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This dissertation presents the development and study of organic poly-

meric conductor/High-Tc superconductor bilayers, for exploration of the super-

conductor proximity effect. A major obstacle to this research is the instability

of the High-Tc superconductor towards H2O and CO2 as it is necessary to cre-

ate hybrid structures where the two conductors have intimate contact. For this

reason, a study of the corrosion characteristics of the RBa2Cu3O7 (R=Y, Eu,

Nd) series was undertaken. In this study, R=Nd was shown to have enhanced

corrosion resistance.

In an effort to develop chemical processing methods that allow for the

production of intimate contact between the cuprate superconductor and the

conductive polymer systems, a study of alkyl amine adsorbed onto the surface
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of the superconductor is presented. In the electrochemical part of the study,

alkyl amine ferrocene adsorbed onto the surface revealed that the amines are

strongly adhered to the superconductor while still allowing electrons to pass

from the superconductor to the ferrocene moiety. The self-assembled mono-

layer (SAM) structure of CF3(CF2)3(CH2)11NH2 atop the superconductor was

elucidated by employing several techniques, including atomic scale atomic force

microscopy (AFM).

A novel multistep bilayer sample preparation protocol is presented in-

volving thin film fabrication by pulsed laser deposition (PLD), patterning by

shadow mask ablation, sample thinning by scanning probe and electropoly-

merization of the polymer. Scanning probe thinning yields a smooth super-

conductor surface, a known superconductor thickness, and if a blocking layer

is employed prior to thinning, the localization of polymer growth.

Studies of the response of a bilayer structure of Y0.6Ca0.4Ba1.6La0.4

Cu3O7/poly pyrrole to polymer redox cycling showed a semi-reversible sup-

pression of transition temperature qualitatively consistent with a combination

of corrosion and superconductor proximity effect. Quantitative analysis in the

framework of the proximity effect shows evidence suggestive of an unexpected

long superconductor coherence length. A qualitative model based on grain

boundaries is postulated to explain this effect.
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Chapter 1

Introduction

Superconductivity, the conduction of electricity without resistance, in

organic polymeric materials has been a long standing dream of experimental-

ists and theoreticians alike. In a 1964 paper, W. A. Little [1] describes how a

one-dimensional organic backbone with highly polarizable side-groups would,

in theory, allow for superconductivity close to room temperature (Fig 1.1).

Little’s purely theoretical paper came at a time when scarcely any work had

been done in the area of organic conductors, and helped to initiate this highly

active area of research. These new research activities, in turn, lead to the

2000 Nobel prize being awarded to A. J. Heeger, A. G. MacDiarmid and H.

Shirakawa “for the discovery and development of conductive polymers” [2].

Little’s original paper exemplifies two key features of organic polymeric

materials which are uniquely interesting from a fundamental point of view:

• Conductivity is predominantly one-dimensional

• The polymer structure and, thus, the electronic structure can be modified
by standard organic transformations

1



BA

Figure 1.1: W.A. Little’s proposed room temperature polymeric superconduc-
tor. A) Full structure. B) Resonance structure of the polarizable side-groups.

To date, however, there have been no reports which show a supercon-

ducting state in organic polymeric conductors. There are, however, several

discoveries made since 1964 which makes us optimistic towards the prospects

of finding organic polymeric superconductivity:

• One case of inorganic polymeric superconductivity is known: (SN)x
(Tc=0.26K) [3] [4]

• All organic superconductivity have been found in a class of crystalline
charge transfer salts collectively known as Bechgaard salts (Tc ∼ 1.4K)
[4] [5]

Furthermore, several completely new classes of superconductors, which

remain superconducting at unprecedented high temperatures, have been dis-

2



covered, while specific guidelines for their design still remain scarce. Thus, the

ability to tailor the molecular structure, control the type and concentration

of the charge carrier makes the study of organic polymers in conjunction with

superconductivity a very interesting area of research. With this in mind, the

goal for this dissertation research was formulated:

To develop methodologies that allow for the fabrication of high tempera-

ture superconductor/organic-conductor composites with well-defined geometries

for the study of the superconductor proximity effect in polymers.

We explore the proximity effect (i.e. the induction of superconductivity

in a normal conductor by close contact to a superconductor) because it makes

it possible to examine how superconductivity flows into and decays within the

polymer. We are thus not attempting to create bulk superconducting state in

the polymer, an endeavor for which there is little literature precedence.

The research completed towards the goal stated above is organized in

this dissertation as follows. Chapter one is an introduction to the basic prop-

erties of organic polymeric conductors and to the principles of superconduc-

tivity with the main emphasis on proximity effect and Josephson junctions.

Chapter two is a discussion of the characteristics and preparation of high

temperature (high-Tc) ceramic superconductors, which is followed by a dis-

cussion of self-assembled monolayers on high-Tc superconductors in Chapter

three. Chapter four is concerned with the experimental details and character-

ization of polymer/high-Tc superconductor assemblies. These assemblies are

then used in Chapter five for measurement of the proximity effect between

3
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D

Figure 1.2: Conductive organic polymeric systems. A) Poly-acetylene, B)
Poly-thiophene, C) Poly-paravinylene, D) Poly-pyrrole.

the conductive polymer and high-Tc superconductor. The dissertation ends

in Chapter six with a short summary and an outlook on what experiments

may, in the future be employed, for further study of organic polymer/high-Tc

superconductor proximity effects.

Here, the discussion begins with the properties of organic polymeric

conductors.

1.1 Organic polymeric conductors

Organic polymeric conductors (Fig. 1.2) consist of a backbone of carbon

atoms held together by σ-bonds. Perpendicular to this backbone are the π-

bonds. It is these π-bonds that are responsible for the conduction of electricity

in most organic polymers.

Conduction requires conjugated π-bonds and the monomer

4



Figure 1.3: Oxidized polymer state. The initial radical cation or polaron before
A) and after B) nuclei relaxation. C) Two polarons interact and combine to
form a bipolaron (D)

π-wavefunctions must therefore have non zero overlap. This is important as

monomers with perpendicular backbones do not allow for overlap due to the

symmetry of the π-systems. Arranging the monomers in a planar fashion,

however, allows for good π overlap and thus strong conjugation. The desired

geometry for such polymeric conductors is therefore planar. However, these

planar polymers are still poor conductors of electricity in their native (i.e.

undoped state) due to the existence of a large bandgap (∼1.7eV in polyacety-
lene [4]) between the bonding π and the anti bonding π∗ levels. The size of

the bandgap may be lowered by removal of electrons (i.e. oxidation) from the

π-system. Oxidation is usually accomplished by either chemical doping with

agents like I2(g), AuCl3 [6] or electrochemically. Using electrochemistry or

I2(g) makes the reaction reversible (i.e. the polymer can be cycled from the

oxidized conducting state to the insulating reduced state and back).

In the most simplistic model of charge transport in polymeric conduc-

5



tors, removal of one electron leaves a radical cation [4](Fig. 1.3A). Since this

is no longer a double bond, the nuclei relaxes to the lowest energy state (Fig.

1.3B). The net effect is that a singly occupied state is introduced in the middle

of the bandgap. The radical cation can now be moved up and down the π-

system by the application of an external electric field. Opposing the movement

of charge is both the Coulombic interactions with the counter ion (pinning)

and the activation energy associated with distorting the lattice. In most con-

ductive polymer systems, the distortion due to the introduction of one hole

(cation) is not limited to one bond, but extends over several units. Thus, as

more radical ions are introduced into the polymer by oxidation, the initially

separated polarons will start to interact, forming bipolarons (Fig. 1.3C,D).

The maximum oxidation state obtainable by chemical means in poly-pyrrole

and poly-thiophene is a structure where approximately one in every four units

are oxidized. The concentration of charge carriers (n) in this state is high

enough to where movement of charge up and down the chain requires little

energy, i.e. the mobility (µ) is high and, thus, also conductivity (σ) as

σ = enµ (1.1)

where e is the elemental charge.

While high mobilities and large charge carrier concentrations in the

molecular strand are a prerequisite for the observation of high macroscopic

conductivities, it cannot be concluded that high strand conductivities ensure

6



high macroscopic conductivities. What hampers the conductivity is that even

if single strands did extend the full length of the sample, the one-dimensionality

of the strand would make it difficult for electrons to travel past any structural

defects. Thus, conduction in polymer samples must involve at least some

interchain conductivity. The overall conductivity is therefore dependant on

the molecular assembly structure.

Two extreme cases of molecular assembly can be used to explain the

behavior of a real sample. The first one is that of the disordered ”spaghet-

ti” like structure found in electropolymerized poly-pyrrole (Fig. 1.4A). The

other is the structured assembly found in systems like regio-regular alkyl-

polythiophene (RR-APT) (Fig 1.4B). The RR-APT naturally assembles into

crystallites where the polymer backbones of the strands are planar and stacked

in a highly regular manner. The driving force for this conformation is the

alkyl-alkyl chain interaction [7]. Upon examining the conformation the op-

timum intra-strand π-conjugation and good inter-strand π-overlap is found.

The effect of the polymer packing regularly, is that carriers do not have to rely

solely on mobility along the strand, which may be obstructed by a defect, but

can also move perpendicular to the strand through the inter strand π-band.

Thus, the system resembles a highly anisotropic, two dimensional conductor.

There are, however, two effects which complicate matters further: a) disorder

induced by the counter ions and b) limited domain size [8]. In the domains

boundaries the conduction of charge is hampered due to disorder which up-

sets both inter-strand π-overlap and intra-strand π-conjugation. This behavior

7



Figure 1.4: Polymer structure schematic: A) disordered ”spagetti” like struc-
ture of poly-pyrrole B) Ordered 3d-structure of regio-regular polythiophene.

leads to high resistances between domain [8]. Similarly, introducing a counter

ion into the close packed native structure leads to disorder in the structure

and consequently to a reduction of mobility.

In poly-pyrrole, little structural change is expected from inserting the

counter ion. This is, in part, because the polymer is assembled and doped at

the same time, thus, yielding space for the counter ion. It is also because of the

disordered ”spaghetti” like structure, i.e. there was little order to disrupt in

the first place. The disadvantage of this approach is that the only inter-chain

interaction favoring the highly conductive planar state is π-π-overlap. Thus,

charge transport must rely primarily on one-dimensional conduction along the

strand, because, intra-strand conduction is limited to tunneling, incidental π-

8



π-overlap or polymerization flaws like branching. It is therefore surprising,

considering the disorder of the poly-pyrrole compared to RR-APT, to find

that the conductivity for the most conducting samples at room temperature

of poly-pyrrole is only about an order of magnitude lower than that of RR-APT

(200-400 Scm−1 vs. 1000-1600 Scm−1 [9]).

Furthermore, what is intriguing about the poly-pyrrole system is that

samples made by low temperature synthesis do not show strong carrier freeze-

out1 even at temperatures as low as 10K [10]. For these reasons, the poly-

pyrrole system is used extensively in this dissertation.

Now that the properties of normal state conduction have been estab-

lished for the polymeric conductors, it is time to introduce the properties

associated with the superconducting state.

1.2 Introduction to superconductivity

A superconductor is a material which below a specific temperature,

known as the transition temperature (Tc), conducts electricity with zero re-

sistance. The superconducting state is uniquely different from that of a per-

fect conductor as it expels all magnetic field lines from its interior. This

unusual magnetic expulsion phenomenon is known as the Meissner effect

(see Fig. 1.5 ).

1Freeze-out: The lack suffient of thermal energy to overcome the activation energy asso-
ciated with charge movement.
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Superconductor

Perfect Conductor

Above Tc
Magnetic Field

ON

Below Tc
Magnetic Field

ON

Below Tc
Magnetic Field

OFF

Sample

Cooling

Figure 1.5: Meissner state versus perfect conductor for a field cooled sample.
(Arrows indicate the magnetic field lines)

Figure 1.6: Cooper pair formation. The electron (•) distorts the lattice making
a second electron follow, effectively coupling the two negative particles.
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The theoretical mechanism that overcomes the effect of electron scat-

tering, (i.e. resistance) first formulated by Bardeen, Cooper and Schriffer2

(BCS theory) is based on electron pairing. Electrons are repelled by Coulomb

forces due to their negative charge both in the metallic state and in vacuum.

However, in the superconducting state these coulombic interactions are over-

come by coupling with lattice vibrations also known as phonons (see Fig. 1.6).

Thus, as one electron moves though the lattice it will slightly displace the pos-

itively charged nuclei thereby affecting the charges surrounding the electron

following it. Collectively, these processes lead to the formation of Cooper

pairs: the condensate of two electrons with opposite spin and momentum.

Since the Cooper pair has a total spin of 0 it must be treated as a Boson.

The Pauli exclusion principle, therefore, allows all the Cooper pairs to oc-

cupy the same state. In fact, the Cooper pairs are not isolated particles, but

form a collective state in the bulk superconductor which can described by one

wavefunction (ψ):

ψ(r) = n1/2c exp(iϕ(r)) (1.2)

where ψ∗(r)ψ(r) = nc is the concentration of Cooper pairs, and ϕ(r) is

the phase at the position vector (x, y, z) = r. In normal conductors, phase co-

herence is only observable in systems with dimensions shorter than the electron

mean free path. In the superconductor, ϕ is a macroscopic observable.

2See reference [11] for a introduction to BCS theory.
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Figure 1.7: The critical surface of a superconductor. (H: Magnetic field, J:
Current density, T: Temperature and Subscript c: Critical value)

How the formation of Cooper pairs and ϕ affect the electronic behav-

ior is the subject of the next sections. Here, the phase boundaries of the

superconducting state is the next topic.

Cooper pairs consist of two electrons with spin in opposite direction.

Applying an external magnetic field will, therefore, tend to break up the

Cooper pairs as the electrons align their spin along the field. The Cooper

pairs that have broken up in response to the field do not affect the phase

coherence of the superconducting phase, but they do reduce the size of the

local magnetic field. Thus, the magnetic phase transition from the normal to

the superconducting state is found be gradual (i.e. a 2nd order transition).

The field where all the Cooper pairs have become broken up is known as the

critical magnetic field (Hc). Also, since the Cooper pair has charge (2e), the

conduction of charge yields a magnetic field which limits the maximum cur-
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rent density (Jc) that can be carried by a superconductor. Combining all the

critical parameters leads to the phase diagram shown (Fig. 1.7), where the

superconducting state is limited by Tc, Hc and Jc.

It is true for all superconductors that the magnetic field is expelled

from the bulk by the Meissner effect. However, upon examining the surface

of a superconductor, a skin layer where the magnetic field and the screening

current are decaying exponentially is found. The characteristic length of the

decay is know as the London penetration depth, λLo.

Superconductors are often divided into two types. Type I has a phase

diagram as described above. Type II has a second superconducting phase that

allows the magnetic field to penetrate the superconductor in small normal state

pockets (vortices) without general breakdown of superconductivity. Thus, the

Type II class to which the high temperature superconductors belong has two

critical magnetic fields: Hc1, which separates the true Meissner state from the

mixed state, and Hc2, which separates the mixed state from the normal state.

The next section will deal with the practical aspect of determining the

critical values Tc and Jc.

1.3 On the measurement of the critical curve J vs. T

The data presented in this dissertation are at zero magnetic field (more

precisely the earth background magnetic field). The data collected is, there-

fore, a cross-section of limiting surface i.e. a limiting line. Determination of

13
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V

Figure 1.8: Sample for measuring current transport properties. Current (I) is
sourced and the potential difference (V) is measured.

the limiting line is based on the fact that the superconducting state, both the

Meissner and mixed state, yields zero sample resistance. Thus, by control-

ling the temperature (T) and the current (I) passed through the sample and

measuring the potential difference (V) between two points along the current

path, makes it is possible to determine the boundary of the superconducting

state (Fig. 1.8). Two approaches are commonly used: Constant current vari-

able temperature also know as resistance vs. temperature3 (R vs. T’s), and

constant temperature variable current, also known as current vs. potential

(IV’s).

Starting with the interpretation of the IV curves (Fig. 1.9A), the value

of Ic is found as the highest current which yields zero potential difference. In

real samples, determining Ic is complicated by rounding of the IV curve around

3The resistance vs. temperature is misleading as resistance implies that Ohms law applies
i.e. that V/I is a constant independent of current which is only true in the normal state
above Tc. The label is, however, used extensively in the superconducting literature and to
be consistent, also in this text.
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Figure 1.9: Characteristic current transport curves A) IV and B) R vs T.

Ic due to either thermal effect (T6=0K) or by inhomogeneous samples. The
latter is often found with granular superconductors like the high temperature

ones. The problem of finding Ic may be resolved by selecting a small but

non-zero potential difference as the cutoff for Ic.

The R vs. T of real samples is also the source of considerable confusion.

In principle, Tc is defined in the limit of J→ 0 and H→ 0. However, in order

to obtain a measurable potential difference in the normal state, the current

must be different from zero. Transition temperatures should, therefore, be

measured with the smallest possible current, which allows for the transition

to zero potential difference to be measured reliably. While the current density

used to gather the R vs T information seems important from a fundamental

point of view, they are almost never reported in the literature. This may be

because this effect is considered minor compared with the factors discussed

below e.g. for a perfect sample a 5% shift in Tc would require that the current
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density (J) is 30% of the maximum 0K value.

Considering that the IV curves are rounded around Ic it should not come

as a surprise that the transition from the normal state to the superconducting

state in the R vs. T curve exhibit both nonzero width and rounding. For this

reason, several different definitions of Tc have been devised. Some of these are

depicted in Fig. 1.9B. In this dissertation, the width ∆Tc is measured from

the points where the resistance is 10% and 90% of the extrapolated normal

state value. The Tc values reported here are determined from the 50% value,

also known as Tc,mid.

Now that the important bulk properties of the superconductor have

been described, it is time to move on to how the discussion of two supercon-

ductors may be coupled.

1.4 Coupling of superconducting states: The Josephson
junction

Discussion of Josephson junctions, i.e. the coupling of two supercon-

ducting states, is included here for two reasons: a) as an introduction to the

unique properties of the superconducting states and b) as a starting point for

the introduction of the superconducting proximity effect.

The following description of the junction behavior is based on a com-

bination of several representations [11—14] and emphasis is given to key prin-

ciples, not to the qualitative modeling of real junctions.
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Since the wave nature of the Cooper pairs have already been estab-

lished (eq. 1.2), the quantum mechanical equation of motion in an isolated

superconductor yields

−i~∂ψ(r, t)
∂t

= Eψ(r, t) (1.3)

where r and t are the position vector and time respectively and E is

the energy.

The next step is to couple two similar superconductors (S1 and S2) so

that there is a small, but finite probability (K) that Cooper pairs from one

superconductor can travel to the other. The region of coupling is known as a

superconductor weak link. There are several ways to attain weak links e.g.

a thin insulator (I) between two superconductors (S) through which Cooper

pairs can tunnel (S/I/S-junction) or a point contact where the weak link is

the contact of sharp point onto a planar surface. The practical realization of

weak links is a subject that will be discussed later. Here, the coupling of two

superconducting states is the center of attention.

The coupling can be added as a small perturbation to the energy. Thus,

the equation of motion of the Cooper pairs in the two superconductors becomes

−i~∂ψ1(r, t)
∂t

= Eψ1(r, t) +K21ψ2(r, t) (1.4)

−i~∂ψ2(r, t)
∂t

= Eψ2(r, t) +K12ψ1(r, t) (1.5)
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where ψ1 is the wavefunction of superconductor 1, and K12 is the en-

ergy which is proportional to the probability of a Cooper pair traveling from

superconductor 1 to superconductor 2.

The r and t dependence of ψ is omitted to simplify the notation. Inser-

tion of the wavefunction, eq. 1.2, into eq. 1.4, performing the differentiation

and multiplying through with n1/2c1 exp(iϕ(r)) yields

1

2

∂n1
∂t

+ in1/2c1
∂ϕ1
∂t

= − i
~
(E1nc1 +K21n

1/2
c1 n

1/2
c2 e

i(ϕ2−ϕ1)) (1.6)

Performing the same manipulations on eq. 1.5, yields

1

2

∂n2
∂t

+ in
1/2
c2

∂ϕ2
∂t

= − i
~
(E1nc2 +K12n

1/2
c1 n

1/2
c2 e

−i(ϕ2−ϕ1)) (1.7)

By assuming that the probability of Cooper pair transfer from S1 to S2

is the same as Cooper pair transfer from S2 to S1, i.e. K = K12 = K21, and by

separating eq. 1.6 and eq. 1.7 into real and imaginary parts, it is found that

∂n1
∂t

= −∂n2
∂t

=
2K

~
(n1n2)

1/2 sin(∆ϕ) (1.8)

∂ϕ1
∂t

= −1
~
(E1 +K(

n2
n1
)1/2 cos(∆ϕ) (1.9)

∂ϕ1
∂t

= −1
~
(E2 +K(

n1
n2
)1/2 cos(∆ϕ) (1.10)

Eq. 1.8 is known as the DC (direct current) equation as the current

across the junction is given by
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I = 2e
∂n1
∂t
V = 2eV

2K

~
(n1n2)

1/2 sin(∆ϕ) = Ic sin∆ϕ (1.11)

where V is the volume of S1, and Ic is the maximum current that can

pass through the junction. The consequence of eq. 1.11 is that current (I) will

flow across the junction even in the absence of an external electric field if the

phase difference between S1 and S2 (∆ϕ) is not equal to zero. On the other

hand, the presence of a potential difference (U = E2 − E1) between S2 and

S1 leads to an oscillating behavior as detailed below.

Subtracting eq. 1.10 from eq. 1.9 and assuming the same density of

Cooper pairs (n) on both sides of the junction (i.e. S1 and S2 are the same

material) yields

d(ϕ2 − ϕ1)

dt
= −1

~
(E2 − E1) (1.12)

which after integration yields

∆ϕ(t) = ∆ϕ(0) +
2eU

~
t (1.13)

Thus, a time varying current across the junction is expected as

I(t) = Ic sin(2π
2eU

~
t+∆ϕ(0)) (1.14)

All the current-voltage (IV-curve) measurements in this dissertation

are made by averaging the response of a square wave current with frequency
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below 1Hz. The potential difference over the junction should, according to

eq. 1.14, be on the order of 10−15V or smaller in order for our measurements

to be affected by interference effects. This is well below our measurement

capabilities, thus, only an average effect of U on ∆ϕ(0) is measured.

Throughout this section, all effects of the magnetic field generated by

the Josephson current were omitted for simplicity. This will also be the case

in the following section, where the response of the phase ϕ and, thus, the

Josephson current to external magnetic field will be discussed.

1.5 Josephson junctions in magnetic fields

This section is concerned with how the current (I) of a Josephson junc-

tion is affected by an external magnetic field (Fig. 1.10). The junction is

aligned in a coordinate system so that it is in the yz-plane at x = 0. The

magnetic field B is applied along the y-axis.

Eq. 1.11 related the current to the phase difference (∆ϕ), thus the

analysis begins by analyzing how the phase difference is affected by the field.

Examining Figure 1.10, the object of interest is the phase difference at z0 and

z4 moving from S1 to S2. The path 1’-2’-3’-4’, 4’-4, 4-3-2-1 and 1-1’ forms a

closed loop and, thus,

∆ϕ(z0) +∆ϕ1,2,3,4 −∆ϕ(z1)−∆ϕ10,20,30,40 = 0 (1.15)

The phase difference between two points separated by the distance l
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Figure 1.10: Josephson junction in magnetic field B. Top: 3d-schematic. Bot-
tom: 2d-schematic of the same junction (Redrawn and modified from [14])
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is ϕ = 2π · l/λ. Thus, for the wave following the 1-2-3-4 curve, the phase
difference is

∆ϕ1,2,3,4 = 2π

I 4

1

1

λ
dl =

2π

h

I 4

1

pdl (1.16)

where de Broglie’s principle p = h/λwas used. The momentum (p) of

a Cooper pair in a magnetic field B is

p = mcv + qcA (1.17)

where mc and qc are the mass and charge of the Cooper pair, respec-

tively, and the vector field, A, is given by

curl A = B (1.18)

The magnetic field is chosen to have only a z-component so

Ax = 0, Ay = 0,
∂Az
∂x

= B (1.19)

will satisfy eq. 1.18.

Returning to eq. 1.15

∆ϕ(z1) = ∆ϕ(z0) +
2π

h

I 4

1

(mcv + qcA)dl − 2π
h

I 40

10
(mcv + qcA)dl (1.20)

Figure 1.10 reveals that curve 1-4 and 1’-4’ are two halves of a closed

loop. The current (j = mcv) that passes over the junction, therefore, has no

22



effect on the combined integral. It is further assumed that the width of the

junction (b) is large so that the screening currents induced on the surface in

the xz-plane by B are negligible compared to the bulk, thus,

I 4

1

(mcv)dl −
I 40

10
(mcv)dl = 0 (1.21)

Combining eq. 1.20, eq. 1.19, eq. 1.21 and realizing that deep inside

the superconductor A is a constant, yields

∆ϕ(z1) = ∆ϕ(z0) + 2 · 2π
h
qc |x|B(z1 − zo) (1.22)

The magnetic flux through the |x| (z1 − zo) area of junction is approx-
imately given by

Φ(z) = (z1 − zo)(d+ 2λLo)B (1.23)

Thus, the relation that shows a direct correlation between the phase

ϕ and the imposed magnetic field has been found, as the current across the

junction is given by integrating eq. 1.11 from z0 = 0 to z1 = a

I = Ic

Z a

0

sin(ϕ0 + 4π
Φ(z)

Φ0
)dz = Ic sinϕ0

sin(πΦ/Φ0)

πΦ/Φ0
(1.24)

where Φ0 = h/qc and Φ = a(d+ 2λLo)B.
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Figure 1.11: Josephson Fraunhofer pattern (normalized).

While the phase difference ϕ0 is an unknown quantity, the function

sinϕ0 has the maximum value of one. The maximum current (Imax) response

relative to the magnetic field is, therefore,

Imax = Ic

¯̄̄̄
sin(πΦ/Φ0)

πΦ/Φ0

¯̄̄̄
(1.25)

The effect of imposing an external magnetic field is a current response

which resembles the Faunhofer diffraction pattern (Fig. 1.11) found when light

is diffracted through a rectangular slit. The importance of this result is that

the junction is ultra-sensitive to the field, e.g. a junction with just 10µm2 area

will go from I = Ic to I = 0 when subjected to the earth’s magnetic field

(∼10−4 T). Thus, for all the samples in this dissertation the effect of the earth
magnetic field can not generally be neglected. The effect can, however, be

minimized by placing the plane with the largest junction area perpendicular
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to the earth’s magnetic field.

1.6 The superconducting proximity effect

The superconductor proximity effect is at the heart of the work pre-

sented in this dissertation as it is this effect that allows for introduction of

superconductivity in the conductive polymer.

The proximity effect arises when a superconductor and a normal con-

ductor which has mobile charge carriers are brought into contact with each

other. The net effect is that superconducting Cooper pairs may diffuse into

the normal conductor thus inducing a superconducting state therein. Further,

the normal electrons may diffuse into the superconductor weakening the su-

perconductivity there. The effect arises due to boundary conditions at the

superconductor/normal conductor (S/N) interface [15]. Thus, the probability

(F ) of finding a Cooper pair on the normal side is exponentially dependent on

the distance (x) from the S/N interface [15]

F ∝ exp(−ξ−1n |x|) (1.26)

where the characteristic length of decay ξn is known as the coherence

length of the normal conductor4.

Some of the classic experimental manifestations of the superconductor

proximity are discussed below.

4eq. 1.26 is only valid when the thickness of the normal film is larger than ξn
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Figure 1.12: Suppression of superconductivity by proximity effect. A) Con-
stant normal layer (Pt) thickness(1000Å). B) Constant superconductor (Pb)
thickness(300Å). (Data from [16])
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The effect of the proximity effect on transition temperatures of S/N

sandwich thin films was studied by Werthammer et al. [16]. When examining

the data of their study (Fig. 1.12) it is found that increasing the supercon-

ductor (Pb) thickness increases the transition temperature until it reaches the

value of bulk Pb. This is expected as the proximity layer progressively consti-

tutes less of the S-layer.

The reverse effect on Tc is witnessed as the normal layer (Pt) is ex-

tended. This is rationalized by assuming that more Cooper pairs can flow into

the normal layer as it is extended, lowering the concentration in the S-layer.

It is clear from the data that the proximity effect does not extend more than

∼80nm on the S side and less than ∼20nm on the N side.

Surprisingly, it is also found that the order in which the films are de-

posited has an effect on Tc. This result brings about a key point.

Suppression of the proximity effect when Pb is deposited first stems

from the fact that Pb is more readily oxidized than Pt. This leads to forma-

tion of an insulating oxide layer only a couple of atomic layers thick, which

is enough to affect the proximity effect greatly. The requirement of a clean

interface is a constant source of complications when using high temperature

superconductors because these materials are highly oxidized and react readily

with common environmental agents, like moist air to form insulating phases.

Thus, a major part of this dissertation research has been devoted to finding

protocols and materials which yield intimate contact between the supercon-

ductor and the polymer.
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Figure 1.13: The Current-Voltage (IV) response of an S/N/S junction. Inset:
Sample geometry used by Clarke [17]
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To further prove that Cooper pairs truly are present in the normal

layer, a S/N/S junction was assembled by Clarke [17]. The idea was to use

the proximity induced Cooper pair in the normal metal as the weak link in a

Josephson junction. The schematic of the key current-voltage (IV) character-

istics (Fig. 1.13) shows that a supercurrent is indeed transferred between the

two S electrodes (the flat part of the curve between Ic). From Figure 1.13, it

is also clear that there is a maximum current Ic as predicted by eq. 1.11. Fur-

thermore, Clarke found that Ic was dependent on the thickness of the normal

layer, the temperature and the presence of an oxide layer.

In both Clarke and Werthammer’s studies the normal conductor was a

metal. However, the focus of the remainder of this section will be on conductors

which more closely resemble conductive polymers, i.e. the doped inorganic

semiconductors.

It is the universal assumption throughout the rest of this section that

Bardeen-Cooper-Schriffer (BCS) theory is valid. However, this has not been

conclusively proven for low-dimensional normal conductors like polymers nor

for high temperature superconductors. It is, in spite of this, the best the-

ory which is currently available and accepted for normal and superconducting

metals.

The proximity effect theory by de Gennes [18] yields, in the dirty limit

where the coherence length (ξn) is shorter than the mean free path (ln), that
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ξn = (
~

2πkBT
D)1/2 (1.27)

where the carrier diffusion constant (D) is based on a random walk

assumption. Thus, D is related to the Fermi velocity (vF ) the dimensionality

of the system (d) by

D =
vF · ln
d

Furthermore, if the normal conductor is a superconductor above it’s

transition temperature (Tcn) (i.e. the material has an attractive electron paring

energy), then the following expression is valid [17]

ξn = (
~

2πkBT

vF · ln
d

)1/2(1− 2

ln(T/Tcn)
)1/2 (1.28)

Seto and Van Duzer used this expression to analyze the coherence

length of a three-dimensional semiconductor in the framework of the free elec-

tron model [17]

ξn(T ) = (
~3µ

6πkBTem∗
)1/2(3πn)1/3(1− 2

ln(T/Tcn)
)1/2 (1.29)

where m∗ is the reduced mass, µ is the mobility and n is the carrier

density. Similarly for a two-dimensional semiconductor [19]

ξn(T ) = (
~3µnsheet
2kBTem∗

)1/2(1− 2

ln(T/Tcn)
)1/2 (1.30)
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where nsheet is the sheet carrier density.

Junctions of the S/N/S type where S is a metallic superconductor and

N is an intrinsic [20] or doped semiconductor [19,21, 22], have been analyzed

in the framework of eq. 1.29 and eq. 1.30 and good agreement between

experiment and theory is found.

The advantage of using semiconductors in S/N/S junctions is that it is

relatively easy to control the coupling, K (eq. 1.4), by controlling the carrier

density. This can be done either by extrinsic doping with impurity atoms

and/or by the use of Field Effects. The latter has been exploited to make

Field Effect Josephson junctions using InAs [19] and Si [22].

The subject of the proximity effect in semiconductors will return again

for the special case of polymeric conductors (Chapter five), but before embark-

ing on the final measurement, it will be necessary to see how the superconduc-

tor and the polymer are produced. The properties and fabrication methods of

the copper oxide superconductors is, therefore, the subject of the next chapter.

To summarize: This chapter has introduced the fundamental prop-

erties of conductive polymers and superconductors. It was shown how two

superconducting states may be coupled through a weak link by examples of

some of the unique physical properties which arise as a result. This discussion

has further led to the introduction of the proximity effect, which is central to

our goal of introducing superconductivity into organic polymeric conductors.
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Chapter 2

The Superconductor: Structure and
preparation

Several classes of materials ranging from metals to complex oxides ex-

hibit superconductivity. Of these, one class known as the copper oxide high

temperature superconductors, seems to be uniquely suited for the study of

polymeric proximity effects as they exhibit

• High transition temperature (>77K)

• High thresholds of oxidative breakdown

A third advantage of the class is that organic amines bind strongly

to the surface, a desirable quality when making organic-inorganic composites

but not a requirement. The subject of derivatizing the surface with organic

molecules is discussed further in the next chapter. For now, it will be noted

that organic amines provide a convenient method for binding, in an intimate

way, organic conductors to high-Tc superconductors.

The metallic superconductors, which are arguably simpler to process

into thin film form than the ceramic high-Tc ones, are not used in this dis-

sertation because a) their low transition temperature precludes the study of
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polymers which are prone to carrier freeze-out1 and b) because the low oxi-

dation potential would cause both the superconductor and polymer to oxidize

when the polymer was doped. The oxidation of the superconductor renders

the surface non superconducting.

While the copper-oxide superconductors are the system of choice here,

they do have some features which are less desirable.

They are:

• stoichiometrically and structurally complex

• exhibit anisotropic structure

• possess reactive characteristics

To illustrate these points will require knowledge of the crystal (Section

2.1) and the electronic structures (Section 2.2) of the high-Tc superconduc-

tors. The detailed knowledge of the structure will furthermore allow for an

understanding of why some members of the high-Tc superconductor family,

which appear to be almost isostructural, have widely different corrosion char-

acteristics (Section 2.5 experimental details are given in Section 2.4).

However, before embarking on corrosion analysis or any superconduc-

tor research in general, one must make these materials. So, Section 2.3 is

1Charge carriers are immobilized as the molecular vibrations which lower the activation
energy of polaronic charge transport are dampened at low temperature.
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devoted to fabrication of polycrystalline bulk samples and sections 2.6-2.10 to

the theory, experimental details and characterization of thin films deposited

by pulsed laser deposition.

2.1 Structure of the superconductors

All the known high-Tc superconductors have one common structural

feature: The presence of copper oxide sheet layers. It is believed that super-

conductivity takes place here and that the remainder of the structure serves

as a charge reservoir that keeps the formal Cu oxidation state in the sheet at

the optimal value for superconductivity.2

Throughout this dissertation, mainly two superconducting systems were

used, the RBa2Cu3O7−δ where R=Y3+ or rare earth3+ and less extensively

Bi2Sr2Ca2Cu3O10+δ (BSCCO-2223). The BSCCO-2223 was not used through-

out in spite of the high transition temperature (Tc ∼ 110K) and enhanced

corrosion stability [25] because it is hard to obtain in phase pure form, espe-

cially when thin films are needed. We, therefore, concentrated on the features

of the RBa2Cu3O7−δ system, which may be grown as oriented thin film samples

atop a variety of insulating single crystal substrates.

The RBa2Cu3O7−δ unit cell consists of a rare earth ion (R) sandwiched

between Cu-O2 sheets (Fig. 2.1). These sheets are surrounded by the charge

2The optimal formal oxidation state for YBa2Cu3O7−δ is +2.33. However, a more de-
tailed analysis based on a bond valence analysis shows the oxidation state closer to +2.2.
see references [23] [24]
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Figure 2.1: The crystal structure of YBa2Cu3O7. See text for nomenclature.
(Shaded area: charge reservoirs)

reservoirs which consists of the Ba-O and Cu-O chain layers. The chain layer

is responsible for a number of features of strong importance for this class of

materials. First, the oxygen of the chain layer are labile. Thus, it is possible

to form at elevated temperatures RBa2Cu3O6 and the related RBa2Cu3O7−δ

compounds where 0<δ<1. To overcome the problem of oxygen loss and to

form RBa2Cu3O7 which exhibit the optimal superconducting properties, it is

necessary to anneal the samples in an oxygen rich environment at temperatures

around 450◦C . Since the structure is stable over the entire range δ = 1 to 0 and

the transition temperature is highly dependent on the oxygen level [23] [24],

great care must be taken to ensure that the entire multigrain structure is fully

oxidized. Secondly, the formation of the chain Cu-O layer (at δ = 0) reduces
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Table 2.1: Superconducting and normal state properties of YBa2Cu3O7−δ
along ab-axis c-axis Reference
ρ(300K) 110 µΩ cm 5 mΩ cm [26]
dρ
dT

<0 >0 [14,26]
ξT=0 1.6nm 0.3nm [14]
λL 160-240nm 1360-1480nm [14]

the crystal symmetry from tetragonal to orthorhombic. Thirdly, the vacancies

in the Cu-O layer forms channels, through which small molecules may enter

or leave the structure (see section 2.5).

The highly anisotropic structure also affects the electronic transport

properties in both the normal and superconducting states as will be described

further in the next section.

2.2 The effect of crystal orientation on electronic prop-
erties

Transport of charge in the RBa2Cu3O7 samples takes place predomi-

nately in the mixed valence CuO network. This network extends continuously

(except for defects) in the ab-plane, but is interrupted by the oxygen deficient

R layer in the c-axis direction. It is, therefore, expected that (Table 2.1) the

normal state conductivities to be quite different in the two directions. Simi-

larly, the superconducting properties are also affected (Table 2.1), which will

have a profound effect on the theoretical discussion of the proximity effect in

our samples (section 5.2).

The anisotropy of the conductive properties are important when deal-
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c-Axis mixedab-Axis

Figure 2.2: Current transport as a function of crystallographic grain orien-
tation. Thin hatched lines illustrate the direction of the copper-oxide sheet
layers and the arrows show the transport of current.

ing with multigrain thin films. By varying the deposition temperature, it is

possible to grow the grains epitaxially with either the long unit cell axis (c-

axis) or the short axis (ab-axis) perpendicular to the surface (Fig. 2.2). At

intermediate temperatures, mixed c-axis and ab-axis films are obtained (see

Section 2.10).

While the local superconductive properties resemble those obtained

in single crystals, conductivity through the film requires transport between

grains. In RBa2Cu3O7 ab-axis films the conduction requires moving charge per-

pendicular to the Cu-O2 sheets (Fig. 2.2). This leads to weak contacts between

grains and to current transport where the electrons/Cooper pair travel a mean-

dering path of least resistance (i.e. the superconductive one). In RBa2Cu3O7

c-axis films, however, the Cu-O2 sheets are aligned in the plane of the thin

film. It is, therefore, expected that superconductive properties will resemble

those of single crystals more closely than the ab-axis films.

Before any measurement can be preformed it will be necessary to syn-

37



thesize the superconductor specimens. This, and the corrosion stability of the

superconductor phases, is the subject of the next sections.

2.3 Experimental: Preparation and characterization of
polycrystalline bulk superconductors

All bulk samples used in the following sections were prepared from sto-

ichiometric quantities of R2O3 (R=Y, La or rare earth), CaCO3, BaCO3 and

CuO (>99% purity), which were mixed in an agate mortar and pestle with

small amounts of acetone or ethanol. The samples were then heated in air in

fused alumina crucibles (1st sintering) (see table 2.2 for typical heating sched-

ule). Once the sample had cooled to room temperature it was ground in the

agate mortar using acetone or ethanol, allowed to air dry and pressed into

pellets of ∼1cm diameter and 2-5mm thickness at pressures of 3-5 metric ton

before next sintering. The process was repeated until satisfactory supercon-

ductive properties could be confirmed after oxygen annealing. Samples were

annealed at 450◦C in flowing oxygen for more than one week.

Samples used for pulsed laser deposition (PLD) targets were prepared

as above, except the material was pressed into a one inch diameter 7-10mm

thick disk before the final sintering, which took place closer to the melting

temperature in order to increase the density of the pellet.

Sample structure was determined by powder X-ray diffraction [27], the

formal oxidation state (FOS) of Cu by iodometric titration [28], and the super-

conductive properties by four point probe conductivity measurements (section
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Table 2.2: Pellet preparation.
REBa2Cu3O7 RE=Y RE=Eu RE=Nd YCaBaLa a)

Sintering Time(Hours)/Temp(◦C)
1 12/850 12/850 19/850 12/850
2 12/900 12/900 12/870 12/900
3 12/950 12/950 20/900 12/950
4 18/920
5 14/950
O2 anneal 200h/400-550◦C
FOS(Cu) b) 2.22± .02 2.24± .01 2.27± .01 2.32± .04
Tc,mid(K)c) 88 87 87 82
∆ Tc (K) 3 6 5.5 3.5
a) Y0.6Ca0.4Ba1.6La0.4Cu3O7 b) Formal Oxidation State
c) Resistance of 50% of extrapolated normal state resistance

2.9).

2.4 Experimental: Measurement of superconductor cor-
rosion stability

Ceramics prepared as described in Table 2.2 were ground to the same

approximate particle size. This powder was adhered to a glass slide, by cover-

ing the slide with silicon grease and sprinkling the powder onto it. Great care

was taken to prevent particles from being covered with the grease.

The samples were exposed to 75◦C and 75% relative humidity in a con-

trolled environment chamber to accelerate corrosion. Periodically, the samples

were removed from the chamber and a diffractogram was gathered. The level

of corrosion was then gauged by ratioing the average of diffraction peaks at
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2θ=33◦ and 2θ=58◦ 3 before and after corrosion. Any variation due to beam

instability was eliminated by collecting a reference diffractogram before every

run.

Samples for Scanning Electron Microscopy (SEM) study were prepared

by exposing a 1
4
pellet (∼0.16g) to ∼1.5ml of aerated filtered deionized water

(ρ > 17.4MΩcm) in a vessel that was covered, but not air tight for 1.5h.

The samples were rinsed with EtOH and blown dry in a gentle stream of

N2 immediately after the samples were removed from the water. No further

surface treatment was performed before introduction to the SEM.

2.5 Corrosion mechanism and stability of RBa2Cu3O7±δ
phases4

The objective of this section is to identify more stable cuprate sam-

ples which would make the requirement of inert atmosphere handling of the

superconductor/polymer bilayer less stringent.

In Figure 2.3, the corrosion characteristics of a series of RBa2Cu3O7

phases (R=Y, Eu, Nd), are compared to the Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ phase

which has been optimized for high corrosion resistance at the expense of

transition temperature [29]. From the corrosion data, little effect of increas-

ing the ionic size from R=Y3+ (1.02Å) to R=Eu3+ (1.07Å) (Fig.2.3) is wit-

3The <013>,<103>,<110> and the <116>,<123>,<213> peaks
4The work decribed in this section was completed in collaboration with then undergrad-

uate M. Ali.
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Figure 2.3: Accelerated corrosion gauged by decay of diffraction. (See table
2.2 for sample preparation details)

nessed. This is consistent with previous studies of R=Gd3+ (1.05Å) [29]. How-

ever, when R=Nd3+ (1.10Å) the corrosion stability rivals that of Y0.6Ca0.4

Ba1.6La0.4Cu3O7−δ markedly without a serious reduction of Tc. Understand-

ing the unique behavior of the R=Nd3+ phase requires an understanding of

the corrosion mechanisms of the RBa2Cu3O7 phases as well as the structural

changes induced by using different R ions.

The overall corrosion reaction of the RBa2Cu3O7 phases

2 RBa2Cu3O7 + 3 H2O+ 3 CO2 →

R2BaCuO5 + 3 BaCO3 +
1

2
O2 + 5 CuO(2.1)
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Figure 2.4: Water penetration. A) Water enters easily through the channels
of vacant oxygen in YBa2Cu3O7. B) In NdBa2Cu3O7 the channels are blocked
by extra or rearranged oxygen atoms.

is believed to involve at least four steps:5

O2−Chain +H2O → 2OH− (2.2)

2 [Cu-O]+ → 2Cu2+ +
1

2
O2 (2.3)

Ba2+ + 2 OH− → Ba(OH)2 (2.4)

Ba(OH)2 + CO2 → BaCO3 + H2O (2.5)

In the initial step, water enters deep into the structure through the

vacancies next to the chain layer at the O(5) position (Fig. 2.4A). There, it

can react with one of the chain oxygen and form OH−. This is followed by

a redox reaction where the Cu-O network is reduced and molecular oxygen

5reference [29] and references therein.
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Figure 2.5: SEM micrographs of A) YBa2Cu3O7 and B) NdBa2Cu3O7 after
1.5 hours of exposure to aerated water.

is released. Then, Ba2+ will associate with OH− and subsequently leach to

the surface due to the high hydration energy of Ba2+ [29]. On the surface,

Ba(OH)2 reacts with CO2 and reforms water. The Ba(CO)3 formed in the last

step is directly observable in a Scanning Electron Microscope (SEM) image as

small needle shaped crystals on the surface. The SEM micrographs (Fig. 2.5),

therefore, serve as a more qualitative measure of the corrosion resistance.

One of the key parameters that have been used in the past when

designing highly corrosion resistant RBa2Cu3O7 phases is crystal stress due

to bondlength mismatch. The principle is, briefly, to calculate the optimal

bondlength and compare it with the experimental bondlength. The calculation

is based on the equilibrium bondlength previously deduced from simple binary

compound corrected for non integer valence [30] [24]. Using this method of
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analysis6 the crystal stress trend is R=Y > Gd > Eu > Nd, but since there was

no corrosion resistance enhancement with the earlier members of the series this

does not seem to explain why R=Nd is unique. The focus is instead turned to

a structural feature which NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ have

in common.

Since the first corrosion step is water entering the structure through

the channels left open by the vacant O(5) sites, any mechanism that could

close these channels would hamper corrosion considerably. In YBa2Cu3O7−δ

substitution of 25% of the Ba2+ by La3+ seems to accomplish this as it brings

about a transition from an orthorhombic to a tetragonal phase [29]. This

means that the O(5) and the O(1) sites are crystallographically equivalent

and that the O(5) must be, at least partially, occupied (Fig. 2.4B).

In NdBa2Cu3O7+δ, the substitution of Nd3+ into the Ba2+ site is nat-

urally occurring due to the similarity of ionic radii. The level of substitution

is, however, modest; less than 5% inferred from comparison of Tc values of

our sample and samples of known substitution [31] and there is no evidence

of a tetragonal to orthorhombic phase transition. However, closing of the wa-

ter channels at these low doping levels is still possible because approximately

1
2
of the Nd3+ substituted into the Ba sites brings with it an extra oxygen,

which locates at the vacant O(5) site (Fig. 2.4B). The water channels are

further obstructed as the oxygen already present in the Cu-O layer rearranges

6To simplify the analysis only Ba-O and R-O bondlength were included.

44



to compensate the extra charge of Nd3+. Combined, these two effects seem

to effectively slow the penetration of water into the structure and, thus, slow

corrosion. The overall scheme which hampers corrosion seems to be the same

in both NdBa2Cu3O7 and Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ. However, the imple-

mentation has quite different effects on the superconductive properties.

The substitution of 25% La3+ for Ba2+ in Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ

reduces the Copper oxidation state to 2.2 as the extra charge is not com-

pensated by an increase in oxygen content. Co-substitution of Ca2+ of Y3+

brings the Cu oxidation state back to its optimal level, however, Tc never

fully recovers to the value of the parent structure ( Tc(YBa2Cu3O7−δ) ∼92K,
Tc(Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ) ∼82K).

A similar suppression is not found in the NdBa2Cu3O7+δ sample (Tc ∼
92K) as the level of substitution is much smaller and is partially compensated

by a larger oxygen content. With the knowledge that the NdBa2Cu3O7 system

is both more corrosion resistant and retains a high Tc, thin films production

of this and other RBa2Cu3O7 systems by pulsed laser deposition will now be

addressed.

2.6 Thin films growth by Pulsed Laser Deposition(PLD)7

The objective of this and the following section is to describe the process

of thin film growth by pulsed laser deposition (PLD). In PLD, a pulsed laser is

7The process is also known as laser ablation
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focused onto a target with the desired stoichiometry, situated inside a vacuum

chamber (Fig. 2.6). When the laser energy density is above ∼1J/cm2 and the
pulses are short (10-30ns), the interaction between the laser and the target

leads to formation of a plume with approximately the same overall stoichiom-

etry as the target. This ability to duplicate the complex stoichiometry of a

single source (the target) to a flux of ions, atoms, and clusters is central to

PLD’s popularity. Other deposition techniques, like sputtering (both AC and

DC) as well as thermal evaporation, have widely different yields for different

ions and the stoichiometry of the source materials must therefore be empir-

ically adjusted. Once the plume is formed at the target it expands into the

partial vacuum of the chamber. When the desired structure contains atoms

that have a high vapor pressure, like the oxygen of the ceramic superconduc-

tors, then it is often necessary to deposit in a background gas of this element.

Failure to do so will make the concentration too low for forming the desired

structure when the plume condenses onto the heated substrate. The ability for

the deposition to take place in high (<1torr) background pressures of reactive

gasses is another reason for the popularity of PLD when making ceramics.

Using the right substrate and growth temperature results in thin films with

large grains that are crystallographically aligned.

While the principle of PLD is simple, the practical execution of the

technique is, unfortunately, not so simple. The next three sections are devoted

to a discussion of each step of the process (Table 2.3). This is followed by a brief

description of the setup and procedure used to make the thin films described
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Figure 2.6: PLD schematic.

in the last section.

Interaction between Laser and Target

The high energy laser beam is typically generated by an excimer laser

reflected by a mirror for positioning and focused though a vacuum chamber

view port onto the target. It is desirable to have the shortest possible pen-

etration into the target as this yields the largest possible energy density in

the ablated area. It is, therefore, common to use UV-lasers, as the extension

coefficient for most materials is large in this spectral range. It is also common

to use a beam profile which is non-gaussian as this profile yields the most

uniform energy density over the spot area. While non-gaussian beam optics is
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Table 2.3: PLD process parameters.
Parameter Rangea

Laser and focus
Energy density 0.5-2 Jcm−2

Spot area 6-9mm2

Pulse rate 5-10Hz
Target

Density 70-90%b

Background gas
Pressure 100-900mtorr

Substrate
Temperature 700-900◦C
Type SrTiO3,MgO
`(T-S)c 5-10cm
`(radial-horz)d 0-3cm
`(radial-vert)d 0-3cm

a Value range for superconductor deposition
b of theoretical density
c Distance from perpendicular from target
dRadial distance from target spot (horizontal and vertical)
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outside the scope of the dissertation, it is important to realize that the shape

of the beam profile sets limitations on the focused spot, both in terms of size

and energy density distribution.

Several mechanisms are involved when the beam interacts with the tar-

get, like thermal evaporation of a skin layer, electronic interaction between

the electric field of the beam and the evaporated material, etc. While their

discussion is well outside the scope of this dissertation8, it is important to ad-

dress, in a general sense, the effect that target morphology has on the ablation

process.

In the most simple model of pulse target interactions, the pulse hits the

target and is absorbed in a thin surface layer. Due to the high energy density

in the interaction volume, most of the material will be heated well above the

evaporation temperature, regardless of composition, prior to expulsion from

the surface. There is, however, a problem if the material is granular with

voids9 like most ceramics. The granular morphology leads to nonuniform heat

transfer from the surface of the target to the bulk, as well as nonuniform heat-

ing of the surface layer. The heating and cooling profiles vs. time, therefore,

vary for different grains, and with them the mechanism of mass transfer to the

plume. In turn this leads to a nonuniform plume.10

The voids also cause problems as the gas they contain expands during

8See e.g. reference [32] for a discussion of ablation mechanisms.
9See references [33—35] for a comparison of single crystal vs. granular target.

10Nonuniform in terms of stoichiometry, and type of species i.e. ions, clusters, etc.
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200nm

Figure 2.7: Scanning electron micrograph (SEM) of particles formed during
the PLD process on top of a NdBa2Cu3O7−δ thin film.

ablation leading to expulsion of large pieces of material from the surface of the

target.

Interaction between plume and background gas

The necessity of employing a background gas consisting of the lighter

structural elements brings about several adverse effects. First, even a plume,

which is uniform when it leaves the target, will be scattered non-uniformly

by the background gas as lighter elements change their trajectory more than

heavier elements after collision with a gas molecule. Thus, the radial distrib-

ution of species is non-uniform and the radial distance form the laser spot on

the target is, therefore, an important process parameter [36].

Second, reaction between the gas and the plume lead to formation of
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Table 2.4: Substrate parameters.
a-axis(Å) b-axis(Å) α(ppm·K−1)a mp(◦C)b

YBa2Cu3O7 3.8 3.9 17 - [14]
MgO 4.2 =a 14 2800 [37]p.398
SrTiO3 3.9 =a 11 2080 [37]p.398
a Thermal expansion coefficient b Melting point

molecular species which may condense into larger particles. This is, combined

with the pieces expelled from the target, the main source of particulates on

the surface of the film (Fig. 2.7).

Condensation of the plume onto Substrate

Central to the formation of high quality thin films of ceramic supercon-

ductors is epitaxy. Thin film growth, therefore, requires a substrate stable at

elevated temperatures in oxygen, with a surface unit cell axis comparable to

those of the superconductor, and a comparable thermal expansion coefficient

(Table 2.4). Given these requirements, our substrates of choice have been

SrTiO3(100) and MgO(100) which are commercially available with highly pol-

ished surfaces. Crystal compatibility is, however, not enough to ensure epitaxy;

the crystals must also be heated.

Two methods of heating are typically found in literature, contact heat-

ing where the substrate is bonded to a heated metal block and radiative heating

where substrate is separated from the heat source. The heat sources are typ-

ically resistive coils or quartz lamps and the temperature is often measured

by a thermocouple mounted on the heating block or on the substrate holder.
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These temperatures may be 0-150◦C lower than the actual temperature on the

surface of the substrate. The optimal deposition temperature is furthermore

dependent on the mass and energy transfer from the plume.

Given the large number of deposition parameters and their complex in-

terdependence, it is difficult to transfer parameters from one deposition system

to another. The common approach to PLD thin film fabrication is, therefore,

to use values found in literature as starting points and then vary all parameters

until an optimized set is found which yields thin films of the desired quality.11

2.7 Experimental: PLD setup

The PLD setup used to fabricate the thin films described in section 2.10

is depicted in Figure 2.8. It consists of a laser, an optical setup and a vacuum

chamber (chamber hereafter). Each of these components will be described in

detail below.

The laser, a Lamdba Physics Complex 201, generates 248nm (KrF ex-

cimer), 100-600mJ, 25ns (FWHM) pulses at a repetitious rate of 1-10Hz. The

beam shape is wedge shaped with a cross section of 24 x 6-12mm2.

The optical system consists of two high energy excimer mirrors (New-

port, Irvine, CA) for directing the beam and two bi-convex (50.8mmØ, 40cm

focal length) fused silica lenses for focusing. Also in the beam path to Cham-

11Optimization schemes, like experimental design, are only of limited help because of the
large number of parameters and the non-uniform response surface.
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Figure 2.8: PLD deposition system setup.
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ber II is a 9x26mm2 aperture, installed in an attempt to minimize diffuse

radiation. Chamber windows are made from sapphire.

The chambers consist of a target rotation system, a substrate heater, a

shutter, a pumping system, a gas delivery system, pressure gauges and various

ports. Each chamber will be described separately since they differ widely.

The substrate heater in Chamber I is fixed on a central axis which may

be rotated from outside the chamber so that samples may be loadlocked out

into the adjoining glove box. A drawback of this design is that the substrate

is fixed, so the target must be moved to change the target-substrate distance.

This implies changing the beam path and refocusing. In practice, however, it

is difficult to obtain the same focus twice and, thus, the plume characteristics

change.

The substrate heater consists of a coil which radiatively heats the rotat-

ing 3” substrate holder. Temperature is measured by a thermocouple placed

close to, but not in direct contact with, the substrate holder. The true surface

temperature, is found by calibrating against a thermocouple spot welded to

the plate surface, while the background pressure is kept identical to the deposi-

tion pressure. The advantage of using a large rotating substrate holder is that

it makes it possible to deposit onto several substrates at the same time. The

plume center is moved from the center of the heater so that the substrates pass

the bulk of it (Fig. 2.9A). This increases the deposition rate as the density of

the plume decreases rapidly with the radial distance from its center.
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Figure 2.9: Plume cross-section on substrate holder. A) Chamber I and B)
Chamber II.

The target is mounted at 45◦ relative to the incident beam on a target

holder which can hold 6 targets that may be rotated in and out of the beam

path without breaking vacuum. The target is rotated about its center so that

the ablation track is circular.

The pumping system consists of a turbo pump backed by a diaphragm

pump which allows for oil free pumping.12 Pressures are measured by a con-

vection gauge and cold cathode gauge. Finally, the system is fitted with three

valves, two coarse valves for N2(to vent the chamber) and O2(for backfilling

before cooldown), and one needle valve to control the O2(99.993%) during

deposition. The needle valve is mounted in conjunction with a rotameter to

ensure that the O2 is flowing (i.e., that the pressure measured is not the back-

ground pressure).

12Oil backstreaming from the backing pump is a potential source of contamination.
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The pumping system and the gas delivery system are similar on Cham-

ber II, except the turbo pump is backed by an oil pump rather than a di-

aphragm pump and that a flow controller is mounted instead of the needle

valve.

The heater of Chamber II is a one inch homemade unit, which may

be placed anywhere relative to the plume. Its small size and design allow for

rapid heat up and cool down, however, the substrate cannot be rotated which

may lead to nonuniform thickness (Fig. 2.9A). The temperature is measured

by a thermocouple spotwelded to the back of the heater plate.

The target holder on Chamber II is of a simpler design which require

only one vacuum feedthrough. This means that the rotation is around the

center of the multi-target holder, rather than around the center of the target

as in Chamber I. The ablation track is, therefore, almost linear across the

target and a smaller fraction of the surface area is therefore ablated. This is

important as the number of pulses per unit area affect the amount of ablated

material per pulse [36]. The deposition rate is, therefore, dependent on the

ablation track geometry.

2.8 Experimental: PLD procedure

The spot size was deduced from the ablated area of a piece of unex-

posed, but developed photopaper placed on top of the target. The energy

dissipated at the target was measured with a calibrated power meter (JMax
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43, Moletron, Porland, OR) after the last optical component13, and the aver-

age energy density was calculated from the spotsize and the total energy of

the pulse. Substrate temperature were measured by a previously calibrated

thermocouple placed in contact with (chamber II) or close to (chamber I) the

heater plate.

The procedure for depositing thin films used in this dissertation did

not differ significantly between the two chambers. The target (Superconduc-

tive components, Columbus, OH or home made (see section 2.3)) was sanded

to expose a fresh uniform surface. Sanding debris was removed by rubbing

with acetone or ethanol wetted KimWipes. Substrates were mounted on the

heating plate with silver paint (Structure Probe, Inc, West Chester, PA) and

allowed to dry for ∼1h in air before mounting in the chamber. The substrate
was heated to deposition temperature while the chamber was being pumped

down to base pressure (<5·10−5 torr). The rate of pumping was subsequently
lowered and the O2(99.993%) process gas was introduced. To yield a uni-

form deposition rate the target were preablated (∼2000 pulses (Chamber I)
or ∼500 pulses (Chamber II)) with the shutter placed between target and
substrate. Once the shutter had been removed the target was ablated until

the desired film thickness was reached. Then, the cool down cycle was initi-

ated and O2 pressure was increased to ∼ 500torr. During the cool down of the

13It is important to measure the energy after the chamber window as debris often collects
on the window and is burnt into the glass inspite of regular cleaning. Also it is essential to
check the expected energy density BEFORE doing the measument, so that the power rating
of the meter is not exceeded.
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Y0.4La0.6Ba1.6La0.4Cu3O7 phase an anneal step was employed where the cooling

cycle was stopped at ∼ 400◦C for 30 min before cooling to room temperature.

2.9 Experimental: Characterization of thin films

X-ray diffraction was preformed on either a Phillips or Bruker-Nonius

D8 diffractometer using Cu(Ka) radiation.

A small amount of clay is used to mount the sample on the Bruker-

Nonius diffractometer, which may yield a single peak in the diffractogram.

The R vs. T curves were gathered using a current source (Keithly,

model 220) and a voltmeter (Keithly, model 182). The current and voltage

connections were placed at the corners of the sample. The cooling was obtained

by either dipping the sample into a He dewar or by employing a closed circle

cyrostat. The temperature was measured using a Lakeshore 330 temperature

controller.

2.10 On the thin films grown by PLD14

As explained in the last sections, one of the most important parameters

in thin film growth is the substrate temperature. Thus, for the optimization of

the deposition of Y0.4La0.6Ba1.6La0.4Cu3O7 a set of standard parameters were

used (Table 2.5), which have been shown to work well with parent compound

14The work presented in this section was completed in collaboration with graduate student
Sungwook Kim.
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Table 2.5: Deposition parameters for optimization
Laser and focus

Energy density 1.6 Jcm−2

Spot area 16mm2

Pulse rate 8Hz
Deposition time 30min

Target (Y0.4La0.6Ba1.6La0.4Cu3O7)
Density 70-90%b

Background gas (O2)
Pressure 200mtorr

Substrate
Temperature 700-920◦C
Type MgO
`(T-S)c ∼6.5cm

Anneal
Temperature 450◦C
Time 30min

a Value range for superconductor deposition
b of theoretical density
c Distance perpendicular from target to substrate

YBa2Cu3O7, in conjunction with several depositions where the deposition tem-

perature was varied systematically.

The result of this study is summarized in Figure 2.11 and Figure 2.10.

Beginning with the effect of deposition temperature on the structure,

as seen in the expanded view of Figure 2.10 (Fig. 2.12), low temperatures

(<780◦C) favors a-axis growth while high temperatures (>900◦C) favors c-

axis growth. In the intermediate region, mixtures of a- and c-axis orientations

are produced. It should, therefore, be possible to produce both a- and c-axis
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Figure 2.10: Diffraction pattern vs. setpoint temperature for
Y0.4La0.6Ba1.6La0.4Cu3O7 thin films. Note: At 935◦C and 760◦C only peaks
associated with c-axis and a-axis film, respectively, are seen. (Peak labeled
clay stems from the material used to mount the sample. See Table 2.5 for
depositing details.)
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Figure 2.11: Transition temperature and width vs. substrate temperature.
(The true calibrated plate surface temperature is 200±10◦C lower than shown
above.)
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films at will. However, deposition temperature also effects the superconductor

properties (Fig. 2.11). The general trend observed here is that an increase

in temperature yields higher transition temperatures and smaller transition

widths. This is to be expected as the higher substrate temperature yields

higher mobility of the atoms on the surface which, in turn, should lower the

amount of structural defects.

From Figure 2.11 and Figure 2.12 it is clear that a-axis films and high

transition temperatures are mutually exclusive using the normal deposition

protocol. This problem, however, had to be overcome as the use of an a-axis

thin film would improve the prospects of successfully measuring the proximity

effect (Section 5.2). Our solution was to deposit a thin template layer at low

temperatures before the bulk of the film is grown at higher temperatures. The

rationale behind this approach is briefly: Any crystal growth is dependent on

energy of nucleation and this energy may be lowered selectively for crystal

orientations that exhibit epitaxy with the surface. Thus, if the substrate was

modified to yield a surface which was epitaxial to the a-axis orientation then a-

axis growth may prevail even at temperatures which would otherwise support

c-axis growth. This effect is amplified as growth along the ab-plane is faster

than along the c-axis [38].

To show that the concept of orientation change by seed layer modifica-

tion works in practice, a number of thin films were produced by first depositing

a thin layer (500Å) at a temperature which favors a-axis growth followed by a
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posted with a ∼500Å seed layer. (Total thickness 2000Å, substrate tempera-
ture, 780, see table 2.5 for other depostion details.)

second deposition at a temperature which favors c-axis growth. From Figure

2.13 it is clear that the double layer film a) is predominately a-axis oriented

and b) have superconductor properties which are greatly improved compared

to the single layer a-axis deposition. This type of film will be used extensively

in Chapter five.

The NdBa2Cu3O7 thin films are interesting as they combine high transi-

tion temperature with high corrosion resistance. However, optimizing

NdBa2Cu3O7 film deposition has proven difficult in our PLD setup15 as the

superconductive properties vary greatly from batch to batch, or even within

batches. This makes it difficult to find a trend, which is a prerequisite for

15There are several accounts in the literature of NdBa2Cu3O7 thin films produced by PLD
(see reference [34,35]). All, however, use a fixed substrate on a fixed heater.
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Figure 2.14: NdBa2Cu3O7 film. A) XRD and B)R vs. T (Deposition parame-
ters: MgO substrate radiatively heated to ∼910◦C. 3000 pulses of 0.6 J/cm2

at 5Hz. P(O2)=800mtorr, Target-Substrated dist.:5cm )

optimization. Shown here (Fig. 2.14), however, are the characteristics and de-

position parameters which may serve as starting points for further optimization

once the source of the erratic behavior has been found. While the supercon-

ductive properties of these films were less than optimal the bulk structure does

not seem to suffer as witnessed by XRD, these films were, therefore, used as

substrate for the polymer/superconductor studies of Chapter four.

To summarize: This chapter described the practical aspects of work-

ing with high temperature superconductor, from bulk synthesis to thin film

growth by PLD. Moreover, the corrosion properties of the RBa2Cu3O7±δ se-

ries were systematically investigated and discussed. Now that the S part of

the S/N proximity effect sample has been discussed, the next step will be to

modify the surface, which is the subject the next chapter.
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Chapter 3

Self-assembled monolayers (SAM) on copper
oxide superconductors

Self-assembled monolayers1 (SAMs) offer a simple way to combine the

inorganic material properties of conductors [41], semiconductors [39] and su-

perconductors [42] with the design flexibility offered by standard synthetic

transformations of organic molecules to form composite structures and control

interfaces. The SAM system typically consists of an organic molecule which

exhibits no strong affinity towards the surface less one functionality. In the

well known Au-SAM system, this functionality is a thiol or disulfide, in the

high-Tc superconductor system it is an amine. Forming the SAM on the oxide

superconductor requires only exposure to a solution of the amine for 12-24h

at ambient temperature. One advantage of ambient temperature processing is

that the oxygen of the high-Tc superconductor is not labile at these tempera-

tures, there is, therefore, no risk of rendering the surface non-superconducting

due to oxygen loss. Likewise, this new ”soft chemistry” methodology provides

a ideal and simple way to control the interface chemistry of high-Tc systems.

Before continuing with the details of the monolayers derivatized su-

1For a general introduction to SAMs see references [39] and [40].
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perconductor surfaces it must made clear what is meant by a SAM as this

term has become almost synonymous with any chemisorbed monolayer in re-

cent literature. For the purpose here, the term SAM is associated with a

chemisorbed two dimensionally ordered monolayer with attractive lateral in-

teractions. Thus, some of the monolayers described in this section should not

be considered SAMs as there is no indication that the molecules are ordered

in a structural motif over large areas.

This chapter begins with a description of the experimental methods

used to characterize the monolayers, which is followed by a Section on the

synthesis of the adsorbate molecules used in this research. Chemical evidence

for the adsorbed monolayer is discussed in section 3.3 and the structure of a

true SAM atop a single crystal surface of YBa2Cu3O7 is presented in Section

3.4.

3.1 Experimental: Fabrication and characterization of
monolayer modified superconductor surfaces

Monolayer adsorption

The copper-oxide superconductor was exposed to a 1-5mM solution of

the amine functionalized molecule dissolved in an aprotic solvent (hexanes or

acetonitrile). After 12-24 h, it was removed from solution, rinsed thoroughly

with pure solvent, and dried in a gentle stream of N2. Monolayer formation

was normally carried out on the bench top2.

2The use of dried solvents, freshly prepared superconductor surfaces and manipulation
inside a N2 glove box often yields higher surface coverage more reproducibly.
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Electrochemistry

All electrochemical data was gathered using a three electrode PAR 273

(Treton, NJ) or CHI660A (CH Instruments, Austin, TX) potentiostat. Unless

otherwise stated, all electrochemical measurements were preformed in a N2

atmosphere (PO2<10ppm) of a glove box (MB-150, M. Braun Inertgassysteme

GmbH, Garching, Germany) fitted with a fuel-cell oxygen sensor (Teledyne an-

alytical instruments, City of Industry, CA). The counter electrode (Pt-wire)

was cleaned by scraping with a razor-blade3 and activated by cycling in con-

centrated H2SO4. The quasi-reference electrode (Ag/AgxO) was prepared by

scraping the Ag wire with a razor blade until clean. Oxidation of the surface

was done by either leaving the electrode in ambient air overnight or by expos-

ing the wire to a 30% H2O2/H2O solution for 3-5 min. (Caution: The reaction

with H2O2 may become violent if prolonged, also H2O2 is a strong oxidant and

should be disposed of accordingly). The counter and reference electrodes were

rinsed extensively with filtered deionized water (ρ > 17.4 MΩ·cm) and allowed
to dry in ambient air before introduction to the glove box. All experiments

were conducted in 0.1M tetraethylammonium tetrafluoroborate acetonitrile so-

lutions unless otherwise noted. The supporting electrolyte (Aldrich, Milwau-

kee, WI) was recrystallized from boiling EtOH/ethylacetate and dried under

vacuum either overnight at room temperature, or for three days at 60-80◦C

depending on the level of dryness required. The acetonitrile (Burdick and

Jackson, Mushegon, MI) was used without further purification.

3Sanding the wire leaves deep groves which makes subquent cleaning difficult.
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The superconductor working electrodes, typically thin films, were rinsed

with acetonitrile inside the box. Contacts were made with a copper alligator

clip4.

Atomically Resolved Atomic Force Microscopy (AFM)

The YBa2Cu3O7 single crystal5 was mounted between two wires with

silver epoxy(epotek, Billerica, MA)6. Excess epoxy was removed with a file

once the epoxy had fully cured. The crystal was then cleaved by applying

force perpendicular to the wire-crystal sandwich and immediately exposed to

a 1mM CF3(CF2)3(CH2)11NH2/hexane solution. Subsequent sample handling

was preformed according to the protocol described above. The sample was

mounted and transferred to AFM (NanoscopeIIIa, Digital Instruments, Santa

Babara, CA) once the monolayer protocol had been completed.

A key parameter when doing atomically resolved AFM is a good quality

tip with a force constant that allows it to stay in contact with the surface

without indenting. For these experiments, silicon nitride tips (Model NP,

0.12N/m, Digital Instruments, Santa Barbara, CA) and scan rates 300-750

nmS−1 were employed. The z-axis feedback loop of the AFM is minimized

so that the sample is kept at constant height while the deflection signal is

monitored.

4Great care must be exerted so as not to wet the film contact.
5The crystals for this study were facilitated by Koki Mochizuki and Prof. John Markert.
6This technique is similar to those developed by de Lozanne and co-worker.
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Figure 3.1: AFM of HOPG reference. A) Direct image. B) Fourier transform

Prior to introducing the sample, the quality of the tip was tested

by gathering an image of freshly cleaved, highly ordered pyrolytic graphite

(HOPG) (Fig. 3.1A) in deflection mode. It is imperative to check that the

repeat unit is not affected by changing the scan direction, the speed, or scan

size, since noise often resembles a repetitious unit. Also, a two-dimensional

fast Fourier transform of the direct image will yield peaks which should be in

accordance with the expected unit cell of the reference (Fig. 3.1B)

The YBa2Cu3O7 single crystal superconductor SAM was scanned using

the same parameters as the HOPG reference.

3.2 Experimental: Synthesis of molecules for surface
modification

1-(3-aminopropyl)-pyrrole

(Under N2, in dried glassware using ether distilled from Na/benzophenone)

70



To a vigorously stirred suspension of LiAlH4 in 100ml ether was added

drop wise 4.9 g 2-cyanoethylpyrrole (Aldric, Milwaukee, WI) dissolved in 25ml

ether. Then 100ml of moist ether was added followed by drop wise addition of

50ml of water. The ether phase was decanted off, washed with brine and evap-

orated until dryness. Purified by distillation (bp. 45-50◦C at 0.1-0.5mmHg).

Clear nonviscous oil. Yield: 1.80g (35%)

1H-NMR in DCCl3 (δ vs. TMS)7: 1.01 ppm (wide s, 2H, amino), 1.86

ppm (p, 2H, propyl), 2.67 ppm (t, 2H, propyl), 3.94 ppm (t, 2H, propyl), 6.13

ppm (t, 2H, pyrrole), 6.65 ppm (t, 2H, pyrrole). The spectrum showed no

other peak from 0 to 10ppm except for one at 7.24 which was assigned to

CHCl3.

2-aminoethyl-Ferrocene8

(WARNING: Potassium Cyanide is highly toxic but is easily decom-

posed by exothermic reaction with bleach)

Under N2 atmosphere,

To a slurry of 20g KCN in 86ml of water was added 20g Ferrocenyl-

methyltrimethylammonium Iodide (Strem, Newburyport, MA). The solution

was then refluxed for 2h during which a red oil formed and separated from

the aqueous phase. Once the solution had cooled to room temperature, it was

7Notation: Center frequency [multiplicity (s)inglet, (d)uplet ect., integration,
assignment]

8From reference [43] with alterations. Hydrogenation done in collaboration with Suzanne
Tobey.
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extracted several times with ether yielding a total volume of 250ml. The ether

was then dried over Na2CO3 before evaporation to dryness. Recrystallized

from 375ml of hot Hexanes. Yield: 8.3g. The cyanomethylferrocene was not

characterized further as it tarnishes readily in air.

A solution of 3g of the cyanomethylferrocene was dissolved in 175ml of

NH3 saturated EtOH. To this solution was added 3ml RaneyNickel suspension

(Aldric, Poresize ∼50µm, Surface Area 80-100m2/g 50% water slurry pH>9).

The solution was then placed in a high pressure reaction vessel which was

subsequently evacuated, backfilled with Ar and evacuated again before it was

filled with 250 psi of H2. The solution was removed after 2h of stirring and

filtered through zeolite to remove the catalyst before the filtered solution was

evaporated to dryness. (WARNING: The catalyst will ignite if it is allowed to

dry completely. It may be disposed of by dissolving in a 10% HCl solution).

Purified by Kugelrohr distillation (bp. 81-91◦C at ∼10mtorr) Dark red oil.
Yield 2.71g (90%, Cyanomethylferrocene as limiting reactant).

1H-NMR in DCCl3 (δ vs TMS): 1.22 ppm (wide s, 2H, amino), 2.47ppm

(t, 2H, ethyl) 2.80 (t, 2H ethyl), 4.06 ppm (t, 2H, ferrocene), 4.07 ppm (t, 2H,

ferrocene), 4.10 ppm (s, 5H, ferrocene).

3.3 On the chemical evidence for an adsorbed mono-
layer

This section deals with the chemical analysis of monolayer modified

surfaces of YBa2Cu3O7−δ.
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Figure 3.2: Cyclicvoltammetry probing the removal of the corrosion layer by
1min Br2/EtOH etch from a YBa2Cu3O7 sample. 1st Oxidation and reduc-
tion wave of TCNQ in dry actonitrile containing ∼0.1M Et4NBF4. Note the
increase in peak current as well as the reduction in peak splitting after the
etch. (YBa2Cu3O7 expoxy encapsulated electrode, geometric area and con-
centrations are unaltered from the before to the after scan) Data collected by
then undergraduate B. Pallohusky.
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As described in Section 2.5, surfaces of YBa2Cu3O7−δ are prone to

corrosion and all the corrosion products are insulating leaving the surfaces

unfit for proximity effect experiments. Several protocols have been developed

to etch away the corrosion productions, like Br2 in EtOH [44]. Thus, in initial

attempts to yield reproducible superconductive surfaces, the Br2/EtOH etch

treatment was applied to a number of epoxy encapsulated superconductor

electrodes. As shown by the reduction of peak splitting in Figure 3.2, the

Br2/EtOH (1min etch) does remove the corrosion products. However, it has

not been possible for us to develop a Br2/EtOH etch protocol which can reduce

the peak splitting to the theoretical limit of 59mV/n. This situation illustrates

a typical dilemma of chemical compatibility when working with copper-oxide

superconductor surfaces. The use of EtOH is necessary as the metal bromides

formed during the etch must be soluble, but EtOH is hydrophilic so that it is

likely that the surface is exposed to water during the final rinse. The use of

a glove box would make it possible to handle the solvent and superconductor

without exposing it to moisture, but this is precluded by the detrimental effect

Br2 would have on the oxygen scrubber of the box. The experiments that led

to Figure 3.2 were, therefore, conducted in a N2 filled glove bag, which, as

the data shows, is a less than perfect solution. A more elegant solution was

therefore sought.

It has previously been shown that when forming an alkyl amine mono-

layer on the surface of the superconductor the corrosion products initially

present on the surface are dissolved before the surface is passivated by the
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Figure 3.3: Cyclic voltammograms of A) 2-aminoethylferrozene localized atop
a YBa2Cu3O7−δ thin film along with B) bare film of the same superconductor.
(Supporting electrolyte 0.1MEt4N+BF−4 in acetonitrile, Scan Rate 75mV·s−1).

monolayer [45]. However, before amine monolayer can be employed in prox-

imity effect research it must be shown that there is good electrical contact

between the monolayer and the underlying superconductor. To this end a

ferrocene tethered to a short chain amine was synthesized (2-aminoethyl-

Ferrocene, Section 3.2), and the electrochemical response of a monolayer atop

the superconductor was measured (Fig. 3.3).

The comparison between electrochemical response of the monolayer

modified and the untreated superconductor thin film shows that a) no faradaic
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electrochemical response is present from the untreated superconductor (Fig.

3.3B) and b) both oxidative and reductive waves of the ferrocene are present

in the response of the monolayer derivatized film (Fig. 3.3A). These results

suggest that the surface of the superconductor is not rendered insulating by

monolayer formation. Furthermore, the electrochemistry shows that electrons

may be passed easily between the adsorbed monolayer and the superconduc-

tor, which is a prerequisite if adsorbed polymer layers are to exhibit proximity

effect from the underlying superconductor.

Previous studies have shown that samples treated like the supercon-

ductor in Fig. 3.3B exhibit little or no oxidation or reduction when exposed to

ferrocene in solution, i.e. the corrosion layer obstructs electron transfer [46].

Thus, while the response of the untreated film resembles that of normal double

layer capacitance, the origin of this voltammetry may be more complicated.

Since there is no mass transfer of electroactive species to and from

the surface when the electroactive species are adsorbed, the peak current

(Ip) shows a different dependence on the scan rate (v) compared to solution

species [47]. Figure 3.4 shows an attempt at correlating the scan rate with

the two extreme cases of irreversibly adsorbed (Ip ∝ v) and completely dis-
solved/diffusion limited electroactive species (Ip ∝ v 12 ). Here, the Ip ∝ v yields
the best fit of the two models. A similar analysis of Ip dependence on v have

previously been carried using secondary and tertiary amines and longer tether

((CH2)6) between the ferrocene and the amine [42]. In both cases a similar

conclusion is derived: The amine is surface bound when examined on the time
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used for this analysis.

scale of the electrochemical experiment (i.e. minutes).

This conclusion will be used extensively in the next chapter in an at-

tempt to prevent delamination of poly-pyrrole from the superconductor.

While bonding to the surface is necessary for SAM formation, it is not

sufficient to yield a structure which is ordered over large areas. It is extremely

unlikely that all molecules will adsorb at the right bonding site and in the right

conformation during the initial adsorbtion. There must, therefore, be some

mechanism which allows for the defects to anneal. Fortunately, at longer time

scales (hours) the amines on the surface will exchange with amines in solution

[48]. A cycle of adsorption, desorption, re-adsorption is, therefore, possible and

formation of predominately defect free, ordered, monolayers structures, true
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SAMs becomes probable. The structure of such a true SAM atop a copper

oxide superconductor is the subject of the next section.

3.4 Characterization of SAMs atop ab-plane of single
crystal YBa2Cu3O7−δ9

While knowledge of the packing motif is not crucial for the initial study

of proximity effect in organic polymer superconductor structures, it is of indis-

pensable value for the design of organic layers which are to be grown epitaxially

on RBa2Cu3O7−δ superconductors.

The straight chain alkyl amine employed10 in this section differs from

the ones of the last section as it does not contain an electroactive group. It

also differs from the ones previously studied [49] as the alkyl chain of the

amine is partially fluorinate in order to enhance crystallinity. The major con-

clusions from the previous studies of alkyl amine SAM on YBa2Cu3O7−δ was

indirect evidence for a highly ordered monolayer as witnessed by reflectance

angle infrared spectroscopy (RAIRS) and a
√
2x
√
2R45◦ packing motif pre-

dicted by computer modelling [49]. Thus, the challenge here is to obtain di-

rect experimental evidence for this structure and try to predict the molecular

conformation in the monolayer.

One of the significant challenges associated with the direct imaging of

9This section is, in part, an adaptation of a paper intended for submission to Adv. Mater.
10The partly fluronated alkyl amines used in this section was generously donated by R.

Lee and coworkers from the University of Houston.

78



Ba-O
Cu-O2

Y
Cu-O2

Ba-O

Cu-O

Ba-O
Cu-O2

Y
Cu-O2

Ba-O

Cu-O

Cu-O

A B C

Figure 3.5: Cleaving YBa2Cu3O7−δ structure A) Labeling scheme for B) and
C) (Box indicate one unitcell). The structure before (B) and after C) cleavage.
Arrow indicates the cleavage plane between the Cu-O chain layer and the Ba-O
sheet layer

the cuprate superconductor-localized monolayers has been identifying appro-

priate sample specimen with surfaces smooth enough for atomically resolved

AFM. In the common SAM systems, like thiols on gold, low roughness can be

attained by simply polishing and subsequently annealing the surface at ele-

vated temperatures or by evaporating the metal onto mica [50] [51]. A similar

protocol cannot be used with YBa2Cu3O7−δ system. This is due to the highly

reactive nature and complex composition. While previous studies of ceramic

and laser ablated cuprate films (Section 3.3) have been shown to be suitable

for localizing amine monolayers, these samples were found to be too rough for
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Figure 3.6: Optical micrograph of a cleaved YBa2Cu3O7−δ crystal. Red box
indicates area of low roughness (Field of views ∼2mmØ)

direct structural characterization of the monolayer thereon. Thus, the sub-

strate surfaces used in this study were prepared by cleaving a single crystal11

along the crystallographic ab-plane (Fig. 3.5).

Examining the surface roughness of the cleaved surface after forma-

tion of the SAM yields roughness comparable to the Highly Ordered Pyrolytic

Graphite (HOPG) reference. Cleaved crystals are therefore the substrate of

choice as it yields large (0.05mm x 0.05mm) flat terraces (Fig. 3.6). This tech-

nique was adapted from a previous study by de Lozanne and coworkers [52],

where crystals were cleaved in a similar manner, but at cyrogenic tempera-

tures. In the prior studies, the cleaved crystals were used for low temperature

scanning tunnelling microscopy (STM) studies of the pristine YBa2Cu3O7−δ

11The crystals for this study were prepared by Koki Mochizuki and Prof. John Markert.
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Figure 3.7: AFM of monolayer. A) Direct deflection mode images of
CF3(CF2)3(CH2)11NH2 atop YBa2Cu3O7−δ. B) Fourier transform image. The
peaks represent a square 5.6Å unit cell.

surface. From this prior work, it was shown by correlating the possible cleavage

planes with the STM images, that the cleavage primarily takes place between

the Cu-O chain layer and the Ba-O sheet [52](Fig. 3.5).

The atomically resolved AFM images (see Section 3.1 for experimen-

tal details) of the SAM atop YBa2Cu3O7−δ is consistent (±5%) with the
√
2x
√
2R45◦ superstructure previously predicted for non-fluorinated alkyl

amines [49] i.e. a square unit cell with a repeat distance of 5.6Å (Fig. 3.7).

This unit cell does not correlate with any known surface reconstruction of pris-

tine YBa2Cu3O7−δ [52—54]. These structural features were repeatedly detected

in different areas on the crystal surface using various scan areas, directions and

speeds.
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To determine the bonding site of the amine on the surface of the su-

perconductor, a surface diffraction experiment may be used. Several days of

synchrotron beam time was therefore spent at Hasylab BW-1(Hamburg, Ger-

many) collecting data on a crystal surface prepared in a similar manner to the

one used in the AFM experiments12. The data collection confirmed that it

is possible to get a grazing incidence diffraction (GID) signal from the crys-

tal surface in spite of the small size (2-3mmØ). However, no sharp diffraction

12This work was compleated as a colloboration with Prof. T. Bjørnholm (University of
Copenhagen) and R. Robert Feidenhans’l and coworkers (Risoe).
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Figure 3.9: Grazing incidence X-ray data of the CF3(CF2)9(CH2)11NH2 Lang-
muir monolayer supported atop an aqueous subphase. Solid lines: The cal-
culated peaks of the pseudo hexagonal unitcell. Broken line: The calculated
reflections of a square 5.6Å unit cell. Inset: Compression isotherm of the
Langmuir monolayer.

signal was found at the expected (hk)=(2 0), (0 2) or (2 2) positions.

An X-ray reflectivity [55] and grazing incidence diffraction (GID) [55]

structural analysis of Langmuir film of a similar semi-flourinated alkyl amine

was undertaken by a collaborating group (Prof. T. Bjørnholm and co-workers).

The alkylamine used for the Langmuir film is prolonged by six CF2 units

relative to the alkyl amine used on YBa2Cu3O7−δ as it has been shown both

experimentally and through theoretical studies that the replacement of flexible
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hydrocarbon by stiffer fluorocarbon increases the crystallinity of the Langmuir

film [56] [57] and, thus, enhances the x-ray signal. This structural analysis

was undertaken to: a) elucidate if the molecular packing regardless of surface

symmetry would result in a square unitcell, and b) to deduce if the unitcell

area (5.6Å)2 would be large enough to accommodate at least one formula unit

of a closed packed array of the semiflouronated amine.

From the surface pressure vs. surface area graph of the

CF3(CF2)9(CH2)11NH2 Langmuir film (Fig. 3.9 inset) it is clear that a dense

monolayer is found at surface area from ∼35Å2 to ∼25Å2. The data collection
was performed on this monolayer compressed to a surface area per molecule

of ∼30Å2 at a surface pressure of P∼35mN/m (Fig. 3.9 inset). The subphase

temperature and pH was 21(3)◦C and 11, respectively.

The GID measurements of the Langmuir-film of CF3(CF2)9(CH2)11NH2

shows an approximately hexagonal closed packed array with a unit cell area

(∼30Å2) similar to the area per molecule deduced from the compression isoterm,
i.e. there is one molecule per unitcell. Similarly, the 31Å2 ± 10% of the SAM

on YBa2Cu3O7−δ is large enough to accommodate one closed packed molecule

per unitcell.

The X-ray reflexivity data provides the electron density across the inter-

face (r(z)) and is qualitatively similar to previously studied Langmuir films of

semi-fluoronated hydrocarbons [58], i.e. fluorocarbon up, hydrocarbon down,

orientation (Fig. 3.10A). The measured electron density was fitted to a three

box model [55] where each box holds a different number of electrons corre-
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Figure 3.10: X-ray reflectance data. A) In reciprocal space. B) Real space
transformation and molecular models consistent with the measured charge
distribution. Note: It is not possible to determine if the fluorinated part of
the molecule has a helical or all trans structure from this x-ray data.
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sponding to the fluorocarbon, hydrocarbon, and amine moieties. A monolayer

thickness of 25.5Å was deduced from this fit.

Knowing the base area of the unit cell (from GID data), the height of

the unit cell (from the reflexivity), and number of formula units per unit cell

makes it possible to construct a stiff rod model where the hydrocarbon and

fluorocarbon sections are modelled by rods that has diameter and length de-

duced from known structures of perfluoro or perhydocarbon monolayer (Fig.

3.10B). The stiff rod model yields a closed packed structure where the fluo-

rocarbon section is perpendicular to the water surface and the hydrocarbon

section is tilted ∼30◦ with respect to the surface normal (Fig. 3.10C). Simi-
lar bends have been found in previous structure studies of Langmuir films of

semifluorinated hydrocarbons and amphiphiles [58—61].

Returning to the structure of the SAM monolayer on YBa2Cu3O7−δ.

Previous calculations on hydrocarbon amines YBa2Cu3O7−δ show that a ∼30◦

angle to the surface normal yields a minimal energy structure [49]. By com-

bining this knowledge with the molecular conformation found in the Langmuir

films. a model of the molecular conformation of the SAM is derived, where the

hydrocarbon subunit forms a ∼30◦ angle with the surface normal and where
the fluorocarbon is perpendicular to the surface (Fig. 3.8B)

To summarize: The main conclusion of this chapter is that organic

molecules may be adsorbed strongly onto superconductor surfaces if they con-

tain an amine functionality. This would, however, be irrelevant in the present

discussion if the amine not also served as an etchant removing the corrosion
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layer prior to adsorbtion. The combination of the two processes is an organic

layer strongly adhered directly to the superconductor which allows for charged

particle to be passed from the superconductor to the organic layer and back.

This is a desired feature as charge transfer from the superconductor to the

organic layer is central to the superconductive proximity effect.

Presented in this chapter was also, to the best of my knowledge, the

first direct image of the packing motif of a SAM atop a copper oxide super-

conductor. Collectively, the AFM and the prior computational studies [49]

point to a consistent picture where straigth chain primary amines form highly

ordered
√
2x
√
2R45◦ overlayers on YBa2Cu3O7−δ. This knowledge may be

exploited in the future to create superconductor/organic conductor interfaces

where the organic conductor exhibit enhanced order, and therefore enhanced

conductivity.
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Chapter 4

Superconductor conductive polymer
assemblies

In the early days of proximity effect research, two classical experiments

were used to prove the existence of this phenomenon (Section 1.6)

• Suppression of superconductivity in a S/N bilayer (where S is a thin film)

• Passing of supercurrent through the N layer of an S/N/S junction

While new scanning probe techniques have been added to the list of

possible proximity effect experiments [62—65], these classical experiments will

still remain at the center of the pursuit towards proving or disproving proximity

effect in conductive polymers/superconductor assemblies.

Previous work by Haupt et al. on poly-pyrrole/YBa2Cu3O7 bilayers

has shown that it is possible to modulate reversibly Tc in a manner which is

qualitatively consistent with the proximity effect [66]. To obtain these results,

it was necessary to employ very thin (500-1500Å) mixed a, c-axis films, which

inherently have high surface roughness. The use of rough films makes the

assessment of film thickness difficult and without detailed knowledge of the

thickness quantitative analysis of such systems would seem to be futile. Thus,
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if we are to contribute with new insight into the proximity effect in conductive

polymers, it will be necessary to design a sample where the geometry of the

superconductor is known in great detail. There are, in theory, at least are two

ways to solve this problem: a) deposit a thicker film and subsequently thin

it or b) localize the polymer to a small area where the geometry of the sam-

ple is known in great detail. While both approaches are conceptually simple,

the realization that the characteristic length scales of proximity effect are in

the nm range severely limits the number of techniques which are available to

this end. Adding another level of complication is the fact that the supercon-

ductor readily reacts with common environmental agents like CO2 and H2O,

which easily renders the superconductor surfaces unfit for many proximity ef-

fect experiments. However, we have designed a protocol which by combination

of lithography, scanning probe, and electrochemical polymerization allows for

thinning of the superconductor and localization of the polymer above this

thinned section. This preparation protocol will be outlined in the next sec-

tion. The experimental for this protocol will be given in Sections 4.1.1 to 4.1.4.

The discussion of the final structure is provided in Section 4.2, as well as a

summary.

4.1 Superconductor/conductive polymer bilayer prepa-
ration

The sample preparation starts with PLD of a thin superconducting film

onto an insulating substrate (Section 2.8) (Fig. 4.1A). Using a thin film has
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Figure 4.1: Sample preparation. Top and cross sectional views. Notice the
thin tether layer in the enlarged view of E and F (See text for details, not
drawn to scale).
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the advantage over bulk pellet and single crystals in that the large area allows

contacts to be made easily to the film while crystallographic orientation still

may be controlled. Epitixially grown thin films also ensure that the supercon-

ductor does not delaminate from its insulating support even after it has been

patterned. Furtheremore, the thickness of the active superconducting layer of

the thin film is easily made comparable to the thickness over which proximity

effect is expected to take place.

Following the deposition (Section 2.10), the film is patterned into a

bridge structure. This is done by masking off the bridge pattern and then

removing the unmasked superconductor by ablation (Fig. 4.1B). The bridge

structure ensures a uniform current density in the area where proximity effect

is to take place and that the current and voltage contacts are removed from

this area.

In order to localize where the polymer grows, the bridge must covered

with an organic blocking layer (Fig. 4.1C). A section of the bridge is then

thinned using an AFM probe (Fig. 4.1D). The AFM processing has two effects:

a) it exposes a small area of the superconductor surface so that it may be

further modified and b) it makes it possible to control the superconductor

thickness, an important parameter in suppression of superconductivity in S/N

bilayer experiments (Section 1.6 and 5.2). The exposed superconductor is

then modified with a monolayer of amine tethered pyrrole (Fig. 4.1E) before

the poly-pyrrole is grown selectively on top by electrochemical polymerization

(Fig. 4.1F). The use of a blocking layer and the SAM tether was omitted in
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Figure 4.2: The final superconductor (gray) polymer (red) bilayer structure.
(perspective view, not drawn to scale)

some of the samples described in the following sections.

There are several features of this type of sample (Fig. 4.2) which makes

them advantageous, e.g. the critical current is measured in a bridge of small

cross sectional area, which lowers the required current needed to exceed the

critical current density. In turn, this makes the requirement of good contacts to

the sample less stringent and limits the galvanic corrosion at the contacts. Also

advantageous is that the area of the bridge where S/N proximity effect takes

place can be chosen arbitrarily, which makes it possible to confirm whether

the S/N effect scales with the area. Finally, the thickness of the S layer is

determined by the extent of AFM thinning, not by the thickness of the original

film.

The remaining portion of this section is devoted to the details of sample

preparation.
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4.1.1 Experimental: Preparation of 100µm wide superconducting
bridge structure by ablation through a shadow mask

The following is an account of a typical protocol used for producing

the bridge structure and contact pads pattern used for the critical current

measurements described in Section 5.5. Laser and optical setup was described

previously in Section 2.8.

Initially the Ag-paint used to bond to the heater during deposition

(see Section 2.8) was removed by placing the film face down on a clean cover

glass wrapped in lens paper and scraping with a razor blade. This proce-

dure ensures that the Ag will not influence the electrochemical deposition and

doping/undoping of the conductive polymer assembly.

The film was then mounted on a steel block using double sided tape and

an “H” pattern was masked off using two pieces of Pt foil and a piece of 100µm

Pt wire. Then, the masked film was placed beyond the focal point in the laser

ablation chamber, where the beam dimensions were ca. 4 x 11mm2. 10 pulses

with an energy of ∼300mJ was delivered at 1Hz to the mounted sample which
removed the unwanted superconductor and created the superconductor bridge

outline by the shadow mask. While using one pulse will define the pattern,

the ablated area will contain droplets which may short the structure during

the following steps. Employing 10 pulses, however, removes the vast majority

of the unwanted superconductor.
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4.1.2 Experimental: Preparation of localized thin superconductor
structures by Atomic Force Microscope (AFM) Machining1

All AFM measurements were performed on a Nanoscope Multimode III

(Digital Instruments, Santa Barbara, CA).

Specialized AFM probes with diamond tips on a stainless steel can-

tilever are available. However, for the research decribed here standard Tapping

Mode Si-probes (L:125µm, F∼300KHz, Digital Instruments, Santa Barbara,
CA) or tungsten carbide covered Si-probes (NSC11/W2C, Silicon-MDT Ltd.,

Moscow, Russia) were found to be adequate. These standard tips were ob-

tained with less expense than the diamond tips.

Initially, the thin film was mounted on the sample puck using double

sided tape and placed on the AFM scanner so that a 0 deg. scan is parallel

to long axis the of section to be thinned (i.e. scanning was performed in

the direction perpendicular to the superconducting bridge). This approach

ensures that if debris is trapped under the tip during AFM-machining it will

not damage the structure.

Unlike normal tapping mode or contact mode application, exertion of a

high force by the tip on the sample is required. The laser beam, which is used

to measure the displacement of the tip, is therefore not focused at the endpoint

of the cantilever, but rather on the base. This geometry ensured the laser was

1This technique is commonly refered to as nano indentation. The term is not used here
because it usually referes to plastic deformation by a single pass of probe in soft materials
and not the abrasive action of the tip on hard materials.
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Figure 4.3: A) The AFM setup. B) Laser position during different processes.
(Note: The detector may be moved to ensure that the laser will be within
range once a high force is applied.)

within the range of the detector once high force was applied. Furthermore, the

mirror which is used to direct the laser beam reflected off the tip towards the

detector, was tilted so that the laser reached the detector ∼ 1
7
from the edge

(Fig. 4.3, Initial). This procedure leaves most of the detector range available

to the response of upward deflection of the cantilever. A ”before” image was

typically gathered using a deflection set point ∼ 10% below the the initial

disengaged value (Fig. 4.3), a proportional and integral gain of 6, a scan range

and speed of 150µm x 150µm and 5Hz, respectively. Using these parameters,

no damage (cracks etc.) was apparent (Fig. 5.6 and 4.9A). Once the area of

machining was aligned at the center of the scan range and the scanning aspect

ratio had been lowered to yield the desired thickness, the detector was moved
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so as to extend the scanner to its maximum length. Immediately after, the

stepper motor was employed to move the sample up ∼5µm and the feedback

deflection set point was then changed until ca. 0V was applied to the z-axis of

the piezo (Caution: Do not leave the potential on z-axis piezo at high values

(>100V) for extended periods of time. This will cause the piezo to depole).

Occasionally, it was necessary to move the detector even further up,

manually, to bring the beam reflected off the cantilever within range. The pro-

portional and integral gain were then lowered so that scanning would maintain

a constant height. The scan rates were typically 10-30Hz for a 100µm section.

Several attempts at correlating the force applied to the tip, the scan rate and

the wear of the tip with the rate of machining proved unsuccessful. Thus,

the sample thickness was gauged periodically during scanning by increasing

the feedback (integral gain and proportional gain) and lowering the scan rate

to 5Hz. Scanning was terminated once the section had the desired thickness.

Once the detector was moved back to its original position and the controls

were set as the ”before” image, a profile of the thinned section was gathered.

The scan angle was normally chosen so that it was nonparallel with the fea-

ture of interest, as drifts from scan line to scan line might otherwise distort

the profile. The ”before” and ”after” image were, therefore, typically gathered

using a 45deg. scan angle.
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4.1.3 Experimental: Formation of blocking layer and pyrrole tether
layer

The blocking layer was formed by exposing the patterned film to a

∼1mM solution of undecylamine in dry acetonitrile inside the N2-atmosphere

glovebox for more than 24h. The film was rinsed extensively and any result-

ing solvent was removed by using the capillary action from a KimWipe. In

spite of this extensive rinse, the blocking layer was found by AFM to be sev-

eral hundred nm thick. While such thick films would provide complications

of experiments which require the formation of single monolayer motifs, the

thick assembly here provides a convenient methodology for creating a surface

passivation layer.

The pyrrole template layer was formed by exposing the sample to a

70mM solution of 3-aminopropyl-N-pyrrole in hexanes for ∼2.5h. The sample
was rinsed extensively with pure solvent before being blown dry in a gentle

stream of N2.

4.1.4 Experimental: Electropolymerization of pyrrole

Two different pyrrole2 solutions were used for the polymerization of

pyrrole. The first consisted of 0.1M pyrrole, 1 weight-% MeOH, 0.1M tetra-

ethylammonium tetraflouroborate in dry acetonitrile. The second of 0.1M

pyrrole, 0.1M tetrabutylammonium hexafluorophosphate in dry acetonitrile.

2The pyrrole was filtered through a short column of activated alumina immediately prior
to making solutions.
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These solutions were shielded from light and stored in the glovebox during

their use, which extended over months. The electrochemistry was conducted

using the same setup and procedures as described in Section 3.1. The potential

required for polymer growth was determined by increasing the size of the

potential sweep of a number cyclic voltammograms until the clear fingerprints

of polymer growth were evident (∼1.0-1.2V vs. Ag/AgxO) i.e. an increase in
the anodic currents at high positive potentials. The films were then grown to

the desired thickness by preforming several cyclic voltammograms (CV) from

zero to this potential. The thickness increase during growth was gauged by

the increase in current in the potential range where no polymerization took

place. Once polymerization had been completed, the film was removed from

the pyrrole solution rinsed extensively with pure dry acetonitrile and dried by

using the capillary action from a KimWipe.

Doping and undoping were preformed using the same 0.1M electrolyte

solutions employed during the polymerization. The potential needed for dop-

ing and undoping was determined by an initial CV before a potential step was

applied for ∼60 seconds. The film was removed from the electrolyte solution

while the potential was still being applied.

4.2 Characterization of polymer-superconductor assem-
blies

The first issue to address is whether the blocking layer does effectively

block polymer growth outside the area exposed by thinning with the AFM
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probe. As shown in Figure 4.4, this is indeed the case and to the best of

our knowledge these studies represent the first reports of conductive polymer

localized in a predetermined area atop a high temperature superconductor.

Details of the polymer growth is illustrated using the cyclic voltammo-

grams gathered while preparing the sample of Figure 4.4. These experiments

show the general trend of tens of samples prepared in a similar way.

The initial scans (Fig. 4.5) show large anodic current. This behavior

is not unique to voltammetry of solutions containing pyrrole and is therefore

not an indication of polymer growth.

However, once polymer growth has commenced (Fig. 4.6), there is no

evidence that it is hampered by the behavior found in the initial scan.

A major obstacle when working with these samples is that the area

of the superconductor, exposed by thinning with the AFM, is smooth, leav-

ing no structural features which may interlock with the polymer. This lack

of mechanical interaction leads to delamination (Fig. 4.7) which may prove

problematic for the proximity effect measurements as the area of the S/N in-

terface is decreased. On rare occasions even, delamination between different

sheets of polymer has been witnessed. In an attempt to overcome the problem

with delamination, a number of samples were prepared in which the super-

conducting film was exposed to a solution of 3-aminopropyl pyrrole prior to

polymerization. The rationale behind using this molecule is that it can form

a surface tethered monolayer on the superconductor surface, which then may
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Figure 4.4: Localized polymer growth on a undecylamine blocked NdBa2Cu3O7
bridge. SEM images with increasing magnification from A to C. Polymer
appears as a dark line in the center of the image. (Note: The dark patch in
upper right corner of A is the carbon surport tape, see Fig. 4.5 and Fig. 4.6
for deposition details).
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Figure 4.5: Intial CV’s of a undecylamine blocked NdBa2Cu3O7 bridge with
a 6µm x 90µm opening. A) First three scans and B) the folloing three. (Scan
rate=100mVs−1, 0.1M pyrrole, 1 weight-%MeOH, 0.1M tetraethylammonium
tetraflouroborate in dry acetonitrile.)

serve as a template for polymer growth. It was expected that such a strategy

could yield a polymer which is bound to the surface through the amine su-

perconductor interaction. This technique has been used previously to create

strongly adherent polymer atop cuprate superconductors [67].

When initially examining the surface of a sample which was exposed to

the amine-pyrrole adsorbate solution, it seems that there has been no polymer

growth as the surfaces in the trench appear smooth (Fig. 4.9B). Upon closer

examination it is clear that there is material in the trench and that it is much

smoother than then polymer grown without the tether present (Fig. 4.9C).

This is consistent with a previous study of polypyrrole grown on YBa2Cu3O7

films modified with the same molecule [67]. An unfortunate by-product of
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Figure 4.6: Polymer growth on the same sample as Fig. 4.5. A) First three
scans which show polymer growth, followed by continued growth five scans at a
time in B), C), and D). (Scan rate=100mVs−1, NdBa2Cu3O7 bridge with a 6µm
x 90µm opening, 0.1M pyrrole, 1 weight-% MeOH, 0.1M tetraethylammonium
tetraflouroborate in dry acetonitrile.)
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Figure 4.7: Delamination: A) Polymer layer on top of the superconductor mi-
crobridge. Viewed at 75◦ angle. B) Polymer covering a large thinned area. C)
Polymer mechanically removed with a wooden stick illustrating poor adhesion
(S=Superconductor, P=Polymer). (view angle B and C: 45◦)
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10 m�

Figure 4.8: Polymer delamination showing that, in select cases, even the
polypyrrole separates into sheets.(Polypyrrole on NdBa2Cu3O7)

using the undecylamine as a blocking layer is that the amine-pyrrole adsorbate

molecules may dissolve into it and polymer growth is, thus, found outside the

thinned section. This makes the contrast between unthinned and the thinned

area weaker. However, the sample still appears distinctly different from a

sample which has been treated in the same manner, but without polymer

growth (Fig. 4.9A).

The electrochemistry which occurs during polymerization of the mod-

ified surface (Fig. 4.10) and unmodified surface (Fig. 4.6) samples appear

similar, except the modified sample seems to grow at a more uniform rate. It

is not possible to ascribe this response to changes made in the thinned area,

as the amine-pyrrole modified sample show polymer growth outside this area
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Figure 4.9: Electron micrograph evidence for strong adhesion of tethered
polypyrrole to NdBa2Cu3O7. A) Sample without polymer. B) Tethered
polypyrrole (Note: the tether molecule was adsorbed into the blocking layer,
leading to polymer growth outside thinned area) C) Polypyrrole without
tether. Notice the difference in polymer morpholgy between B and C.
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Figure 4.10: Polymer growth on sample in which the thinned area has
been modified with 3-aminopropyl-N-pyrrole. 1) Initial four scans scans
which show growth. 2) The following 20 scans. (Scan rate=100mVs−1,
NdBa2Cu3O7 bridge, 0.1M pyrrole, 1 weight-% MeOH, 0.1M tetraethylam-
monium tetraflouroborate in dry acetonitrile.)

(Fig. 4.9B). The doping and undoping cycles of the polymer grown with and

without the template layer are presented in Figure 4.11.

To summarize: In this chapter a protocol was presented (Sections

4.1 to 4.1.4) which allows for a) localized polymer growth and b) selective

thinning of the superconductor. This protocol allows for the creation of S/N

bilayer where the geometry of the superconductor can be known in great detail,

which, in turn makes quantitative analysis of the proximity effect possible.

It was also shown that in the absence of an adhesion layer, the polypyrrole

often delaminates. However, some initial evidence was given that delamination

could be overcome by treating the thinned area with 3-aminopropyl-N-pyrrole

prior to electropolymerization. In these samples the 3-aminopropyl-N-pyrrole
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Figure 4.11: Doping and undoping cyclic voltammograms for A) poly-pyrrole
not tethered to surface B) poly-pyrrole tethered to surface. (Note: the first
undoping cycle is shifted in A as it is the first cycle after polymerization) (Scan
rate=50mVs−1, in 0.1M [Et4N][BF4] acetonitrile solution.)

served both as a templates for the polymer growth and as a tether between

the superconductor and the polymer.

Collectively, these new procedures provide methods for bringing con-

ductive polymers and high-Tc superconductors together into functional com-

posites, where the geometry is controlled on the nm scale. With such con-

trolled structures it will be possible to examine conducive polymer/high-Tc

superconductor interfacial interactions in greater detail than was previously

possible.
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Chapter 5

On the superconductive properties of
high-temperature superconductor/conductive

polymer assemblies

Now that the theoretical foundation (Chapter one) and the practical

aspect of making conductive polymer/high temperature superconductor com-

posites have been presented (Chapter four), it should be possible to both

design and perform measurement on samples which may support the proxim-

ity effect. This is the subject of the present chapter, which starts with charge

transport across a S/N interface (Section 5.1), followed by an introduction to

the quantitative description of suppressing superconductivity on the S side of

an S/N interface (Section 5.2). From Section 5.2, it becomes clear that an

evaluation of the suppression of superconductivity in S is advised before any

S/N/S Josephson like junction is attempted. Also, clear from Section 5.2 is

that the S/N
S
/S geometry, where N

S
represents an area where the proximity

effect of N has weakened the superconductivity of S1, will yield this type of

information. Section 5.4 describes the details of making the S/N
S
/S sample

1This type of sample is known as a Mercereau-Norarys bridge, if the length of NS area is
sufficiently small and the suppression sufficiently large to support Josephson currents. (see
reference [68], [69])
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Figure 5.1: Sample setup and equivalent circuit for contact resistance mea-
surement (See text for labeling).

and Section 5.5 provides current transport measurements. The discussion of

the observed behavior of the S/N
S
/S sample is left until Section 5.6.

5.1 On the measurement of contact resistance of super-
conductor/normal conductor (S/N) interfaces

The discussion of experimental approaches for exploration of the prox-

imity effect begins with what is, arguably, the simplest possible assembly and

measurement: Transport of current across a single S/N interphase. This type

of measurement is also known as contact resistance (Rc) measurement. While

Rc is not the optimal measure of the proximity effect, it is included here to

illustrate some of the key problems associated with experimental proximity

effect measurement and how these stumbling blocks may be overcome.

Experimentally, the contact resistance is found by combining two sepa-

rate resistance measurements which are based on a 3-point(3pt) and
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4-point(4pt) contact geometries (Fig. 5.1). The two measurements differ by

whether or not the superconductor and S/N contact is in the current path as

illustrated by the equivalent circuit (Fig. 5.1). Examining the contributions

to each circuit reveals:

R3pt = Rsample +Rc +Rsuperconductor (5.1)

R4pt = Rsample (5.2)

R3pt −R4pt = Rc +Rsuperconductor (5.3)

Thus, when the conditions T<Tc and I<Ic are satisfied, the contact

resistance may be calculated by

Rc = R3pt −R4pt (5.4)

as the superconductor line resistance Rsuperconductor drops out of the

equation. To be able to report a Rc value would require the resistance to be

independent of current density (i.e. Ohmic). However, this is not always the

case. Thus, reported here instead is the contact potential

Vc =
V3pt − V4pt

I
(5.5)

where V3pt and V4pt are the potential differences when the current (I)

is passed in the 3-point and 4-configurations, respectively.
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on top).

Experimental data on the S/N interface between (Pb,Bi)2Sr2Ca2Cu3O7

and Au are given in Figure 5.2. From this data it is clear that above Tc the

contact potential is linearly dependent on the current (Omic behavior), while

it is nonlinear below Tc. The difference between the IV curves above and

below Tc is associated with the change of state of the superconductor from

normal to superconducting. The non-omic contact behavior witnessed below

Tc, may be due to several different processes, but before embarking on how

proximity effects influences Vc, it will be necessary to elaborate on the nature

of the electronic states in the superconductor and explain how these affect the

current transport across the S/N interface.
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When electrons start paring to form Cooper pairs at Tc, a supercon-

ductor bandgap opens. This superconducting bandgap is conceptually similar,

but significantly smaller than the bandgap known from semiconductors like Sil-

icon. It is manifested as single electrons from the normal conductor with an

energy smaller than the bandgap are unable to cross the S/N interface. There

is, however, a process known as Andreev reflection2 which allows for transport

across the boundary for particles with energy lower than the bandgap. Briefly,

when an electron with energy below the bandgap meets the S/N barrier from

the N side, it cannot pass through the barrier because the ”states” on the S

side are filled with Cooper pairs (i.e. by pairs of electrons of opposite spin

and momentum (See Section 1.2)). However, if the N electron combines with

a second N electron of opposite spin and momentum, then the two electrons

may pass through the barrier and join the superconducting state as a Cooper

pair. The result is that a hole is generated with the momentum in the oppo-

site direction of the incident electron. Thus, due to the opposite charge and

momentum of the hole, the net effect is that 2e charge is carried across the

barrier.

The probability of Andreev reflections is dependent on the potential

across the barrier. The nonlinearity of the IV curve witnessed in Figure 5.2

is therefore consistent with Andreev reflections. However, it is not the only

mechanism which may lead to IV nonlinear behavior, spreading resistance etc.

may also contribute. Even in the absence of spreading resistance etc. it is still

2See reference [70] for an excellent introduction to Andreev reflection.
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Figure 5.3: Diffusion of quasi-particles and Cooper pair across an S/N interface
due to proximity effect.

difficult to obtain information about the proximity effect as will be detailed

below.

The proximity effect is manifested by smearing the S/N interface (Fig.

5.3) and, thus, the band gap energy. This leads to changes in the relative prob-

ability of Andreev reflection to normal reflection at the interface. To model

the precise response of the IV curve due to Andreev reflections in conjunction

with the proximity effect would require theory which is well outside the scope

of this text.

By combining the above observations, it becomes clear that it is difficult

to extract proximity effect information even if the only processes responsible
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for current transport across the S/N interface was Andreev reflections and

proximity effect. This is because the proximity effect is a minor perturbation

to the major processes of Andreev and normal reflection. In short, this is

not the measurement of choice when trying to obtain quantitative information

on the proximity effect. The use of contact resistance measurements should,

however, not be completely discouraged. These samples are easy to fabricate

and while low contact resistance is not proof that proximity effect is present,

high contact resistance which shows an activated behavior upon cooling is

proof that it is not3. Contact resistance measurements may, therefore, be used

as a rapid test to discard a specific protocol or a combination of materials

which would never be able to support the proximity effect due to chemical

incompatibility.

Conceptually, the problem with transport measurements across the S/N

barrier for proximity effect study is, that the Cooper pairs induced into the

normal conductor will have to be converted into normal electrons before a

measurement can be performed on them. Thus, these problems may be over-

come by employing a superconductor probe that measures the Cooper pairs

density in N directly. This is basically the S/N/S Josephson junctions de-

scribed in Section 1.4. To reiterate here briefly: S/N/S Josephson junctions

are more than two connected S/N, N/S junctions. The S/N/S junction allows

for phase coherent transport of Cooper pairs across the N layer, which is read-

ily detected as it is the source of the unique physical phenomena described in

3See reference [71] and [72] for the different contact behaviors.
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Chapter one. One problem with S/N/S junctions is, however, that the number

density of Cooper pairs in the superconductor electrodes is, like all S/N junc-

tions, reduced by the proximity effect even before the N layer is reached. The

strength of this suppression is dependent on the transport properties of the

superconductor and the normal conductor. If these properties are unfavorably

matched, then the critical current of the S/N/S junction may be immeasurably

low. It will, therefore, be useful to calculate and/or measure this suppression

before an S/conductive polymer/S junction is attempted.

5.2 Order parameter suppression at the S/N boundary

The object of this section is to gain quantitative insight into how

strongly superconductivity is suppressed on the S side of an S/N interface

by the proximity effect. To this end, the order parameter (ψ) is introduced.

Notice that the same symbol is used for the order parameter as for the super-

conductor wave function in Chapter one. This is because the order parameter

is the solution to the Ginzburg-Landau (GL) differential equations which de-

scribe superconductivity at the mesoscopic level. It is outside the scope of this

dissertation to introduce GL theory4, so for the present discussion it will only

be necessary to know that the density of Cooper pairs is given by |ψ|2.

To describe the suppression of superconductivity at the S/N interface,

the parameter γ has been introduced [74] [75]

4The interested reader may refer to reference [73] for a introduction to GL-theory.
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Figure 5.4: Order parameter supression at the S/N interface (Schematic).

γ(T ) =
ρS(T ) · ξS(0K)
ρN(T ) · ξN(T )

(5.6)

where ρN and ξN is the resistivity and coherence length of the normal

conductor. The variables ρS and ξS represent the normal state resistivity and

coherence length of the superconductor, respectively. The two extreme cases of

γ >> 1 and γ << 1 are known as soft and rigid boundaries respectively (Fig.

5.4). In the rigid case, there is little suppression of the order parameter and a

large density of Cooper pairs is present at the S/N interface. In the soft case,

there is a large suppression which leads to a small Cooper pair density at the

interface. Note that the boundary conditions are dependent on temperature

(eq. 5.6).

The experimental values ρS(T ), ξS(0), ρN (T ), and ξN (T ) of the specific

S/N sample are unknown, however, it is possible to calculate γ-values based on

the combination of literature values and measured data. The details of these

calculations are given in Appendix A and summarized in Table 5.1.
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Table 5.1: Boundary parameters
γa−axis

a) γc−axis
a)

Single crystal YBa2Cu3O7 0.17 333
and Type I polymer b)

Thinfilm and 17 3333
Type I polymer b)

Thinfilm and 0.5 1
Type II polymer b)

a)axis refers to the axis perpendicular to the S/N interface b)Type I and II
are samples with high and low conductivity, respectively (see Appendix A).

Given that the γ values based on thin films data suggests either a soft

or intermediate boundary, it seems pertinent to confirm this experimentally.

Golubov et al. developed a theory which correlates the ratio T∗c/Tc

and ds/ξ∗S to γ [75]. Where T∗c and Tc are the transition temperature of the

bilayer and the bulk superconductor respectively, while ξ∗S and ds are the

superconductor coherence length extrapolated to 0K and the superconductor

thickness respectively. The correlations of the theory in the limit where the N

layer is so thick the proximity effect has decayed completely before the surface

is reached (ξN << dN) is depicted graphically in Figure 5.5.

From Figure 5.5 it is clear that the largest suppression is found when

the ds/ξ
∗
S ratio is small. As the coherence length is approximately ten times

larger along the ab-plane than perpendicular to it, aligning the S/N interface

perpendicular to this plane should yield the largest response. Thus, an a-axis

film of the cuprate superconductor is the desired starting point for investigation

of the suppression of superconductivity due to proximity effect. The practical
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aspects of obtaining a sample which will allow measurement of T∗c/Tc in a

geometry of known ds is discussed in the next section.

5.3 Experimental: S/NS /S sample preparation and trans-
port measurements

The thin films used in this chapter (unless otherwise noted) were

Y0.6Ca0.4Ba1.6La0.4Cu3O7 grown on 1 x 1cm2 polished MgO, using the pro-

tocol of Section 2.8 and the following deposition parameters: Pulse rate: 8Hz,

Deposition time: 10min at 780◦C and 20min at 925◦C. PO2,deposition: 200mtorr.

Anneal 30min at 450◦C.

The films were patterned by shadow mask ablation (Section 4.1.1) be-

fore a 100 x 100µm2 section was thinned by AFM using the protocol of Sec-

tion 4.1.2. Immediately after AFM thinning, the sample was transferred to

the glovebox for poly-pyrrole deposition. The pyrrole was polymerized from a

solution of 0.1M pyrrole and 0.1M [Bu4N][PF6] in dry acetonitrile, using the

electrochemical protocol of Section 4.1.4 (see Fig. 5.8). The films were then

rinsed with acetonitrile and undoped using a 0.1M [Bu4N][PF6]/acetonitrile

solution and the protocol of Section 4.1.4. Following an extensive rinse with

dry acetonitrile, the samples were transferred from the glovebox to the cryo-

stat. The cryostat was then pumped to a pressure <30mtorr within minutes.

Extensive care was taken to minimize the time of exposure to ambient air

during the transfer step.

Connections to the sample were made with previously sanded Cu-clips.
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The R vs. T curves as well as IV curves were collected using the setup described

in Section 2.9.

Once the transport data had been collected, the sample was transferred

back to the glove box and doped using the same solution as was used to undope

the sample (see Section 4.1.4 for doping and undoping protocol). The R vs. T

and IV curves were obtained in the same manner as for the undoped sample.

The cycle of doping, collecting transport data, undoping and collecting

transport data was repeated until the sample only exhibited Tc changes derived

from corrosion (see section 5.4.

5.4 S/N
S
/S sample geometry

The sample used for these transport measurements differs from the

ones described in the last section in that a) the area of the thinned section is

much larger, b) no blocking layer is employed, rather, all unwanted polymer

is removed by scraping with a wooden stick, and c) the acetonitrile solution

used for electropolymerization only consists of pyrrole and [Bu4N][PF6] elec-

trolyte. The motivation for these changes are briefly: a) Enhancing the area

will enhance the resistance of the thinned section compared to the whole bridge

making the signal to background ratio larger. b) The use of a blocking layer ex-

poses the film to a corrosive environment, which would require that the sample

be thinned until this layer had been removed. c) Poly-pyrrole with the PF−6 -

counter ion has previously been studied intensively in literature, simplifying

the analysis greatly [10,76,77].
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Figure 5.6: AFM of a bridge before A) and after B) thinning. Inset: Sample
schematic, hatched area are thinned section and superconductor thus cross-
hatched is thinned superconductor. (Image B was collected at a scan angle
45◦ to avoid noise lines being confused with surface features.)

As shown in Section 5.2, any qualitative analysis requires detailed

knowledge of the geometry of the sample. The first objective of this section is,

therefore, to obtain the morphology and the thickness of the thinned section.

Figure 5.6 shows a sample of the same batch as used for the transport proper-

ties measurements described below. The actual sample is not shown as gather-

ing an AFM image would prolong exposure to ambient atmosphere. However,

Figure 5.6 shows that morphology of the thinned region appear smooth with-

out the laser droplet protrusions found on the original bridge.

Gauging the thickness of the bridge is complicated by debris from the

ablation patterning process, which is present on both the bridge and on the

ablated surface. Thus, to measure the true thickness of the superconducting
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Figure 5.7: Superconductor bridge profile. A) Area not thinned. B) Thinned
area.

layer another film from the same batch was patterned by photolithography

and its thickness measured to 200nm±10nm (Fig. 5.7A). Returning to the

sample used for conductivity measurement, the original superconductor bridge

profile was revealed again after all transport properties had been obtained by

transferring the polymer to an adhesive surface. The height of the thinned

section was subsequently measured to be ∼160nm. Note that this height was
measured from the top of the bridge onto the bottom of the section cleaned

off during AFM machining. The measured thickness should, therefore, be

considered an upper estimate as the thinning process may have removed some

of the MgO substrate (Fig. 5.7A).

As shown in Section 5.2, knowledge of four parameters is required in

order to determine if the poly-pyrrole/superconductor interface exhibit rigid

or soft boundary conditions. These were: The thickness of the superconduc-

tor layer (ds), which was just shown to be ∼160nm; the coherence length of
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X X

Figure 5.8: Polymer growth on transport measuremt sample. 1) Inital scans
2) Polymer growth scans. (Scan rate=100mVs−1, 0.1M pyrrole and 0.1M
[Bu4N][PF6] in dry acetonitrile)

the superconductor (ξs) and the transition temperature of the bilayer in the

absence (Tc) and the presence of the proximity effect (T∗c). The coherence

length is not a measurable quantity in our sample setup, so further analysis

will rely on literature values (see Section 5.6). The last two parameters, Tc

and T∗c were obtained by measuring how the transport properties of the super-

conductor are affected by the presence and absence of mobile charge carriers in

the poly-pyrrole layer. These transport measurements are described in Section

5.5. The remainder of this Section is devoted to describing the polymer part

of the superconductor/polymer bilayer.

The polymer was grown atop the Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ sample by

polymerization of pyrrole using [Bu4N][PF6] as the electrolyte. The polymer-

ization (Fig. 5.8) appears to follow the pattern described in the last chapter
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Figure 5.9: Scanning electron micrographs of polymer on current transport
sample. A) Low magnification. Light areas are substrate and superconductor
thin film. while dark areas are the polymer. B) An enlarged view of the
polymer on top of thinned area. Note the folds suggesting partial delamination
selected regions of the active area.
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Figure 5.10: Polymer morphology on the Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin film
sample. A) Thinned section. B) Thinned and unthinned section.
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where the initial scans exhibit anodic currents that are not associated with

polymer growth (Fig. 5.8A) followed by scans which clearly exhibit the fin-

gerprints of growth (Fig. 5.8B).

Examining the sample after all transport measurements had been com-

pleted showed that ca. 80% of the bridge is covered with polymer (Fig. 5.9A)

and that the thinned region represented ∼20% of the polymer covered bridge

length. Closer inspection of the polymer atop the thinned area shows folds

which are consistent with some degree of delamination. However, the delami-

nation does not extend over the hole of the thinned Section (Fig. 5.9B).

Enhancing the magnification further shows that the polymer atop the

thinned section exhibits a pattern of thin lines (Fig. 5.10A) not found on the

part of the sample which was not thinned (Fig. 5.10B). Interestingly, these

lines are in the same direction and have the same spacing (±10%) as the scan
lines of the AFM.

5.5 Current transport properties of the S/NS /S super-
conductor conductive polymer bilayer structure

No conductivity measurements were preformed on the sample prior to

the electrochemical polymer deposition, as this would have prolonged exposure

to ambient air.

To gauge the effect that the mobile charge carriers of the polymer has

on the superconductor, at least two transport measurements must be per-

formed. One measurement where the polymer is oxidized to the conducting
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Table 5.2: Current transport measurements legend
Label Polymer state Proximity effect N-state Resistance
R1 Reduced No Rsuperc
O1 Oxidized Yes Rsuperc−Rpolymer

Rsuperc+Rpolymer

R2 Reduced No Rsuperc
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Figure 5.11: Doping and undoping of the superconductor/poly-pyrrole bilayer.
A) CV (scan rate=50mV·s−1) B) Chronoampeometry (Potential step: undop-
ing -0.4V and doping 0.8V vs Ag/Ag2O) Arrows indicate when sample was
removed from electrolyte solution (0.1M Bu4NPF6 in acetonitrile).

form and one where it is reduced to the insulating from. In this work, a third

measurement with the reduced polymer was performed to gauge influence of

the unavoidable corrosion experienced during the measurements.

The collected current transport data is summarized in Figure 5.12,

Figure 5.13, and Table 5.2 and since these data are key to proving or disproving

proximity effect in these structures the rest of this chapter is left for their

detailed analysis and discussion. In this section a brief qualitative overview is
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(Curve R2)

(Curve R1)
(Curve O1)

B

A

Figure 5.12: Resistance vs. temperature for the superconductor/polymer bi-
layer. A) Complete data set. (source current 10−6A). B) Expansion of the
region around Tc. (200nm X 800µm x 100µm bridge made from a a-axis
Y0.6Ca0.4Ba1.6La0.4Cu3O7 on MgO with a 160nm x 100µm x 110µm thinned
section covered with poly-pyrrole, dopant PF−6 .)
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Figure 5.13: Current voltage response of the bilayer below Tc. (200nm x 800µm
x 100µm bridge made from an a-axis Y0.6Ca0.4Ba1.6La0.4Cu3O7 on MgO with
a 160nm x 100µm x 110µm thinned section covered with poly-pyrrole, dopant
PF−6 . Same sample as Figure 5.12).
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given.

First, focus is placed on the R vs. T curves. After polymerization the

sample is left in the reduced form (curve R1). The Tc,mid of this curve is ∼66K,
and since there are no charge carriers in the polymer this is in the absence

of any proximity effect. Then the polymer is oxidized, that is, charge carriers

are introduced into the polymer and Tc,mid is suppressed to ∼64K (curve O1).
A suppression is to be expected due to corrosion alone as the sample has

been exposed to ambient air during transfer from the cyrostat to the glovebox

and back. The polymer is then reduced again and Tc,mid recovers to ∼66K
(curve R2). This recovery of Tc is inconsistent with corrosion. Notice that the

normal state resistance increased from curve R1 until curve R2. Corrosion is,

therefore, a constant factor, even when reduction of the polymer leads to a Tc

increase. Whether or not the modulation of Tc during redox cycling may be

explained by the proximity effect is the subject of the next section, but before

continuing it is important to elaborate the experimental conditions which do

not lead to successful recovery of Tc after redox cycling.

The first group of samples that will be discussed were based on

NdBa2Cu3O7−δ films patterned into a 100µm wide bridge structure. Across

this bridge was deposited a 1-10µm wide poly-pyrrole line. The preparation

protocol was the same as described in Chapter four, where a undecylamine

blocking layer was employed to localize the polymer. Note that similar to

the sample of Figure 5.12 no aminepyrrole tether was used. A representative

example of the R vs. T response of this group of samples are show in Figure
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Figure 5.14: The lack of Tc recovery in the NdBa2Cu3O7−δ samples (I=10−6A,
100µm wide bridge with a <10µm thinned section covered with poly-pyrrole,
dopant BF−4 )
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5.14.

The order of oxidation and reduction was reversed for these samples

so that the measurement where the polymer was in its oxidized form was

preformed before the measurement of the reduced form. This reversal makes

it possible to measure a possible recovery of Tc by only preforming two R vs.

T measurements, which in turn minimizes the sample exposure to ambient air.

This protocol was not used throughout this dissertation because it does not

allow for gauging the contribution to Tc suppression due to corrosion, relative

to the size of suppression due to the proximity effect. In spite of using the

reversed protocol, no Tc recovery was ever witnessed in the tested samples (see

Fig. 5.14 for the typical behavior).

The comparison between the behavior of the sample depicted in Figure

5.12, which does exhibit a recovery of Tc, and the samples exemplified by

Figure 5.14 would suggest that recovery of Tc require that a large area of the

bridge (100 x 100µm2) is covered with polymer. This would conversely mean

that the effect was intimately coupled with the polymer oxidation state as

expected if proximity effect was the origin of the suppression. It would also be

consistent with the observation of Haupt et al. [66] that no recovery of Tc is

witnessed when a bare superconductor bridge is redox cycled. However, great

caution should be exerted when interpreting negative control experiments as

the ones described above. This point will be elaborated further in the following.

The sample used to illustrate the ease by which one may obtain a false

negative due to corrosion, is the familiar one of Figure 5.12. This sample
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Figure 5.15: Second redox cycle (Same sample as Fig. 5.12, Isource=10−6A,
200nm x 800µm x 100µm bridge made from a a-axis Y0.6Ca0.4Ba1.6La0.4Cu3O7
thin film on MgO with a 160nm x 100µm x110µm thinned section covered
with poly pyrrole, dopant PF−6 ).
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shows a recovery of Tc, during the first reduction-oxidation-reduction cycle.

However, the second oxidation-reduction which was preformed immediately

after the first one (Fig. 5.15 Data label O2, R3 respectively), does not yield

a recovery of Tc large enough to exceed the suppression caused by corrosion.

(Fig. 5.15). Similar, decay in Tc recovery following repeated redox cycling was

also found by Haupt [78]. In short, this means that any lack of Tc recovery

following redox cycling may simply be due to corrosion and, thus, not the

intrinsic properties of the sample. This is especially true for samples where

the superconductor is not protected by a polymer layer either because it is

intentionally left bare as in the experiment by Haupt et al. [66] or because the

polymer has delaminated as in the NdBa2Cu3O7−δ samples described above.

5.6 Analysis and discussion of current transport prop-
erties of superconductor/conductive polymer bilay-
ers

The object of this section is a) to show how the redox state (i.e. doping

level) of the polymer affect the transport properties of the superconductor and

b) to try to explain the cause of this effect.

Normally, S/N bilayers are examined for proximity effect by compar-

ing measurements on the bare S layer to measurements of the bilayer. While

ideally the S layer would be the same in both measurements it is often found

that the deposition of the second layer affects the S layer (see Section 1.6).

The polymer/superconductor samples described in this dissertation have two
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Figure 5.16: Transition temperature differences due solely to corrosion (R1-
R2), and due to the combination of corrosion and change in oxidation state
(R1-O1) (R2-O1). (Data from Figure. 5.12) (Note: The effect of corrosion is
an increase in ∆Tc for curve R1-O1, but a decrease for curve R2-O1).

advantages compared to the previously studied inorganic S/N bilayers. First,

low temperature processing is used to deposit the N layer. This minimizes the

problem of interdiffusion between the S and the N layer commonly found dur-

ing deposition at elevated temperature. Second, the polymer can be reversibly

modulated from an insulating to a conductive state. This makes it possible

to deconvolute effects which are coupled with the redox state of the polymer

from those which are not. Thus, returning to the data of Figure 5.12, the

difference between curve R1 and curve R2 (Fig. 5.12) provides a measure of

how corrosion has affected the sample (Fig. 5.16) as the oxidation state of the

polymer is identical. Furthermore, since curve O1 was obtained after curve R1

and before curve R2, the differences R1-O1 and R2-O1 represents the upper
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Table 5.3: Modulation of Tc for Polypyrrole/YBa2Cu3O7 bilayers
ds(Å)a)(Mixed a-c axis) T ∗c /Tc

a) ξ∗s
c)

200b) 0.32 <66Å
500 0.83 83Å
1500 0.98 86Å

a)adapted from reference [66]
b)800Å film depostied over a 1500Å step edge
c)Calculated using the theory of Golubov et al. [75]

and lower limits, respectively, for the change in current transport properties

due to the change of polymer oxidation state (Fig. 5.16). It is, thus, clear that

changing the state of the polymer from the state with few charge carriers of

low mobility (reduced) to the state with many charge carriers of high mobility

(oxidized) yields a suppression of ∆Tc,mid = 1.5± 0.5K or

0.96 < T ∗c,mid/Tc,mid < 0.98

where T∗c,mid and Tc,mid are the transition temperatures when the poly-

mer is conducting and isolating, respectively5. Suppression of T c caused by

changing the sample characteristics from a S/I to a S/N bilayer is qualitatively

consistent with the superconducting proximity effect. Similar effects have been

witnessed by Haupt et al. using mixed a-c-axis YBa2Cu3O7 / poly-pyrrole

bilayers, and selected data from this study is given in Table 5.3.

Returning to the processed data of Figure 5.16 where the geometry

is known in greater detail; the height of the thinned section was estimated at

5Note there is some uncertaincy in the definition of Tc,mid as 50% of the normal state
resistance is not the same resistance in curve A to C.
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160nm of which ∼500Å is the template layer deposited to ensure a-axis growth
(Section 2.10). This template layer will also impose a proximity effect as it is

a normal state conductor. However, this will not shorten the superconducting

layer thickness by more than approximately d = 4 · ξ∗s = 64Å which is within
the error of the calculation. Using a thickness of 1100Å when examining the

suppression of Tc in the framework of the theory of Golubov et al. [75] leads to

the ξ∗s values which seem unreasonably large (ξ∗s > 63Å)
6, when compared to

single crystal values for YBa2Cu3O7 (ξ∗s = 16Å) [79]. A similar trend is found

in the data of Haupt et al. (Table 5.3). Two potential reasons for the dis-

crepancy between theory and experiment immediately arise. First, the theory

of Golubov et al. while having predicted the behavior of metallic supercon-

ductors in combination with both metal [75] and semiconductors [80], may

not be adequate for the description of conductive polymer/High-Tc bilayers.

Second, while ξ∗s is normally considered a constant associated with a material

composition, it may not be correct to use a value derived from single crystal

experiments to describe the a-axis Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ thin films. In-

deed, there are several observations which suggest that the superconductive

properties of the sample described in Section 5.5 are not similar to those of

single crystals. For example, the transition from the normal to the supercon-

ducting state (∆Tc) occurs over more than 10K (Fig. 5.12) while the literature

suggest that it should occur within 1K in a single crystal sample [79]. Fur-

thermore, the critical current density is substantially lower than what is found

6Based on softest possible boundary (γ=∞, ds=1100Å, T ∗c /Tc = 0.98)
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Figure 5.17: AFM image of Y0.6Ca0.4Ba1.6La0.4Cu3O7−δ a-axis filmmorphology
before thinning. A) 5 x 5µm2 and B) 1.5 x 1.5µm2 scan area AFM images.

in literature for highly ordered thin films7(jc=104 A·cm−2 vs jc=106A·cm−2 at
T/Tc ≈0.8). The source of this suppression is to be found in the film mor-

phology (Fig. 5.17), which clearly show that the film is a collection of aligned

grains. Thus, while XRD patterns may have suggested a single crystal film,

this is, in fact, not the case. The XRD pattern instead stems from several

single crystal grains which are crystallographically aligned. This means that

the resistance associated current transport is likely to be dominated by the

transport between grains as the grain boundaries is were the material exhibits

least order. The problem before us is, therefore, conceptually a known one:

supercurrent transport between superconductors separated by an area where

superconductivity is weakened, i.e. Josephson-like junctions. These junctions

are also known as grain boundary junctions (GBJ).

7Reference [14] p.157
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R

T

Figure 5.18: Grain boundary junction as it passes from normal conductor to
superconducting (red is normal and gray is superconducting state respectively)

Quantitative modelling of current transport across a GBJ’s is still a

source of great debate8 and adding a polymer layer with alterable transport

properties does not simplify the analysis, at least not until the cross sectional

geometry and composition of the grain boundaries is known.

With this in mind, the first observation to be made is that the rela-

tive contribution of grain boundary to the total resistance of the sample is

enhanced as the temperature is lowered through the transition from normal

to superconducting (Fig. 5.18). It is, therefore, expected that if the Tc de-

pression associated with oxidizing the polymer is due to the modulation of the

8See reference [81] for a current review of GBJ.
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Table 5.4: Superconductive properties of oxygen deficient single crystala)

YBa2Cu3O6.65 YBa2Cu3O7
Tc ≈ 60K 92K
ξs, ab−plane(T = 0) 20Å 16Å
ξs, c−axis(T = 0) 4.5Å 3Å
a)reference [82]

grain boundaries, then this effect would be more pronounced in the lower part

of the R vs. T curve. This is indeed found as ∆Tc increases until approxi-

mately 90% of the transition is complete (Fig. 5.16 curve R2-O1)9. In the last

10% of the curve any effect is obscured by corrosion as shown by curve R1-R2

(Fig. 5.16).

One model for GBJ is a variation of the S/I/S junction: The S/S’/I/S’/S

junction, where S’ is a superconductor with lower transition temperature than

S. The reduction of S to S’ can be rationalized as GBJ have been shown

to be oxygen deficient [82], which in turn is known to lower the transition

temperature (see Section 2.1). This is important as it has also been shown

that in single crystals, lowering the oxygen content increases the coherence

length (Table 5.4). While an enhancement of ξs around GBJ is suggestive

that the proximity effect may extend deeper into the film, which in turn will

yield a larger suppression of Tc, it does not prove that the effect is sufficient

to justify size of the Tc suppression that has been measured. To obtain a more

detailed estimate on how proximity effect influences GBJ’s would require new

9Note that the behavior of curve R1-O1 does not show the same trend as it contains
both negative corrosion effect as well as the supression from changing the oxidation state of
the polymer.
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measurement on a single junction of known geometry and as well as a thorough

theoretical analysis. However, the proximity effect is not the only mechanism

which may explain the redox induced suppression of Tc. Electromigration of

oxygen may also play some role as detailed below.

Knowing that the S’ layer is deficient in oxygen and that the oxygen

atoms can migrate, even at room temperature under electric field gradients

suggest, that oxygen would move away from the I layer during oxidation and

toward it during reduction of the polymer. This migration would greatly alter

the transport properties of the GBJ as the effective thickness and the electron

transport characteristic of the S’ layer are changed. Oxygen migration has

previously been used to explain how the transport properties of GBJ change

when large static fields are applied across the junction [83].

Before closing, it is necessary to address why when measuring the IV

behavior below Tc does not show the recovery of the superconducting prop-

erties after reducing the polymer (curve R2). Two explanations immediately

arise. First, corrosion may obscure the effect in the IV curves as illustrated by

the large difference between curve R1 and curve R210. Second, the conductiv-

ity of the polymer decreases as it is cooled and the size of the proximity effect

is, therefore, expected to be smaller at lower temperatures.

To summarize: From the studies of thinned high-Tc film/poly-pyrrole

bilayers presented in this chapter it has been shown that Tc of these bilay-

10See Section 5.5 for a discussion of the adverse effect of corrosion.
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ers may be semi-reversibly modulated by cycling the redox state of polymer.

Unique to the sample used in this study is the level of knowledge of the geom-

etry of the sample, which allowed for quantitative analysis of the Tc modula-

tion in the framework of the proximity effect. This analysis shows that the

coherence length and, thus, the spacial extent of the suppression of supercon-

ductivity is much larger than what is expected based on literature values of

the superconductor coherence length. It is suggested that this behavior is due

to the structure of the superconductor thin film which was shown to contain

a large number of grain boundaries.

While the grain boundaries make it possible to explain the witnessed

suppression of Tc in the standard frame work of the proximity effect they

also make other possible mechanisms plausible, e.g. oxygen migration due to

electric field during redox cycling of the polymer. To be able to deduce the

origin of the redox induced Tc modulation, more experiments using different

sample geometries will be needed. To this end the sample preparation pro-

tocol developed during this dissertation research may serve as a valuable tool

that will allow for both localization of the polymer and control over the local

superconductor geometry.
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Chapter 6

Closing remarks

The goal of this dissertation was to develop methodologies that allow for

the fabrication of high temperature superconductor/organic-conductor compos-

ites with well defined geometries for the study of the superconductor proximity

effect in polymers. To this end, a number of new advances have been made

including the observation that the R=Nd member of the RBa2Cu3O7 class of

superconductors possess enhanced corrosion resistance. Furtheremore, control

over the crystallographic orientation of Y0.6Ca0.4Ba1.6La0.4Cu3O7 thin films

may be gained by deposition an template layer. However, the most important

advance toward the above goal is the ability to machine the superconductor on

the nanometer scale using an AFM probe. This technique has been shown to

yield samples where both the thickness of the superconductor and the location

of the polymer could be controlled in great detail.

Using the AFM thinning technique has made it possible to produce

S/N
S
/S structures and measure their superconductive properties. This type

of sample showed a semi-reversible suppression of Tc when the polymer was

made conducting by electrochemical oxidation. Qualitatively, this is consistent
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with the proximity effect and confirmed that earlier studies1 on bilayers of

YBa2Cu3O7/poly pyrrole could be extended to other, more stable members of

the RBa2Cu3O7 family. However, unique to the sample of this dissertation,

the geometry was well known due to the use of the AFM thinning technique.

In turn, this allowed for quantitative analysis, which interestingly showed that

if the proximity effect is the source of the semi-reversible suppression of Tc,

then it would require a coherence length (ξs) much larger than what would be

expected from previous experiments on single crystals. This observation led to

the hypothesis that it is not the bulk of the film that is affected by the change

in oxidation state by only the grain boundaries. However, further work both

experimentally and theoretically will be needed before this hypothesis can be

confirmed or rejected.

This dissertation research has also yielded a spin off from the fabrication

of the S/N
S
/S sample which shows how versatile the AFMmachining technique

is. The S/N/S junctions require a gap between the S electrodes smaller than

approximately 10·ξN if any Josephson current is to be measured [75]. For

the conductive poly-pyrrole samples, this value may be as large as 40nm at

4.2K. While 40nm is close to, or below, the lower limit of the AFM thinning

technique, it should be remembered that the calculation of ξN was based on

a semiconductor model which describes inorganic semiconductors well, but

may be inadequate conductive polymer due to their anisotropy. Therefore,

measuring a Josephson current in a S/conductive polymer/S sample would

1See reference [66]
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Figure 6.1: Superconductor bridge severed by AFM machining A)Top view.
B) Cross-sectional profile. C) Perspective view.

yield proof that the conductive polymer is unique also in the superconducting

state (Figure 6.1 illustrates the initial efforts towards this goal).
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Appendix A

Calculation of γ-values

Calculation of ξN :

Using data from the class of poly-pyrrole1 which yields the highest

conductivities at low temperature (TYPE I hereafter) [10]

nc = 2.3 · 1028m−3 and µ = 2.7 · 10−5m2V−1s−1 (at 77K)

nc = 7.8 · 1027m−3 and µ = 5.7 · 10−5m2V−1s−1 (at 4.2K)

yields, using eq. 1.28

ξN(77K) = 6Å

ξN(4.2K) = 40Å

However, using transport properties from poly-pyrrole2 with conduc-

tivities in the lower range (TYPE II hereafter)

1Polymerized at low temperature -20◦C to -30◦C using [Bu4N+][PF−6 ] as electrolyte and
propylene carbonate as solvent.

2Polymerized using sodium p-toluenesulfonate in acetonitrile (refrence [84]).
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nc = 2 · 1027m−3 and µ = 3 · 10−6m2V−1s−1 (at 77K)

nc = 1 · 1023m−3 and µ = 2 · 10−4m2V−1s−1 (at 4.2K)

yields, using eq. 1.28

ξN(77K) = 0.9Å

ξN(4.2K) = 1Å

A note of caution. The above calculation were based on an isotropic Drude-

like model, which is arguably the simplest model capable of describing normal-

state charge transport. Also, the calculation is based on macroscopic transport

properties while it is well known that these are dominated by interface between

crystallites [8]. The resistance values described here should therefore be used

as upper limits. With these reservations duely noted, the above calculations

makes for a reasonable starting point for further analysis.

ρN :

These values are directly available in the literature [10] [84]

Type I (Ωm) Type II (Ωm)
ρN(77K) 3·10−5 10−3

ρN(4.2K) 3·10−5 0.3
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ρS :

The normal state cuprate superconductor properties may either be

found in literature as single crystal YBa2Cu3O7 data (T just above Tc)3

ρs(along ab-plane)=2 · 10−6Ωm and ρs(along c-axis)=2 · 10−4Ωm

or from our patterned Y0.6Ca0.4Ba1.6La0.4Cu3O7 films4

ρs(c-axis film) ≈ 2 · 10−4Ωm and ρs(a-axis film) ≈ 2 · 10−3Ωm

ξ∗S :

Here, we must rely on single crystal YBa2Cu3O7 data (at 0K)

ξ∗s(along the ab-plane) 16Å and ξ∗s(along c-axis) 3Å

Using a mix and match approach, it is now possible to calculate γ values

(at 77K):

Case 1: Single crystal YBa2Cu3O7 and type I polymer [79].

γa−axis =
2 · 10−6Ωm 16Å
3 · 10−5Ωm 6Å

= 0.17

γc−axis =
2 · 10−4Ωm 3Å
3 · 10−5Ωm 6Å

= 333

3Reference [12]p.201
4The notation while confusing in this context is kept consistent with literature, i.e. in a

c-axis film the current is transported along the ab-plane
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where a-axis signifies the superconductor axis perpendicular to the S/N

interface

Case 2: Thin film and type I polymer

γa−axis =
2 · 10−4Ωm 16Å
3 · 10−5Ωm 6Å

= 17

γc−axis =
2 · 10−3Ωm 3Å
3 · 10−5Ωm 6Å

= 3333

Case 3: Thin film and type II polymer

γa−axis =
2 · 10−4Ωm 16Å
10−3Ωm 6Å

= 0.5

γc−axis =
2 · 10−3Ωm 3Å
10−3Ωm 6Å

= 1
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