary, the barrier height is slightly decreased. This seems
unphysical and should be attributable to the calculation method.

The oxygen content has a less specific influence on the shape of the potential barrier in the
multilayer-YBCO film. The height and width of the barrier have been comparably influenced by a
change in the oxygen level: the functional form of the barrier shape has not been affected. The
comparable barrier shapes are a result of the similar temperature dependence of the resistance, as
shown in Figure 7.6b. In this Figure can clearly be seen that the R(T) dependencies of the grain
boundary in the multilayer-YBCO film exhibit a concave shape (decreasing δR/δT with increasing
T), as opposed to what is expected on the basis of the tunnelling model. The applied model cannot
account for the R(T) dependencies shown in 7.5a, and as a result the calculated R(T) dependencies
do not fit the measured R(T) behaviour. A more extensive discussion of this general observation

Figure 7.6. a) Dependence of the normalised  resistance area product on the temperature for grain boundaries in
Ca-YBCO and multilayer-YBCO. b) Calculated barrier shapes for grain boundaries in Ca-YBCO and multilayer-
YBCO.
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will follow in section 8.1.
Calcium has decreased both the Tc and intragrain conductivity of Y1-xCaxBa2Cu3O7-δ, but it

has improved the normal state properties of the grain boundary. A clear decrease of the resistance
of the grain boundary in the Ca-doped film in comparison with the grain boundary in the multilayer-
YBCO film can be observed. The multilayer structure was fabricated on the assumption that
calcium segregates preferentially in the grain boundary, as set out in section 2.7. Therefore it is
expected that the calcium concentration in the grain boundary is substantially higher in comparison
with the 3% in the intragrain thin film material, and that the transport properties of the grain
boundary are enhanced accordingly. The multilayer structure should lead to the presence of pristine
YBCO and a high transition temperature in combination with enhanced grain boundary properties.
A high transition temperature has certainly been attained (90.5 K), however, the reduction of the
grain boundary resistance in these films in comparison with YBCO is marginal. In Figures 6.4 and
7.5a can be seen that the value and temperature dependence of the resistance of grain boundaries
in these films is very similar. The high transition temperature together with the lack of change of
the grain boundary resistance suggests that the Ca percentage is too small to have a significant
influence. A more extensive discussion of the influence of calcium doping will follow in section
8.3.

Figure 7.7 shows J(V) characteristics for the grain boundaries in the Ca-YBCO film for
both oxygen levels. The J(V) characteristics seem to be linear outside the region affected by the
RSJ behaviour at low voltages. In order to assess the degree of linearity, conductivity versus
voltage [G(V) = δJ/δV] characteristics were extracted from the measured J(V) curves. The insets
in Figure 7.7 show G(V) characteristics at 6 K. For the grain boundary in the underdoped film it
can be seen that the conductance is not significantly dependent on the voltage in the range 10 – 30

7. Results

Figure 7.7. Current density - voltage characteristics for 30° grain bounaries in a) an oxygenated Ca-YBCO thin
film and b) as grown. Current density - voltage characteristics are shown every 6 K for temperatures between 30
K. The insets show conductance - voltage characteristics at 6 K. Colours represent temperatures as depicted in
Figure 7.4a.
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mV. Due to the low resistance, the accessible voltage range for the oxygenated film is small, and
voltages higher than those affected by RSJ behaviour cannot be probed. The expectation on the
basis of the difference in shape of the potential barriers that the optimally doped grain boundary
exhibits a smaller dependence of the conductance on the voltage cannot be confirmed.

7.3 Misorientation angle 37°

Figure 7.8a shows R(T) dependencies for grain boundaries with a misorientation angle of
37° in a Ca-YBCO thin film as grown (Tc = 64 K) and after further oxygenation (Tc = 81 K).
Figure 7.8b shows the temperature dependence of the intragrain resistivity in the Ca-YBCO thin
film. The film as grown exhibits a ρ(T) characteristic with a significant convex curvature, which
confirms that this film was underdoped. Oxygen annealing has increased the doping level of the
film to (near) optimally doped. The R(T) dependencies below Tc are deduced from I(V)
characteristics recorded as a function of temperature between 6 K and Tc. All R(T) characteristics
are based on results from 4 – 5 Wheatstone bridge devices. The resistance for the grain boundary
in the underdoped film is a factor 2 – 4 larger in comparison with the (near) optimally doped film.
The doping level also has a significant influence on the temperature dependence of the resistance,
as shown in the inset in Figure 7.8a.

Figure 7.9 shows the shapes of the potential barriers deduced from the measured R(T)
characteristics. The varying oxygen content seems to influence predominantly the width of the
potential barrier. The width of the barrier in the underdoped film is approximately 0.2 nm (~ 20
%) wider at the Fermi level. The difference in barrier width variation with increasing energy
results from the difference in temperature dependence of the resistance, as shown in the inset of
Figure 7.8a. The change in oxygen content has not significantly affected the height of the potential

Figure 7.8. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 37° in  Ca-YBCO for two different oxygen levels. The results of modelling of the normal
state resistance are included. The inset shows the dependence of the resistance on the temperature normalised at
300 K. b) Dependence of the intragrain resistivity on the temperature for the associated thin films.
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barrier. The R(T) characteristics calculated from these barrier shapes are included in Figure 7.8a.
As in the case of the 30° boundaries in multilayer-YBCO thin films, the measured R(T) characteristic
for the boundary in the underdoped film has a concave characteristic, and therefore the fit of the
tunnelling model is poor.

Figures 7.10 a and b show J(V) characteristics for both oxygen levels. The accessible voltage
range for the grain boundary in the oxygenated thin film is limited due to its low resistance. Both
sets of J(V) characteristics seem to exhibit some degree of non-linearity. In order to assess the
non-linearity of the J(V) characteristics, G(V) characteristics extracted from the J(V) curves are
depicted in Figures 7.10 c and d. The G(V) characteristics in Figure 7.10c show similar structures
as the G(V) characteristics shown in Figure 6.5c. Although these structures occur at fixed voltages,
it has been established that also these structures result from an external source, and are not associated
with the electronic structure of the YBCO or the grain boundary. The structures occur at very
regular intervals (1.7 mV), are not centred around zero bias, and do not occur at the same voltage
for the increasing and the decreasing current.

The G(V) characteristics show a universal, nearly linear dependence of the conductance at
voltages above the gap energy. This confirms that also for Ca-YBCO, transport across the grain
boundary occurs by direct tunnelling from superconducting states into superconducting states,
and there is no significant contribution of quasiparticle transport below Tc. For comparison, also
some G(V) characteristics well above Tc are included, which show a decreasing resistance with
temperature over the whole voltage range. The temperature dependence of the conductance around
zero bias below the transition temperature is associated with the temperature dependence of the
magnitude of the energy gap in the DOS of the YBCO electrodes, and not with intrinsic properties
of the grain boundary.

7. Results

Figure 7.9. Calculated barrier shapes for 37° grain
boundaries in Ca-YBCO for two different oxygen levels.
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7.4 Misorientation angle 45°

Figure 7.11 shows R(T) dependencies for grain boundaries with a misorientation angle of
45° in a Ca-YBCO thin film. These results concern an asymmetric [001] tilt grain boundary, in
contrast to the symmetric grain boundaries previously discussed. As previously, results are shown
of a grain boundary in the as grown, underdoped film (Tc = 72 K), as well as, after further
oxygenation of the film (Tc = 83 K). It has not been possible to obtain ρ(T) characteristics due to
poor quality of the intragrain tracks. The R(T) dependencies below Tc are deduced from I(V)
characteristics recorded as a function of temperature between 6 K and Tc. All R(T) characteristics
are based on results from 4 – 5 Wheatstone bridge devices. The resistance for the grain boundary

Figure 7.10. Dependence of the current density on the voltage of a 37° grain boundary in a) an oxygenated Ca-
YBCO thin film and b) as grown, and of the conductance on the voltage of a 37° grain boundary in c) an
oxygenated Ca-YBCO thin film and d) as grown. Current density - voltage characteristics are shown every 30 K
in a) and b). Conductance - voltage characteristics are shown every 6 K in c) and d). Noise features have been
removed from the data in c) and d) by a Fast Fourier Transform smoothing routine. Colours represent temperatures
as depicted in Figure 7.4a.
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in the underdoped film is a
factor 2 – 3 larger in
comparison with that in the
(near) optimally doped
film. The oxygen content
has a significant influence
on the temperature
dependence of the R(T)
dependencies, as shown in
the inset in Figure 11.

Figure 7.12 shows
the shapes of the potential
barriers deduced from the
measured R(T)
characteristics. The varying
oxygen content seems to

influence predominantly the width of the potential barrier. The width of the barrier in the
underdoped film is approximately 0.15 nm (~ 23 %) wider at the Fermi level. The oxygen level
has not significantly affected the height of the potential barrier. The increased energy dependence
of the width of the boundary in the underdoped film is consistent with its higher temperature
dependence. The R(T) characteristics calculated from these barrier shapes are shown in Figure
7.11. As in previous cases, these grain boundaries exhibit a concave R(T) dependence, and therefore
the fit of the tunnelling model is very poor.

Figures 7.13a and b show J(V)
characteristics for both the optimally doped
and the underdoped 45° grain boundary. The
I(V) curves for the optimally doped grain
boundary were measured (inadvertently) with
a voltage offset of approximately 5 mV, and
are therefore not centred at (J,V) = (0,0). The
J(V) characteristics are non-linear, and the
G(V) characteristics in figures 7.13c and d
show that there is a strong positive correlation
of the conductance on the voltage for both
oxygen levels. As previously, within the
framework of the tunnelling model, this can
be explained on the basis of the strongly
increasing width of the barrier with increasing
energy, as shown in Figure 7.12.

7. Results

Figure 7.11. Dependence of the resistance area product on the temperature for
45° grain boundaries in  Ca-YBCO for two different oxygen levels. The results
of modelling of the normal state resistance are included. The inset shows the
dependence of the resistance normalised at 300 K.
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Figure 7.12. Calculated barrier shape for 45° grain
boundaries in Ca-YBCO for two different oxygen levels.
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7.5 Summary

Figure 7.14a shows an overview for the R(T) characteristics for grain boundaries in Ca-
YBCO and multilayer-YBCO with misorientation angles between 24° and 45°. Values for the
grain boundary resistivity of grain boundaries in (nearly) optimally doped films range at 6 K from
4×10-13 to 5×10-12 Ωm2 and at 300 K from 4×10-13 to 2×10-12 Ωm2. Mannhart, Schmehl and Ransley
reported values of approximately 1×10-13 Ωm2 for 24° grain boundaries in Y0.8Ca0.2Ba2Cu3O7-δ at
4.2 K [2-4]. There are no reports of values for misorientation angles other than 24°, but there
have been more extensive studies on grain boundaries in Y0.7Ca0.3Ba2Cu3O7-δ. Values of 1×10-13

Figure 7.13. Dependence of the current density on the voltage of a 45° grain boundary in a) an oxygenated Ca-
YBCO thin film and b) as grown, and of the conductance on the voltage of a 45° grain boundary in c) an
oxygenated Ca-YBCO thin film and d) as grown. Current density - voltage characteristics are shown every 30 K
in a) and b). Conductance - voltage characteristics are shown every 6 K in c) and d). Noise features have been
removed from the data in c) and d) by a Fast Fourier Transform smoothing routine. Colours represent temperatures
as depicted in Figure 7.4a.
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Ωm2 and 2×10-12 Ωm2 were reported for symmetric 30° and asymmetric 45° boundaries at 4.2 K,
respectively [5]. Another study showed a much larger resistivity of asymmetric grain boundaries
in Y0.7Ca0.3Ba2Cu3O7-δ and values ranged from 5×10-13 Ωm2 for 30° to 9×10-12 Ωm2 for 45° at 4.2
K [6]. As for grain boundaries in YBCO, the large spread in values highlights the influence of the
growth procedure on the microstructural properties of the thin film and the grain boundary. The
resistance area product increases with a factor 10 - 15 if the misorientation angle is increased
from 24° to 45°. This is in approximate agreement with values reported for grain boundaries in
Y0.7Ca0.3Ba2Cu3O7-δ [5, 6].

The lower oxygen content of the as grown films increases the grain boundary resistivity at
300 K with approximately a factor 2 in comparison with the oxygenated films, as shown in Figure
7.14b. The increased oxygen content in these films also increases the temperature dependence of
the grain boundary resistivity, as shown in the insets of Figure 7.14. The temperature dependence
of the grain boundary resistivity in oxygenated films ranges from temperature independent for a
24° boundary to a 50% decrease between 100 K and 300 K for a 45° boundary. In the as grown
films, the temperature dependence ranges from a 30% decrease for a 24° boundary to a 70%
decrease for a 45° boundary. The higher temperature dependence associated with the lower oxygen
content of the as grown films is according to the tunnelling model associated with significantly
wider potential barriers, as shown in Figure 7.15. The width has consistently increased with
approximately 0.5 nm. Typically, the oxygen content has little effect on the height of the potential
barriers. Also the higher temperature dependence of the 37° / 45° boundaries in comparison with
the 24° / 30° is according to the tunnelling model associated with a much wider potential barrier.
The weak temperature dependence in combination with a relatively high absolute value of the
R(T) characteristic of the 30° boundary has resulted in a higher potential barrier in comparison

7. Results
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Figure 7.14. Dependence of the resistance on temperature for grain boundaries with misorientation angles ranging
from 24° to 45° in a) an oxygenated Ca-YBCO film and b) as grown. The insets show the dependence of the
resistance on the temperature normalised at 300 K.
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with the 45° boundary. This is likely to result from an inadequacy of the model, as it seems
otherwise unphysical.

The grain boundary with a misorientation angle of 37° was observed to have lower resistance
values than expected on the basis of a continuously increasing resistance with misorientation
angle. As for grain boundaries in YBCO thin films, this could be explained on the basis of the Σ=5
atomic configuration of the grain boundary. A high concentration of coincidental lattice sites that
act as positions with a locally decreased barrier potential can cause a substantial decrease of the
overall resistance of the boundary. In contrast to the magnitude of the resistance, the temperature
dependence seems to be unaffected by any possible effects of the Σ=5 configuration.

Conductance – voltage characteristics for grain boundaries with misorientation angles 37°
and 45° confirmed that the grain boundary resistance below Tc is independent of temperature
between the gap energy and a voltage at which heating sets in, indicating inelastic tunnelling
from superconducting states into superconducting states.

Figures 7.16 a and b show J(V) characteristics at 6 K for the 4 misorientation angles at the
two different oxygen levels. While the displayed current range is the same, the voltage range for
the as grown films is much larger due to the higher resistance of the grain boundaries in these
films. The decreased slope of these J(V) characteristics at higher voltages is associated with the
onset of localised heating, as heating is dependent on the voltage (P = JV). The differential resistance
area product as a function of the applied current density (RnA(J) = δV/δJ) at 6 K is shown in
Figures 7.16. In these figures heating is associated with a transition from a decreasing to increasing
resistance with increasing current (P=J2RnA). The critical current density can be observed for the
24° boundary for both doping levels. For higher misorientation angles the critical current is not
observable due to a negligible value. Furthermore, the larger voltage range at which the higher
misorientation angles are recorded (but a constant number of data points per I(V) measurement)

Figure 7.15. Calculated shapes for potential barriers at grain boundaries with various misorientation angles in
a) an oxygenated Ca-YBCO film and b) as grown.
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results in “smoothing” of discontinuities, like the critical current. The dynamic resistance of the
37° boundary is smaller than for the 30° boundary over almost the whole voltage range in the
(near) optimally doped films.

The dependence of the resistance area product on the current density, and thus the extent of
non-linearity of the J(V) characteristics, generally increases with increasing misorientation angle
and decreasing oxygen content. These observations are consistent with the explanation that the
dependence of the conductance on the applied voltage is larger for grain boundaries with a
triangular barrier, as calculated with the tunnelling model. This shows the consistency of the
model, as the barrier shapes were calculated on the basis of the R(T) characteristics, but provide
also an explanation for the observed I(V) behaviour.

7. Results

Figure 7.16. Current density - voltage characteristics of grain boundaries in a) an oxygenated Ca-YBCO film and
b) as grown, and the dependence of the resistance area product on the current density of grain boundaries in c) an
oxygenated Ca-YBCO film and d) as grown. Noise features have been removed from the data in c) and d) by a Fast
Fourier Transform smoothing routine.
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8. Discussion, conclusions and further work
This chapter provides a discussion and attempts to draw parallels between results presented

in the Chapters 5 to 7. Firstly, the strengths and weaknesses of the applied modelling method are
evaluated. The following two sections include discussions of the influence of misorientation angle,
oxygen content and calcium doping on the microstructure and electronic structure of high-angle
grain boundaries in YBa2Cu3O7-δ (YBCO), multilayer YBa2Cu3O7-δ / Y0.7Ca0.3Ba2Cu3O7-δ (multilayer-
YBCO) and Y0.8Ca0.2Ba2Cu3O7-δ (Ca-YBCO). The last two sections of this chapter are dedicated
to listing the overall conclusions of this study and recommendations for further work.

8.1 Validity of tunnelling model

As discussed in section 4.2, a shape for a potential barrier at the boundary is calculated by
taking an average of many different barrier shapes that all “fit” the measured resistance-temperature
characteristics. It is hard to justify why such an average should result in a more realistic
approximation than any other barrier shape that leads to the measured R(T) characteristic. However,
the dimensions of the obtained barrier shapes will lie within a certain range, and values for the
height and width of the barrier can be compared with other reports.

Values reported in this study vary from 0.1 to 0.3 eV for the barrier height, and from 4 to 8
Å for the barrier width. The built-in potential for high angle grain boundaries in YBCO was in the
framework of the band-bending model generally estimated to be ~ 0.1 – 0.2 eV [1-4]. On the basis
of capacitance measurements a value for the built-in potential of 0.2 eV was calculated [5]. The
width of the structurally distorted layer equals approximately 2 – 10 Å, and increases with
misorientation [6]. The width of charge depleted layers is subsequently estimated by using (2.2).
This makes the total width of e.g. a 30° boundary in YBCO approximately 8 Å. By using Electron
Energy Loss Spectroscopy in a Transmission Electron Microscope a much larger width of 100 –
120 Å of the hole depleted zone was measured [7]. A plausible explanation is that not the complete
width of hole depleted material acts a tunnel barrier, as exemplified by Figure 2.21 c and d. Only
there where the carrier type is inverted [8], the material is presumed to act as a barrier to the flow
of supercurrent, which can be a far narrower region than the hole depleted region. So, the calculated
values for the height and the width of the potential barrier are in general in good agreement with
other estimations. The only direct measurement of the potential of a dislocation core in YBCO
resulted in much larger values for the height and the width of the barrier [8]. Values of 2.4 eV for
the height of the potential and 1.7 nm for the spatial extent were reported. However, the dislocation
core is likely to be the location with the highest potential at the grain boundary, whereas values
deduced from transport measurements will lead to estimations of the height of the narrowest,
lowest potential barrier(s) at the grain boundary. So, these measurements give an indication of the
inhomogeneity of the potential at the boundary and are not necessarily in contradiction with each
other.

The temperature dependence of the tunnelling probability for a barrier with finite height
leads to an increasing temperature dependence of the resistance with increasing temperature.

8. Discussion
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Therefore, calculations based on the model described in section 4.2 will always lead to an R(T)
characteristic with a convex shape. This convex R(T) dependence was confirmed for several grain
boundaries, however, also linear and concave R(T) dependencies were observed. This behaviour
cannot be explained by elastic tunnelling through a temperature independent potential barrier [9].
A barrier shape was calculated on the basis of concave R(T) dependencies, but the fit to the
measurement of the R(T) dependence calculated on the basis of this barrier shape was poor. In
order to quantify the misfit between the measured and calculated R(T) characteristic, and, as
such, the validity of the applied tunnelling model, the deviation between the measurement and
model was calculated for each grain boundary.

Figure 8.1a shows the misfit between the measurement and calculation as a function of
grain boundary misorientation angle in terms of the average deviation between 110 and 300 K
normalised to the average resistance in the same temperature range. Although there is some
correlation between the deviation and the misorientation angle, it is not feasible to posit that there
is a definite departure from the used tunnelling model for higher misorientation angles. One could
expect that the validity of the tunnelling model does not depend specifically on the misorientation
angle, but moreover on the resistance of the grain boundary. Figure 8.1b shows the relative deviation
versus the average resistance area product of the grain boundary between 110 K and 300 K, but
also in this case the correlation is weak. The chance that the model is invalid increases with
increasing resistance of the grain boundary, but also for low resistance grain boundaries a poor fit
of the calculation to the measurement was observed. The best example for the lack of a correlation
on grain boundary angle or grain boundary resistance can be seen in Figure 7.5a. Two grain
boundaries with the same misorientation angle and approximate resistance exhibit a very different

Figure 8.1. Dependence of the relative deviation on a) the grain boundary misorientation angle and b) the average
resistance between 110 and 300 K. The relative deviation is the average difference between the measured resistance
and the resistance calculated on the basis of the calculated barrier shape divided by the average resistance, based
on (T,R) every 10 K between 110 and 300 K. Filled and open symbols represent grain boundaries in fully oxygenated
and underoxygenated thin films, respectively.
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R(T) behaviour, which indicates that the applicability of the tunnelling model depends on other
factors.

The lack of applicability of the developed model for certain grain boundaries casts doubt on
the validity of the barrier shapes obtained for such grain boundaries. However, the height and
width of the potential barrier are predominantly dependent on the absolute value and average
temperature dependence of the grain boundary resistance, respectively [10]. The shape of the
R(T) dependence determines mostly the shape of the barrier (Gaussian vs. triangular), but should
not affect the dimensions of the barrier. This is confirmed by the observation that for concave
R(T) characteristics only triangular barrier shapes are calculated, as a triangular barrier shape
leads to the best fit to a concave R(T) dependence.

A next question that arises is the reason for the lack of validity of the model. A plausible
explanation for the concave R(T) characteristic of a grain boundary in a strongly deoxygenated
film was already offered in section 6.2. The presence of a pseudogap in the single particle density
of states should be expected to lead to an increased resistance of a tunnel barrier abutted by
material with this property. The estimated doping level of the deoxygenated thin film was p ≈
0.08, which should lead to significant pseudogap behaviour [11, 12]. However, concave R(T)
behaviour has been extensively observed for grain boundaries in well-oxygenated films with high
transition temperatures. The influence of pseudogap behaviour should be marginal in such cases,
and can therefore be ruled out as a more general explanation for the observed R(T) behaviour.
The observation that grain boundaries in films with a supposedly higher doping level exhibit a
more concave R(T) characteristic than an equivalent with a lower doping level supports this
proposition. This is exemplified by Figure 7.5a, where grain boundary in a multilayer-YBCO film
with a Tc of 90.5 K shows a considerably more concave characteristic than a grain boundary in a
Ca-YBCO film with a Tc of 76.5 K.

Looking more closely at the tunnelling model itself, it should be noted that it is based on
elastic tunnelling through a barrier with a fixed shape. There are two obvious reasons that can
cause deviation from the behaviour predicted by the model: i) charge transport through the grain
boundary does not only take place by tunnelling, and ii) the shape of the tunnelling barrier is not
fixed. Charge transport by thermionic emission leads to a an exponential R(T) dependence according
to the relation R ~ exp(1/kbT), where kb is Boltzmann’s constant. Thermionic emission parallel or
competing with tunnelling transport could lead to the observed R(T) characteristics. Alternatively,
it has been suggested previously that the observed behaviour is induced by a tunnelling process
that is controlled by electronic correlations [13].

It has been assumed in this work that the shape of the tunnelling barrier is not dependent on
temperature. A concave instead of a convex R(T) characteristic implies that there is an extra
resistant component at high temperatures. A tunnel barrier with a height and/or width that increases
with temperature could provide such an extra resistance component. A barrier height increasing
with temperature according to a factor (1+a√ T), where a is a constant, has been suggested
before for aluminum – diamond contacts [14]. These suggestions can explain the observation of

8. Discussion
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a concave temperature characteristic, but have not been explored any further within the framework
of this dissertation.

8.2 Influence of misorientation angle

Figure 8.2 shows the average resistance of a grain boundary between 110 and 300 K as a
function of its misorientation angle. The resistance increases with a factor 6 – 15 between 24° and
45°. The values for grain boundaries in Y0.7Ca0.3Ba2Cu3O7-δ are lower than in YBa2Cu3O7-δ, but
there is no clear difference in the misorientation angle dependence. In order to interpret the variation
of the grain boundary resistivity as a function of misorientation angle in the framework of the
structure of the grain boundary, the height (above the Fermi level) and the width (at the Fermi
level) of the barriers presented in Chapters 6 and 7 have been extracted and are depicted as a
function of misorientation angle in Figure 8.3. Where a correlation between barrier height and
misorientation angle is inconsistent, there is a clear correlation between barrier width and
misorientation angle. The stronger temperature dependence of the resistance and voltage
dependence of the conductance are associated with the larger barrier width of higher misorientation
angles. The barrier width dependence of the energy is larger for a wider barrier, which causes a
larger dependence of the tunnelling probability on the energy of the charge carriers.

The barrier width increases with a factor 1.6 – 1.9 between 24° and 45°. Calculations on the
basis of bond-valence sum analysis suggests that the width of the non-superconducting zone
increases almost linearly from 4 to 9 Å for asymmetric grain boundaries with misorientation
angles increasing from 18° to 45° [6]. A square well model was used in this study, but apart from
that the values for the barrier width are very comparable with those in Figure 8.3a. These calculations
are based on the assumption that the structure
of asymmetric grain boundaries consists of
structural units, of which the width increases
with misorientation angle. However, these
authors argue that the structure of all grain
boundaries consists of structural units and
therefore their calculations should have wider
applicability. The calculated factors by which
the structural width varies with misorientation
angle are very similar those observed for the
variation of the barrier width in this study.
Therefore, the results of this study are
consistent with the suggestion that the
transport properties degrade with increasing
misorientation angle due to an increasing
structural width of the grain boundary.

Figure 8.2. Dependence of the average resistance area
product between 110 and 300 K on the misorientation
angle. Filled and open symbols represent grain
boundaries in (nearly) optimally doped and underdoped
thin films, respectively.
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There is a clear depression in the trend of the grain boundary resistance for 37° boundaries.
One possible explanation is based on the implications of the Σ = 5 structure in symmetric grain
boundaries with a misorientation angle of 36.87°, as set out in section 6.3. The two crystal lattices
coincide every 5th unit cell, which could cause a reduction of strain and hence of the oxygen
vacancy formation energy [15]. Less oxygen depletion of the grain boundary in comparison with
grain boundaries without a coincident site lattice configuration can lead to a reduction of the
built-in charge at the grain boundary. This is confirmed by the low values for the height of the
potential barrier (for grain boundaries in nearly optimally doped films), whereas the width of the
potential barrier increases monotonously with misorientation angle. In the view of the
inhomogeneous nature of the grain boundary, the Σ=5 configuration could lead to the formation
of superconductive channels in the interface at locations that are regular and unstrained. A
description of the grain boundary as an array of superconductive channels separated by non-
superconductive regions has been suggested before [16, 17].

In one other study improved transport properties were observed for 36° boundaries [18].
At 50 K, a decrease in the resistance area product of up to 40% for 36° boundaries in comparison
with 34° boundaries was observed (see Figure 2.12b). In this study, no reference was made to the
potential influence of the Σ = 5 configuration at the interface. The magnitude of values for the
resistance area product reported in this study is very similar to values reported in this dissertation,
with values ranging from 2 × 10-12 for a 26° boundary to 1 × 10-11 for a 45° boundary at 50 K.
Apart from predictions on the basis of calculations [19], the Σ = 5 structure has never been
directly correlated with enhanced transport properties of 37° boundaries.

The single previous report for the measurement of the normal state resistance above the
transition temperature concerns an asymmetric grain boundary with a misorientation angle of 45°

8. Discussion

Figure 8.3. Dependence of a) the height above the Fermi level and b) the width at the Fermi level of the calculated
barrier shapes on the misorientation angle. Filled and open symbols represent grain boundaries in (nearly)
optimally doped and underdoped thin films, respectively.
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in a YBCO thin film [13]. The resistance area product of this grain boundary is up to an order of
magnitude smaller in comparison with the 45° boundary discussed in Chapter 6 in this dissertation,
and is even lower than that of the 45° boundary in Ca-YBCO discussed in Chapter 7. This is likely
to be attributed to differences in the growth conditions for films fabricated with different deposition
systems. Large differences in the transport properties of grain boundaries of a fixed misorientation
have been reported extensively, and are primarily attributed to differences in growth conditions
and corresponding grain boundary microstructure [20].

A linear, fourfold decrease of the resistance between 100 and 300 K was observed in this
study [13], which is a stronger temperature dependence than observed for any grain boundary
discussed in this dissertation. The linear temperature dependence is suggested not to be attributable
to elastic tunnelling, and was instead associated with a tunnelling mechanism controlled by electronic
correlations. In this dissertation a wide spectrum of temperature dependencies of the grain boundary
resistance have been presented, ranging from convex, which is expected for elastic tunnelling
across a temperature independent potential barrier, to concave, which cannot be explained on the
basis of such a mechanism. Hence, the results presented here confirm that current transport across
grain boundaries, specifically high-angle grain boundaries characterised by a wide tunnel barrier,
does not (only) take place by elastic tunnelling with the assumptions made here.

A consistent difference in temperature dependence of grain boundaries with a misorientation
angle of 24° / 30° and of 37° / 45° has been observed. The temperature dependence for the
misorientation angles 37° / 45° was generally a factor 3 – 5 higher than for the misorientation
angles 24° / 30° (see Figures 6.9 and 7.14). One possible explanation is based on differences in the
microstructural configuration of the two sets of grain boundaries. Both symmetric 37° and
asymmetric 45° boundaries are “special” interfaces, whereas no specific structure is associated
with symmetric 24° and 30° boundaries. As discussed extensively, symmetric 37° (36.87°)
boundaries are Σ = 5 boundaries, and asymmetric 45° boundaries are (100) / (110) interfaces.
Possibly both interface configurations can lead to the formation of high-conductivity current
paths, which “open up” increasingly at higher temperatures. This leads to a rapid increase of the
effective area of the boundary and to the associated enhanced transport properties.

8.3 Influence of calcium and the oxygen content

The influence of oxygen content and calcium doping on the microstructure and transport
properties has been discussed in Chapter 2 of this dissertation. The grain boundaries are thought
to be intrinsically non-stoichiometric due to the strain at the interface [15], and are usually suggested
to have a lower oxygen content than the abutting single-crystalline material [7]. A lower oxygen
content leads to a decreased transition temperature and gap energy, non-metallic normal conduction
and pseudogap behaviour in the normal state, as set out in section 1.5. In addition, the non-
stoichiometry can lead to a built-in charge and the formation of a carrier depleted grain boundary
interface [19]. If the oxygen content influences the charge at the grain boundary, then the width of
the charge depleted region is expected to vary according to (2.2) with the square root of the built-
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in charge. Calcium is expected to replace yttrium in the grain boundary and decrease the strain
due to its larger ionic radius, and subsequently to increase the oxygen vacancy formation energy
[15]. Hence, calcium can decrease oxygen depletion and reduce the built-in charge and extent of
carrier depletion in the grain boundary. In addition, calcium increases the overall hole doping
level of the material and thus reduces the width of any charge induced depletion zones.

Figure 8.4a shows that the resistance area product is significantly lower for grain boundaries
in Ca-YBCO films in comparison with grain boundaries YBCO films for all misorientation angles.
The influence of the oxygen content and the presence of calcium doping on the grain boundary
are closely interrelated, and are therefore discussed jointly in this section. In the following will be
explored how these improved properties, and the influence of oxygen content on the transport
properties, can be explained in the framework of the microstructure and electronic structure of
the grain boundary.

The influence of calcium can be investigated by comparing potential barriers of grain
boundaries with a specific misorientation angle in YBCO and Ca-YBCO. Figure 8.4b shows the
calculated potential barriers of 24° grain boundaries in a nearly optimally doped YBCO film and
a slightly underdoped Ca-YBCO film. The fit of results predicted by the tunnel model to
experimental results is best for grain boundaries with 24° grain boundaries, and therefore the
reliability of barrier shapes could be better for this misorientation angle in comparison with the
higher angles. The potential barrier of the grain boundary in Ca-YBCO is lower, but has a wider
base in comparison with the grain boundary in YBCO. The lower height can possibly be explained
by the influence of calcium on the strain state and oxygen vacancy formation energy of YBCO
[15]. The presence of calcium decreases the strain and, hence, the oxygen vacancy concentration

8. Discussion

Figure 8.4. a) Dependence of the average resistance area product between 110 and 300 K on the calcium content.
Filled and open symbols represent grain boundaries in fully oxygenated and underoxygenated thin films,
respectively. b) Comparison of calculated barrier shapes for grain boundaries with a misorientation angle of 24°
in (nearly) optimally doped YBCO (Tc = 89 K) and slightly underdoped Ca-YBCO (Tc = 66 K).
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in the grain boundary, which decreases the magnitude of a positive built-in charge and, hence,
the height of the tunnel barrier. The wider base can possibly be explained on the basis of the
lower overall doping level in the Ca-YBCO film. If a positive charge bends the electronic band
structure down, then the charge will convert a region with a nearly filled band (low doping level)
more easily to insulating than a region with a band that is filled to lesser extent (higher doping
level). Clearly, from the suggestion that the built-in charge in Ca-YBCO is lower in comparison
with YBCO would follow that the region affected by the charge is smaller in Ca-YBCO. It is in
this context not possible to indicate whether the magnitude of the charge or the doping level of
the YBCO should have a larger influence on the thickness of the layer affected by the charge in
the grain boundary.

The YBCO and Ca-YBCO films with a 30° grain boundary were fabricated in different
locations. The microstructure of the film and grain boundary is potentially very dependent on the
used deposition system, and it would therefore be unjust to compare results. The behaviour of
grain boundaries with a misorientation angle of 37° is possibly affected by the presence of the Σ=5
configuration at the grain boundary, and therefore also in this case it is cumbersome to compare
the observations for different films. Comparison of the potential barriers for the 45° boundary in
YBCO (Figure 6.8b) and Ca-YBCO (Figure 7.12) shows that the lower resistance of the grain
boundary in Ca-YBCO is modelled as a decrease of both the height and the width of the tunnel
barrier, but no further conclusions have been connected to this observation as the fit of the model
to these R(T) characteristics was worst.

It has been shown in Chapter 6 that for grain boundaries in YBCO, the oxygen content

Figure 8.5. Dependence of a) the barrier width and b) the barrier height of grain boundary potential barriers on
the extent of oxygenation of the bicrystalline film. Filled and half-filled symbols represent grain boundaries in
YBCO and Ca-YBCO films, respectively. The oxygen content has been set out qualitatively and the diagrams
serve only to illustrate to influence of the oxygen content for one specific misorientation angle with a specific
calcium content. The indications of the oxygen content “lower” and “higher” refer to one misorientation angle
and calcium content only, and cannot be compared amongst each other.



129

influences predominantly the height of the grain boundary potential barrier. In contrast, for grain
boundaries in Ca-YBCO, as set out in Chapter 7, the oxygen content has mostly an effect on the
width of the potential barrier. These observations are schematically depicted in Figure 8.5. This
difference can possibly be explained on the basis of the influence of calcium on the oxygen vacancy
formation energy. It has been shown that for YBCO the oxygen vacancy energy in strained (grain
boundary) material is considerably lower in comparison with unstrained bulk material [15]. Hence,
vacancies will predominantly form in strained material and to a lesser extent in bulk material.
Oxygenation will remove oxygen vacancies, and since these are predominantly present in the
strained material, this will mostly increase oxygen concentration in the grain boundaries. The
increased oxygen concentration in the grain boundaries will reduce the built-in charge, and, hence,
the height of a potential barrier in the grain boundary.

In contrast, for Ca-YBCO, the oxygen vacancy energy has been shown to be higher in
(tensile) strained material, and hence the concentration of  oxygen vacancies in the grain boundary
is expected to be smaller in comparison with bulk material [15]. The increased oxygen vacancy
formation energy is associated with a relief of tensile strain due to the substitution of Cu atoms by
the 30% larger Ca atoms. Consequently, oxygenation is expected to have little effect on the
oxygen concentration in the grain boundary, and relatively more on the bulk material. Hence, the
built-in charge and the height of a potential barrier are not much affected, but the thickness of the
depletion layers is reduced, resulting in a smaller width of a potential barrier at the grain boundary.
This explanation relies on the assumption that tensile strain plays a role in the formation of oxygen
vacancies and charge in the grain boundary, which is thought to occur for low-angle grain
boundaries, but it is unclear whether or not the same applies to high-angle grain boundaries.

8.4 Conclusions

A method to measure the normal state resistance of grain boundaries in YBCO was developed.
A bicrystalline thin film was fabricated and processed in such a way that the resulting pattern
incorporates wheatstone bridges that cross the grain boundary. The geometry of the Wheatstone
bridge ensures that all resistance contributions are balanced out except for those arising from the
grain boundary. It was shown that peaks at the transition temperature in the resistance – temperature
characteristic are the result of small resistance variations between the individual arms of the
Wheatstone bridge. The inaccuracy of the wheatstone bridge (i.e. its resistance in the absence of
a grain boundary) is largely caused by geometrical errors that result from the patterning process.
In order to mitigate the influence of such errors, the default square Wheatstone bridge was
developed into an elongated model that crosses the grain boundary multiple times. A geometry
with 21 tracks with a width of 4 µm in each arm was found to have at 300 K a precision of
7×10-14 Ωm2, which increases (i.e. a lower value) for lower temperatures.

This geometry was applied to characterise high-angle grain boundaries in YBCO and calcium
doped YBCO. In addition to measurements of the resistance of the grain boundary between the
transition temperature and room temperature, also current – voltage characteristics below and
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above the transition temperature were recorded using Wheatstone bridges. Conductance – voltage
characteristics were derived from the current – voltage characteristics. The measured resistance –
temperature characteristics were interpreted using an existing model for elastic tunnelling across
a potential barrier with a trapezoidal shape. A manual iteration process based on this model was
developed, which made it possible to derive a shape for the potential barrier at the grain boundary
from a resistivity – temperature characteristic.

Simultaneously, the microstructure of the grain boundaries was characterised using
Transmission Electron Microscopy. The study showed that for both low angle (4°) and high angle
(24°) grain boundaries the interface can deviate significantly from its ideal path in line with the
substrate grain boundary. The grain boundary can deviate up to 100 nm from its ideal path, which
is associated with islands nucleating in the vicinity of the substrate grain boundary and subsequently
growing across it. This structure can result in the presence of additional strain and thus deteriorate
the transport properties of the grain boundary. However, it was also shown that there are regions
of the film grain boundary that are in line with the substrate grain boundary. These regions are
relatively strain free and likely to be the regions that govern the transport properties of the grain
boundary. These results reiterate the dominant role of the inhomogeneity of the behaviour of the
grain boundary.

Extensive measurements showed that the resistance decreases with increasing temperature
above the transition temperature, and that the extent of resistance variation depends on the
misorientation angle. The grain boundary resistance for lower misorientation angles (18°) can be
nearly temperature independent, whereas for the highest angles (45°) the resistance can vary with
a factor 3 between 100 K and 300 K. Deoxygenation of the film not only increases the resistance,
but also increases the temperature dependence of the resistance further. According to the tunnelling
model, the resistance variation is associated with the width of the potential barrier at the grain
boundary. The increase in width has been attributed to the angular dependence of the region
affected by strain fields, which result from structural disorder at the grain boundary.

Doping of YBCO with 20% calcium decreases the grain boundary resistance below and
above the transition temperature with up to 50% in comparison with pristine YBCO. For a
misorientation angle of 24°, this resistance decrease is according to the tunnelling model associated
with a decreases of the height of the potential barrier at the interface. This could possibly be
explained on the basis of the influence of calcium on the oxygen vacancy formation energy. Calcium
has been suggested to relieve strain in the grain boundary and, hence, to increase the oxygen
vacancy formation energy in low angle grain boundaries. A higher oxygen content of the grain
boundary is expected to lead to a decrease of the built-in charge in the grain boundary, which
should lead to a decrease of the height of the potential barrier at the grain boundary. Due to
differences in deposition procedure and microstructure of the bicrystalline films, the influence of
calcium on the shape of the potential barrier could not be probed for higher misorientation angles.

It was observed that changes in oxygen content predominantly influence the height of the
potential barrier in YBCO, whereas the oxygen content influences the width of the barrier in Ca-
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YBCO. This was also explained on the basis of the influence of calcium on the oxygen vacancy
formation energy. Calcium has been suggested to increase the oxygen vacancy formation energy
of strained (grain boundary) material to a value higher than the bulk value, which causes the
influence of oxygen variations to shift from the grain boundary to bulk material. Grain boundary
doping according to a layered structure with one in ten layers consisting of 30% calcium-doped
YBCO has little influence on the grain boundary resistivity in comparison with YBCO.

A relatively low resistivity was observed for grain boundaries with a misorientation angle of
37° in well-oxygenated films. This was not observed for 37° grain boundaries in underoxygenated
films. This observation can be interpreted within the framework of the normal spread in grain
boundary transport properties, but an alternative explanation is based on the implications of the
Σ=5 configuration at grain boundaries with a misorientation angle of 36.87°. Every 1 in 5 atoms
coincides for the Σ=5 grain boundary configuration, which was suggested to lead to a decrease of
the strain and, hence, to the formation of high-conductance channels and possibly weakly
superconducting paths across the grain boundary. In underoxygenated films it is proposed that a
much wider region is affected by the disorder in the grain boundary, due to hole depletion or
otherwise. Hence, the above mentioned effects of the Σ=5 configuration do not manifest themselves
and the grain boundary does not behave differently than expected on the basis of an exponential
dependence of the grain boundary resistivity on misorientation angle.

The tunnelling model shows little validity for grain boundaries with a higher misorientation
angle and resistance. As the model is based on tunnelling through a potential barrier with a width
and height independent of temperature, it can be concluded that size of the potential barrier is not
independent of temperature and/or that an alternative mechanism for charge transport across the
grain boundary is active. It was suggested that values for the height and width of the potential
barrier can be tentatively interpreted, as these depend predominantly on the absolute value and
temperature dependence, and not on the functional form of resistance – temperature characteristics.

Current voltage characteristics are non-linear, specifically for the higher misorientation angles
(37° and 45°). According to the tunnelling model this behaviour is associated with the triangular
shape of the potential barrier at the grain boundary. The energy dependent width of the grain
boundary causes the tunnelling probability to be strongly dependent on voltage. Conductance –
voltage characteristics are linear to quasi-parabolic and fall on one curve below the transition
temperature. It was concluded that the resistance of the grain boundary is independent of
temperature below the transition temperature. This indicates that charge transport occurs by
elastic tunnelling from superconducting states into superconducting states. Only below the gap
energy the magnitude of the tunnel current depends on temperature, but this is associated with the
temperature dependent width of the superconducting gap of the electrodes interfacing the grain
boundary, rather than with intrinsic behaviour of the grain boundary.
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8.5 Further work

It has been shown that the measurement of normal-state properties of grain boundaries in
superconducting materials offers a wealth of information. However, the interpretation of results
is not always straightforward and a number of observations in this study deserve further
investigation.

Firstly, the mechanism of charge transport over the grain boundary above the transition
temperature needs to be further investigated. It was concluded that tunnelling across a potential
barrier with a temperature-independent width and height cannot be the (only) mechanism of charge
transport. The resistance – temperature behaviour across a barrier that increases in size with
increasing temperature needs to be modelled in order to assess the feasibility of this scenario.
Furthermore, other transport mechanisms need to be investigated. The possibility that the tunnelling
process is controlled by electronic and/or magnetic correlations has been suggested elsewhere
[13]. Also the implications of the presence of accessible localised states in the grain boundary, as
suggested within the framework of the resonant tunnelling model [21, 22], need to be investigated.
The results of the calculation of a potential barrier shape would have to be compared with results
of TEM holography as previously carried out by Schofield et al. [8] for a single dislocation.
Ideally a narrow track is probed both by transport measurements and TEM holography. A
comparison of the results will give insight in the validity of the model and the variability of the size
of the potential barrier along the grain boundary.

Secondly, the conductance – voltage characteristic deserves further investigation. Within
the framework of this study, it was observed that the shape of the tunnel characteristic changes
from nearly linear for 37° boundaries to quasi – parabolic for 45° boundaries. A chip design that
allows measurement of conductance – voltage characteristics up to high voltages, also for low
conductance barriers (i.e. low misorientation angles) could give further insight in the tunnelling
behaviour. Although it is expected that the mechanism for charge transport below and above the
transition temperature is fundamentally different, any interpretation of the tunnel characteristics
should be carried in out parallel with the interpretation of the resistance – temperature characteristic
above the transition temperature.

Lastly, further microscopy studies can improve the understanding of the relationship of
microstructure and transport properties. On one hand, more microscopy studies like the one
presented in this work can provide a more quantitative image of the occurrence and nature of the
meandering of the grain boundary perpendicular to the film surface, and enhance the understanding
of the role of the inhomogeneity of grain boundaries. On the other hand, an atomic resolution Z-
contrast TEM / EELS study, as previously carried out for low-angle grain boundaries in
YxCa1-xBa2Cu3O7-δ [15, 23], can provide insight in the mechanism for enhancement of transport
properties by calcium doping in high-angle grain boundaries. Measuring the variation of the
calcium concentration along the grain boundary in conjunction with bond valence sum analysis
can clarify whether calcium segregates in order to reduce strain and the associated charge in
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high-angle grain boundaries. The investigation of a grain boundary of which the configuration in
terms of structural units is well known, e.g. a symmetric 36.87° [001]-tilt grain boundary, should
facilitate the interpretation of such results.
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